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Abstract

:

An analysis of the landscape spatial structure and diversity in the mountain ranges of Northeast Siberia is essential to assess how tundra and boreal landscapes may respond to climate change and anthropogenic impacts in the vast mountainous permafrost of the Arctic regions. In addition, a precise landscape map is required for knowledge-based territorial planning and management. In this article, we aimed to explore and enhanced methods to analyse and map the permafrost landscape in Orulgan Ridge. The Google Earth Engine cloud platform was used to generate vegetation cover maps based on multi-fusion classification of Sentinel 2 MSI and Landsat 8 OLI time series data. Phenological features based on the monthly median values of time series Normalized Difference Vegetation Index (NDVI), Green Normalized Difference Vegetation Index (GNDVI), and Normalized Difference Moisture Index (NDMI) were used to recognize geobotanical units according to the hierarchical concept of permafrost landscapes by the Support Vector Machine (SVM) classifier. In addition, geomorphological variables of megarelief (mountains and river valleys) were identified using the GIS-based terrain analysis and landform classification of the ASTER GDEM scenes mosaic. The resulting environmental variables made it possible to categorize nine classes of mountain permafrost landscapes. The result obtained was compared with previous permafrost landscape maps, which revealed a significant difference in distribution and spatial structure of intrazonal valleys and mountain tundra landscapes. Analysis of the landscape structure revealed a significant distribution of classes of mountain Larix-sparse forests and tundra. Landscape diversity was described by six longitudinal and latitudinal landscape hypsometric profiles. River valleys allow boreal–taiga landscapes to move up to high-mountainous regions. The features of the landscape structure and diversity of the ridge are noted, which, along with the specific spatial organization of vegetation and relief, can be of key importance for environmental monitoring and the study of regional variability of climatic changes.
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1. Introduction


Permafrost landscapes of mountainous areas and the plains are fundamentally different. The diversity and uniqueness of mountain landscapes are determined by the altitudinal environmental gradient [1]. The mountainous regions of Northeast Siberia have a complex topography with an altitude range of about 2000 m, underlain by continuous permafrost. These conditions determine the environmental gradient, which contains variations of the boreal forest and the arctic tundra landscapes. Such mountain ecosystems are identified as highly vulnerable to climate changes and human impact [2]. An increase of ground temperature leads to a change in the current processes in the landscape function and environmental cycles (hydrothermal, biogeochemical, and other) [3]. Carbon emissions by permafrost thawing produce positive feedback and contribute to an increase in temperature and aridity. That condition increases the risk of catastrophic forest fires, landslides, glacier melting, and permafrost degradation in the boreal forests and arctic tundra [4,5], as well as forest expansion and tundra “greening” [6]. The impacts of these processes and their consequences are still not well known, mainly due to the lack of long-term monitoring in these territories, including meteorological observations, a poor understanding of the landscape structure and a lack of spatial data on the environmental parameters [7]. Mapping based on remote sensing data is almost the only available method for the study of structural, dynamic, and spatial characteristics of mountain permafrost landscapes in this part of the world [8].



Determination of the spatial structure and landscape diversity through mapping is due to the widespread use of landscape information in matters of environmental management and strategic planning of the territorial development in the Arctic regions. The relevance of this activity is also increasing in the new context of ensuring human security and contributing to the achievement of the Sustainable Development Goals in terms of climate action, the threat to biodiversity, and increasing of the environmental risks [9]. Furthermore, the landscape maps are broadly used in the management of land, water, and forest resources, law, and urban planning [10,11,12].



For these purposes, a holistic approach of geosystemic and morphological landscape concepts is used, which defines a landscape as a model organized by a spatio-temporal combination of environmental components and landscapes of a lower hierarchical rank. These environmental components can be categorized into lithogenic, hydrogenic, climatogenic, biogenic, and anthropogenic ones [13]. The landscape maps are developed by determination of spatial configuration of these components in the form of environmental variables in accordance with available geospatial data and knowledge. These landscape concepts are used for the hierarchical classification by applying the holistic approach [14]. In general, each region of the world has adopted different landscape typology, depending on regional or local characteristics of ecosystems, landscape concepts, and taxonomic organization approaches, or adapted to the needs of land management. On the territory of Yakutia (Eastern Siberia), the concept of permafrost landscapes has long been used in a system with a heuristic structure, divided into horizontal and vertical subsystems according to certain distinctive features inherent in its components [15,16]. One of the unique features of these landscapes is the presence of permafrost, which is reflected in the typology. As for territories located in the permafrost zone (of cryolithozone), the development and dynamics of landscapes are largely determined by the properties of permafrost as a leading element of the lithogenic component (distribution, ground temperature, active layer, cryogenic process). Therefore, the definition and concept of permafrost landscapes was used for this study [17].



The classification of permafrost landscapes has changed and is being supplemented in recent decades. The impetus for this change and modernization is the development of technological capabilities for obtaining geospatial data, their processing, analysis, and interpretation. GIS-based analysis, remote sensing and, nowadays, big data processing and cloud platforms are driving new possibilities in mapping, typology of permafrost landscapes, and analysis of ecosystem changes [5,6]. The adopted typology of permafrost landscapes is associated with many relevant studies separately on the geology of landscape components, hydrography, biogeographic modeling, and environmental risk assessment [18,19]. The concept of landscapes described in the recent research are determinated by the remote sensing and GIS modeling for the identification of the geospatial landscape units [20,21,22,23]. These approaches create a unified common concept of the earth’s surface, expressed in a hierarchical classification of landscapes based on the similarity of ecological processes, patterns of distribution, and location.



In our research and according to the permafrost landscape concept, we used the Landsat 8 OLI and Sentinel 2 MSI remote sensing data and combined machine learning and GIS-based analysis for mountain permafrost landscapes mapping of the Orulgan Ridge in Northeast Siberia.




2. Background


There are many studies in the field of landscape structure, change, and dynamics based on the modeling of remote sensing data and GIS-based analysis [13,16,22]. The issues of improving the methods of mapping and modeling remote sensing data are mainly aimed at the accuracy and efficiency of determining the landscape structure and land cover change [24]. The Earth observation data used became multisensory (sensors of the Landsat, Sentinel, WorldView, MODIS series, etc.) [25,26]. Time series analysis by the application of artificial intelligence (machine learning and deep learning algorithms) allowed landscape mapping in order to identify the parameters of climate change, permafrost, and land degradation, as well as land use management. For example, Belgiu and Csillik [27] applied object-based and pixel-based classifications using phenological patterns and a time series of Sentinel 2 images to map the croplands. The patterns of the dynamics of biomass were used for recognizing the arable land in a series of MODIS and Landsat images in savannah landscape [28].



Cloud calculator platforms such as Google Earth Engine (GEE) are becoming the main tools for landscape modeling research at the regional scale. For example, Liu et al., [5] analyzed the greenness trend over the arctic tundra in Russian Federation using all available dataset Landsat archives from 1984 to 2018 in the catalog of GEE. Using the Sentinel 2 dataset on the GEE platform, the distribution of Spartina alterniflora along the coast of Southern China was mapped [29,30]. Based on the PVI and NDVI, the authors proposed supervised and unsupervised classification methods for determining the threshold values of the indices for the recognition of plant species. The platform is actively used for monitoring and mapping the forest landscapes [31] and agriculture [32]. DeLancey et al. [33] used Sentinel 2 data and SRTM topographic data for the classification of peatlands and wetlands with high overall accuracy in the Boreal Forest Natural Region, Canada. This example also presents the possibilities of data synthesis of optical satellite images and digital elevation models (DEM) for landscape objects recognition. DEM and derived datasets (slope, aspect, ruggedness, topographic indices, river basin, and shady relief) have been used by researchers for geomorphological and geomorphometric landscape studies [14]. In fact, landforms such as uplands, slopes, terraces, and valleys have strong links with lithology and geomorphology, which make them good variables for landscape identification in different scales. Additionally, machine learning classification by the topographical attributes is used for digital soil mapping and spatial distribution patterns of soil nutrients [34].



The application of GIS and remote sensing in the study of the permafrost landscape is widely represented both in mapping on the local scale and in general maps at the regional scale such as in the Permafrost landscape map of the Republic of Sakha (Yakutia) [6]. However, most of the research is directed towards identifying the landscapes changes, for example, Jorgenson et al. [35] determined the dynamics of ecosystems of the river delta and coastal areas in the Yukon-Kuskokwim Delta through a time series of satellite images and aerial imagery. The authors presented an extensive classification of ecotypes with the identification of 29 ecosystem types and provided with environmental description. Many studies have been presented in special issues of “Geosciences” and “Land” in the last years [36,37].



In our previous studies, we used time-series Landsat 8 data of 2019–2020 to define six types of permafrost landscapes in the Adycha-Elga plateau, Northeast Siberia to compile a permafrost landscape map at scale of 1:200,000 [38]. For this, we developed a method for the classification of vegetation cover by the photosynthetic activity using vegetation indices and landforms made by GIS-based terrain analysis for the determination of permafrost landscapes types [39]. The development of cloud calculators for processing big remote sensing data gave us the opportunity to expand the research and adapt the methodology on a regional scale mapping of mountain permafrost landscapes.




3. Methodology and Materials


3.1. Study Region


The study region is the Orulgan ridge, belonging to the western highest part of the Verkhoyansk Mountains. The territory of the ridge is determined by the zoning of permafrost-landscape regions (provinces) [15]. The Orulgan Ridge in Figure 1a is characterized by a meridional orographic structure and the presence of all varieties of mountain permafrost landscapes in the Arctic territories, which makes it a reasonable choice among the other mountain regions in terms of coverage and diversity.



The entire region is a territory of traditional land use of Evens, the indigenous people of Arctic Siberia. Their economic activities are reindeer herding, hunting, and fishing. Reindeer herds roam the mountain tundra and mountain river valleys [40]. The most elevated central part of the ridge is under protection in the status of a resource reserve (habitat area for bighorn sheep). Geological surveys confirm the presence of large deposits of mineral resources; strategically, the region has prospects for the development of gold, silver, lead, and tin mining industry [41].



According to Fedorov et al. [15], the study region is characterized by a mid-altitude mountain permafrost landscape province with an elevation of 2224 a.s.l. The ridge (landscape province) is located in the continuous permafrost zone with a predominance of mountain-tundra and mountain-sparse forest or woodland permafrost landscapes. In the river valleys, the boreal taiga permafrost landscapes by Larix, Populus, and Salix are recognized. It spreads to the north and higher elevations, regardless of the climatic zone of distribution [25,42]. The geomorphological and lithogenic compositions are dominated by slope colluvial and deluvial colluvial terrain types, as well as accumulative moraine and outwash flat slopes. In total, according to the map of permafrost landscapes of the Republic of Sakha (Yakutia), the study region Figure 1b has 5 classes of permafrost landscapes with 9 vegetation units and 12 terrain types [17]. Permafrost parameters are determined by configurations of vegetation (geobotanical) units and terrain types, which are shown in Figure 1c. Permafrost varies greatly depending on the landscape class and lithological and geomorphological characteristics of terrain types. Our study was focused on vegetation (identification of geobotanical units), since our previous studies showed that in mountainous areas, terrain types have high contrast and fragmentation, which is why the visual representation of the map is very difficult and does not meet the goals of regional mapping in terms of distribution [38,43]. For the regional level of mapping, we did not implement the use of DEM analysis to identify all types of terrain, and we believe that it is necessary to map terrain types at the local level of mapping permafrost landscapes in combination with landscape types.




3.2. Permafrost Landscape Mapping Approach


There are many classification approaches to landscape mapping. We adopted the classification developed for permafrost landscape mapping [13] of the region as part of geocryological and environmental research since 1970s at the Permafrost Institute in Yakutsk. Recent studies have adopted the landscape recognition criteria for the application of GIS tools [17,26]. The classification units being mapped should be adequate for the coverage and scale of the map, which in turn depends on the spatial resolution of satellite images. The use of Sentinel 2 and Landsat 8 images with spatial resolutions of 10 and 30 m, respectively, prompts us to choose working scales in the range from 1:500,000 to 1:1,000,000. The classification of permafrost landscapes of this scale has a vertical scheme: landscapes—Terrain (mestnost)—Uroshiche (part of terrain that is different by vegetation) [13]. For reduction and landscape unity, we renamed this category to the class of landscape—Type of terrian—Type of landscape, which is presented in Table 1, where configurations of environmental variables for mapping are indicated.



In our previous paper [38], we presented the results of mapping permafrost landscapes at the level of type landscape and terrain in the same Verkhoyansk mountain system. In this manuscript, we focused on the landscape classes within the entire region. The methodology for mapping permafrost landscapes consists of integrated GIS modeling, consisting of separate parts for identifying environmental characteristics—Variables. The principal environmental variables of permafrost landscapes modeling are geobotanical units (vegetation associations and formations) and the landforms (megarelief). The additional variables are the Quaternary deposits (genetic type of sediments) largely determined by the combination of principal environmental characteristics. Thus, the initial data should attempt to obtain spatial data reflecting the mentioned variables.




3.3. Methodology Workflow


The methodology workflow for obtaining data on the landscape structure consists of the sequential compilation and synthesis of land cover, but in this case, vegetation cover classification was performed by using the time series of Sentinel 2 MSI and Landsat 8 OLI images for the phenology-based image classification. The vegetation cover classification takes up most of the processing procedure. Since the study region covers 81,956 km2, a large amount of data were used for image classification, which was successfully implemented in GEE. The GEE was created to optimize the analysis of geospatial data and can handle petabytes of remote sensing data over large geographic scales and long-time coverage [42]. The GEE has a database of pre-processed Sentinel 2 MSI and Landsat 8 OLI images (Top of Atmoshpere and surface reflectance) and a wide range of integrated machine learning algorithms for supervised classification. Landform classification was performed by the GIS-based terrain analysis (river valleys and positions in the mountains) by the ASTER GDEM scenes data. The characteristics of the relief and the genetic sediments were compiled in terrain analysis of morphomethic variables—slope and topographic position. The general scheme of the methodological approach is illustrated in Figure 2.



Then, we considered the implementation of each stage of the methodology working flow, finally leading to the production of two spatial layers of environmental variables of permafrost landscapes. These two spatial layers were combined to obtain landscape classes of valley and mountain ecosystems.




3.4. Vegetation Cover Classification


The objective of image classification is to discriminate geobotanical units as an indicator of landscape classification. Vegetation associations and formation are not the typical objects of image classification in remote sensing. The selection of the vegetation associations is carried out according to the principles of dominance plants approach in geobotanical classification [44]. Associations are classified primarily on the basis of species composition and diagnostic species (i.e., plant species by which we can discriminate them from others). Combination of the vegetation associations, or “alliance” in some sources [45,46], is a unit of vegetation cover classification containing one or more associations with a characteristic range of species composition, environmental conditions, physiognomy, and diagnostic species, usually at least one of which is located in the uppermost or dominant layer of vegetation. At the regional level, we refer to the fact that the combinations of vegetation associations differ in seasonal photosynthetic activity for Northeast Siberia by the period from June to September. The study region in high mountain areas with poor biodiversity can even be covered with vegetation formations (epilitic lichens). Therefore, in this study, for the identified classes of modeling based on remote sensing data, we defined them as mapped geobotanical units [39]. For this aim, a phenology-based classification approach was applied. GEE Image Collections were selected based on cloud-free filter images separately for periods (mid-June, July, August, and early September). Sentinel-2 images launched by the Copernicus program of the European Space Agency (we used 5 bands: Blue 490 nm, Green 560 nm, Red 665 nm, near infrared (NIR) 842 nm and short wave infrared (SWIR) 1610 nm at 10 m spatial resolution) and Landsat 8 OLI images launched by NASA and United States Geological Survey (we used 5 bands: Blue 483 nm, Green 560 nm, Red 660 nm, NIR 865 nm and SWIR 1620 nm at 30 m spatial resolution) were used. The size of the study area is covered by 15 full Sentinel 2 imagery scenes and 7 Landsat 8 scenes. For the entire study area there were 550 images of Sentinel 2 extracted in total for the period 2015–2020 and 223 images of Landsat 8 OLI images for the period 2013–2020 (see Table 2).



Single red, green, and blue NIR and short wave infrared (SWIR) spectral bands are useful for identifying vegetation state and phenological phase in color composite. For each collection of images, we calculated the vegetation indices: the widely used NDVI in Equation (1), GNDVI in Equation (2), and NDMI in Equation (3). Subsequently, we created monthly vegetation indices mosaics by calculating the median value for all available scenes over a specified time period over the non-snow cover months. NDVI is the general spectral index reflecting the state of plants and the volume of biomass. GNDVI is the modified vegetation index, often used in vegetation with low chlorophylls and water deficit/express, which should work well in biomass-poor areas of tundra and mountain woodlands [47]. NDMI is used to determine vegetation water content and differentiates well wetlands in river valleys and tundra swamps [48].


  NDVI =   N I R − R E D   N I R + R E D    



(1)






  GNDVI =   N I R − G R E E N   N I R + G R E E N    



(2)






  NDMI =   N I R − S W I R   N I R + S W I R    



(3)







The vegetation cover is characterized, generally, by the absence of evergreen tree species and the predominance of sparse Larix forests. The class of sparse forests was differentiated depending on the composition of the lower layers (shrubs and lichen or low shrub-herb cover) [49]. The lower vegetation layer has a significant impact on the spectral characteristics of satellite images. Differences in the values of the spectral indices make it possible to separate the low shrub-lichen tundra from the epilithic-lichen cover. Valley forests and sparse Larix forests with Siberian low pine in the mountain slopes have almost the same spectral values throughout the summer, but valley forests, due to the presence of alder, poplar and willow, lose their biomass very rapidly by the beginning of September. These phenological features allow us to distinguish them from each other. The river valley areas are distinguished by high biodiversity and heterogeneous composition of the vegetation associations. In addition, the mountain river valleys represent water streams on pebble alluvium, the spectral characteristics of which are close to epilithic lichens. This division leads to spatial mosaicism, which does not correspond to the scale of the study. Therefore, the vegetation of the northern taiga valleys is composed of combinations of willow-alder communities with areas of larch, poplar, and chozenia forests.



Training and validation samples of vegetation classes require a geobotanical analysis of the study region. The collected biogeographical data of field surveys in the region and the Verkhoyansk Range as a whole allowed us to analyze high-resolution images. Field surveys were conducted in July and August 2018–2019 on the eastern slope of the Orulgan Ridge, and also identified visual interpretations using very high-resolution images in Google Earth Planet and Yandex Sattelite based on field materials and geobotanical data from early studies at this region with geobotanic or floric descriptions [50,51] and the resulting maps [52]. The method of expert determination of training data is often used in studies of vegetation types and cover [31,53]. A total of 326 samples were selected for training and 735 for validation. The regional scale of mapping and reference to the classification of permafrost landscapes allowed us to identify 7 geobotanical units of vegetation cover (VC) (see Table 3).



To achieve the best image classification result, we used three machine learning algorithms integrated in GEE: Support Vector Machine (SVM) [54], Random Forest (RF), and Classification and Regression Tree (CART). Figure 3 shows the results of the classification, where SVM and RF had close results; on the contrary, CART strongly absorbed some vegetation classes. To compare the results, we calculated the confusion matrix of classifications, according to which the producer accuracy (PA), user accuracy (UA), overall accuracy (OA), and Kappa coefficient were calculated to determine the effectiveness of the algorithms [55].



Table 4 shows the accuracy of the classification results obtained using the three classifiers. OA and kappa by SVM were 85.7% and 0.74, respectively. While the RF classification accuracy was acceptable, the PA and UA of some vegetation classes were not high. For RF, stumpy results were recorded in the class of tundra vegetation (VC6) and shrub vegetation (VC3). For CART, a high proportion of confusion was found in forest vegetation (VC1), valley vegetation (VC4), and tundra (VC6). CART greatly reduced the proportion of VC1 due to tundra and shrub vegetation (VC3).



Thus, for landscape mapping, we determined the SVM according to an acceptable result of vegetation classification. SVM is a supervised non-parametric statistical learning algorithm, which has made it possible to achieve effective classification results in various remote sensing studies, including vegetation mapping according to NDVI [56] and landscapes mapping of heterogeneous areas [29]. We configured SVM with a radial basis function as the kernel type, a moderate cost-parameter value 15, and a Gamma term equal to 0.2. The result obtained had the effect of “salt and pepper”—small areas of class values in terms of the number of pixels. To remove such noise after export from the cloud platform, we used the “Sieve” tool in the QGIS with a threshold of 500 m, respectively to the coverage. The tool removes pixels smaller than the specified threshold size and replaces them with the pixel value of the largest adjacent pixel.



The most accurately classified geobotanical unit VC1 is Larix sparse forests with low shrubs, lichen, and green moss. Most of the incorrectly classified pixels were assigned to the mountain tundra and desert classes VC6 (Lichen and low shrub) and VC7 (Epilithic lichens and non-vegetation cover). Confusions of VC7 are also due to the fact that incompatible geobotanical units are merged in it, such as river gravel, water, and epilithic lichens of high mountain areas. This lack of spectral image classification requires the use of other differentiation methods, such as terrain analysis.




3.5. GIS Terrain Analysis


Terrain analysis is used to determine two groups of classes of permafrost landscapes: zonal and intrazonal. In the structure of mountain landscapes, as nowhere else, the main regularities of geographical distribution of climate conditions (altitudinal temperature gradient, latitudinal climate zoning, and sectorial longitude separation) are manifested. As an environmental variable of the permafrost landscapes differentiation, relief increases its significance with the detailed classification of landscapes (at the level of group and types of landscape). Intrazonality is determined by the presence of landscapes atypical for the latitudinal zone under the influence of local climatic and hydrological factors, mainly formed in river valleys [57]. The river valleys form intrazonal landscapes; therefore, the analysis of the terrain according to DEM is necessary to distinguish two types of megarelief—valleys and mountains.



We already used the method of landform classification at the local level with the topographic position index (TPI) [58]. The slope degree and TPI [59] was used to perform landform classification from improved version 3 of Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global DEM with 30 m spatial resolution. In total, the study region covers a mosaic of 22 clipped scenes. The resulting mosaic of scenes had a number of anomalous values that were eliminated using the DTM filter tool in SAGA GIS. The artifacts were assigned a null value, then the contours were created with a step of 15 m, and the values were interpolated. In addition, with the help of bilinear interpolation and slope-based filtering, we removed adjacent cells with a large difference in elevation, which could hardly be caused by real terrain conditions. The filter determines the allowable height difference between two cells as a function of the distance between cells [60]. The procedure is performed in two steps in SAGA GIS and GRASS GIS. The result of DEM preprocessing is presented in Figure 4.



The TPI algorithm in Equation (4) compares the elevation (E) of each cell in a DEM to the mean elevation (Em) of a specific neighborhood around the cell (n—number of cells), thus revealing the position of the cell relative to neighboring ones. Unsupervised classification by Jenness [58] was implemented on the basis of two sizes of radius (scale): large 2500 m and small 300 m. Gaussian weighting was used with a bandwidth value of 50. TPI-based landform classification released in SAGA GIS [60].


  T P I = E −   ∑   n − 1   E m / n  



(4)







Ten classes of landforms were produced: streams, mid-slope drainages, local ridges, valleys, plains, foot slopes, upper slopes, upland, mid-slope ridges, and mountain tops. For the purpose of mapping classes of landscapes, we only needed to obtain two types of combined landforms, i.e., river valleys and mountains. We used a reclassification based on two processed data: analysis of slopes and landforms. River valleys included streams, valleys, plains, and foot slopes (partially), while the rest were combined as mountain slopes. The reclassification result is shown in Figure 5.



The obtained data on the megarelief let us distinguish intrazonal valley landscapes by classifying the slope with a steepness threshold of 15° into valleys and mountain slopes. This slope value is optimal as a threshold between the mountain slope and river valleys for differentiating intrazonal valley landscapes from mountain permafrost landscapes.




3.6. Landscape Mapping and Data Synthesis


The holistic landscape classification approach uses the landscape concept as a complex system of functions consisting of a set of variables. The variables are determined by the factors of landscape formation, the number of which differs in many studies [17,18,20,61]. Therefore, the use of a holistic representation of the landscape in this concept allowed us to restrict ourselves to the available spatial data in GIS for synthesizing and mapping classes of permafrost landscapes. The obtained data of vegetation and relief are the sought-after ways to conceptualize the landscape structure with the spatial data available to us [62] and yet it is acceptable for classification at the regional level. Spatial stacking of layers in GIS of the vegetation and types of megarelief is a method of data synthesis for mountain permafrost landscape mapping.





4. Results and Discussion


As a result, we identified nine classes of permafrost landscapes: three valley intrazonal landscape complexes and six zonal classes of mountain permafrost landscapes. The compiled permafrost landscape map of the Orulgan Ridge is presented in Figure 6 and the description of the discriminated mountain permafrost landscape is provided in Table 5. Using the methodology for mapping permafrost landscapes, we analyzed the spatial structure of landscape classes to determine the nature of the distribution of boreal taiga and arctic tundra landscapes in the Verkhoyansk Mountain system.



The results are interpreted in two ways: by analysis of the landscape structure to identify the areas of landscape classes and comparison with the basic permafrost–landscape map of the Republic of Sakha (Yakutia) in the scale of 1:1,500,000, since we use the same classification schema (4.1); by compilation of a general scheme of elevationaland topographic distribution of landscape classes of the Orulgan ridge, it is possible to assess the geomorphological boundaries of mountain permafrost landscapes (4.2).



4.1. Comparison with Earlier Permafrost Landscape Mapping


Statistical analysis of the structure of landscapes made it possible to determine the degree of heterogeneity of the ridge. Figure 7 shows the areas covered by permafrost landscape classes and compares them with the equivalent classes on the Permafrost Landscape Map of the Republic of Sakha (Yakutia). If we, conditionally, combine mountain tundra and mountain desert landscapes (classes: MTL and MDE) and mountain forest and shrub landscapes (LWL, LWC, LWM and LWS), then we can notice that the ratio of arctic mountain tundra and mountain sparse forests is approximately equal to 1:1. In areal percentage terms, tundra and mountain desert occupy 27% and 16% of the territory. The most common landscape class of sparse forests occupies 18%. Such a landscape structure confirms the expediency of distinguishing a permafrost landscape region (province) as a group of mountain tundra and mountain sparse forest landscapes in the continuous permafrost zone. However, in contrast to the earlier small-scale map, we revealed significantly large areas of boreal forests and the significance of MNV and mountain Larix-sparse forest landscapes in the landscape structure of the study region, especially intrazonal landscapes in the river valleys, 1% to 7%.



A low percentage of intrazonal mountain tundra coverage is obtained because there is practically no river alluvial sediment in the glacial valleys. Therefore, at the level of landscape classes, the identification of glacial valleys is practically very difficult. The exception is some relatively gentle narrow area in small rivers. This property of glacial valleys in Verkhoyansk Mountains was distinguished by Nikolin [63]. The penetration of forests along the river valleys into the depths of the mountain range can be associated with the thermal effect of tectonic faults. Tectonic faults play a significant role in the spread of forests along river valleys as additional sources of heat from the internal energy of the Earth, which is also evidenced by numerous ice floes.



In general, the use of GIS terrain analysis and remote sensing modeling by GEE let us significantly enhance of intrazonal valleys permafrost landscapes identification. The method used distinguishes the dependence of the intrazonal landscape on the width of the transverse distribution of the valley since the width of the valley and the amount of alluvial river sediments expands along the river [1]. This aspect of river landscapes has so far been practically taken into account at the regional scale of mapping. Obtaining detailed information of the spatial structure of the valley vegetation complexes will allow further assessment of their roles in the biomass of the Arctic mountain ranges and their role in greenhouse gas emissions.



Epilithic lichen communities of stony deserts cover the tops of mountains with eluvial deposits, rock glaciers of mountain ranges, and on steep slopes, the proportion of which increases from south to north. The ridges in the southern part of the region are largely covered by mountain lichen and low shrub–moss tundra. Since the Orulgan ridge is medium-altitude, it is not covered with non-melting snow. At the same time, mountain deserts contain many slope glaciers [64]. In general, the analysis of the obtained map indicates the general latitudinal pattern of reduced share of the forest and shrub vegetations and increased areas of mountain tundra vegetation and communities of epilithic lichens and rock glaciers in the northward direction.



The difference in the area covered by tundra and boreal forest landscapes in our analysis and the published data can be associated with two aspects. Firstly, overall detail for mapping at the scale of 1:1,500,000 determines the general forms of the landscapes distribution, while our use of a semi-automatic multisensor phenology-based classification method for vegetation and terrain analysis could significantly enhance the reliability of detecting areal parameters of landscapes. The second aspect is that it can be attributed to the general trend of migration and “greening” of boreal forests, shrubs, and artic tundra due to the global warming. This phenomenon for northern latitudes has been described in many studies, for example, refs. [65,66,67]. As well as, forest fires are the leading process in the dynamics of permafrost landscapes The pyrogenic factor plays a significant role in landscape changes [68]. This issue requires further investigation to assess the sustainability of tundra and some forest classes of landscapes.




4.2. Analysis of Topographic Landscape Variability of Orulgan Ridge


The intensity of interaction and the scale of redistribution of organic matter and energy between mountain landscapes determine their topographic variability. This phenomenon is also related to the distribution of soils and the pedological term katenas. For example, Chernykh et al. [57] used macrocatenas to describe the spatial organization of the Altai Mountains landscapes. The topographic variability is largely due to the activity of exogenous agents that determine the morphogenetic types of relief, the magnitude of horizontal and vertical dissection, the energy of riverine, slope, and other processes and, accordingly, the characteristics of vegetation. To study the landscapes of the Orulgan Ridge, we plotted three longitudinal and latitudinal landscape profiles. The number and sequence of landscape classes are primarily determined by the direction and intensity of neotectonic movement. They determined the elevation of various parts of the mountain system, the layering and configuration of the megarelief elements, i.e., created the basis for the formation of the altitudinal zonation of mountain ecosystems. Thus, the relief is determined by the dissection of tectonic uplifts, erosion and transformation under the influence of cryogenic processes. On the western macroslope, there is a moraine relief inherited from the Upper Pleistocene glaciations [68].



Figure 8 shows longitudinal profiles. Profile A is made at 129°16′46″ E longitude in the northern part of the ridge with altitudes from 866 to 1459 m. Valleys are covered with MWV, and at the foot of steep slopes there is a narrow strip of LWC mountain slopes covered with LWL local peaks up to 1200 m high covered with LWM or a belt of tundra landscapes, which begins at an altitude of about 1100 m. Profile B was made in the central part of the ridge at longitude of 127°59′15.4″ E, an altitude difference from 400 m to 1555 m. Boreal forests penetrate wide river valleys. The forests on the slopes are not widespread; they occupy a narrow strip in the lower part of slopes. Narrow intrazonal MTV landscapes are formed in glacial valleys. The mountainous tundra landscape occupies steep high slopes of the southern exposure. Profile C was made in the southern part of the ridge at longitude of 126°40′48.6″ E, an altitude difference from 189 m to 1287 m. This profile clearly represents the vertical distribution of landscapes. The valley is almost 4 km wide and is covered with boreal forest with rich biodiversity. The slopes are covered with Larix forest with Pinus pumila. The flat areas of low mountains are covered with LWL. The slopes of the northern exposure are covered with mountain tundra, with a continuous tundra strip starting at an altitude of about 1000 m. In general, mountain tundras cover the tops of only low mountains or are distributed along the southern slopes in the central and northern parts of the ridge and along the northern slopes in the more southern parts of the ridge.



Figure 9 shows latitudinal profiles. Profile D was made at latitude 69°08′00″ N with altitude ranging from 497 to 1765 m. This landscape profile clearly demonstrates the longitude sector of the Orulgan ridge. The ridge is divided into two macroslopes: east and west. The eastern macroslope belongs to the Lena River basin, and the western one is to the Yana River basin. In boreal landscapes, LWM prevails. On gentle slopes, LWS are common with very sparse forest and numerous swamps. Profile F was made at latitude 67°35′01.0″ N with altitude difference from 594 to 2211 m. Mountain deserts start from a altitude of 1000 m. The slopes of the eastern exposure are covered with larch forest. The high-altitude glacial valleys do not feature intrazonal landscapes. Profile G was made at latitude 66°19′51.0″ N with altitude ranging from 594 to 2211 m. The southern profile is very diverse. Almost all classes of landscapes are represented there. The western macrocline is represented by boreal forests; the slopes are mainly covered with LWC. Eastern macroslope forest landscapes are represented by LWM and MTW. Mountain tundras are confined to steep slopes and peaks with a altitude of up to 1200 m. and then give way to mountain deserts.





5. Conclusions


The structural analysis of permafrost mountain landscapes at the regional scale has become possible due to the accumulation of a large amount of remote sensing data and the development of cloud calculator and processing platforms, such as the GEE. With this study, we aimed to enhance the mapping methods by a new approach for mapping the mountainous territories of the Northeast Siberia and the Arctic at the regional scale. The basis of the data approach is a time series of Sentinel 2 MSI and Landsat 8 OLI images that can be successfully fused in the GEE for modeling the environmental variables of permafrost landscapes. Integrated machine learning algorithms successfully handle vegetation mapping, and the interface is user-friendly. When classifying vegetation, a flexible approach is used to map geobotanical units, since their spatial distribution in mountainous areas is greatly from that in river valleys and on slopes.



In the distribution of permafrost landscape classes, mountain deserts occupy 16.3%; mountain tundra, 27%; mountain shrubs (sparse forest with Pinus pumila), 11.4%; mountain sparse forest, 30.5%; and introzonal landscapes, 14.7%. Therefore, the dominant classes of landscapes are mountain tundra and mountain woodlands, while the remaining classes are subdominant, rare classes occupying less than 5% of the territory and were not identified.



The resulting map shows the topographic distribution of landscapes of the Orulgan Ridge, which has a pronounced dependence on latitude and the degree of heating and aridity of macroslopes. The western macroslope of the ridge is much more diverse and covered with forest vegetation. In addition, the class of subalpine shrubs practically disappears in the north and on the eastern macroslope of the ridge. Information was obtained on average values along the height gradient of the boundaries (from south to north) of landscape classes; mountain deserts start from 1000–1400 m, mountain tundra 800–1000 m, mountain shrubs 600–800 m, and mountain-sparse forests 400–1000 m. Boreal forests penetrate the central parts of the ridge thanks to extensive river valleys and streams, especially the tributaries of the Lena River, which is also facilitated by numerous tectonic faults, as evidenced by numerous icing and groundwater outlets heating the surface.



The data obtained reflect the distribution of landscape classes, which, when configured with lithological and geomorphological variables, make it possible to estimate the permafrost parameters. Therefore, the possibility of methodological advance of mapping of terrain types at the regional level, or mapping at the local level in combination with vegetation cover, is promising. Further research should be aimed at identifying the characteristics of permafrost, the long-term dynamics of mountain permafrost landscapes, and identifying their sustainability and vulnerability in the face of anthropogenic and environmental risks.
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Figure 1. Study region of the Orulgan Ridge: (a) geographic location in Northeast Siberia; (b) Permafrost Landscapes Map (data source: [17]); (c) permafrost parameter of landscapes (in numerator-Mean annual temperature of the ground, C; in denominator–active layer thickness, m. (data source: [17])). 
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Figure 2. The general scheme of the methodological approach. 
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Figure 3. Vegetation classification results by SVM, RF, and CART classifiers for the Orulgan Ridge. 
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Figure 4. Example of hypsometric profile made by ASTER GDEM. 
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Figure 5. River valleys and mountain slopes classification of Orulgan Ridge. 
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Figure 6. Permafrost landscape map of the Orulgan ridge. 
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Figure 7. Comparison of the spatial structure of the permafrost landscapes: (a) Permafrost–Landscape Map of the Republic of Sakha (Yakutia) [17]; (b) result obtained by the permafrost landscape map of the Orulgan Ridge. 
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Figure 8. Hypsometric longitudinal landscape profiles on the Orulgan ridge: (A) (129°16′46″ E), (B) (127°59′15.4″ E), and (C) (126°40′48.6″ E). 
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Figure 9. Hypsometric latitudinal landscape profiles of the Orulgan ridge: (D) (69°08′00″ N), (F) (67°35′01.0″ N), and (G) (66°19′51.0″ N). 






Figure 9. Hypsometric latitudinal landscape profiles of the Orulgan ridge: (D) (69°08′00″ N), (F) (67°35′01.0″ N), and (G) (66°19′51.0″ N).
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Table 1. Environmental variables—Indicators of landscape classification categories [13].
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	Classification Categories
	Geobotanical Units
	Landforms
	Lythology
	Approximate Coverage, km2





	Class of landscape
	combination of vegetation associations and formations
	megarelief
	-
	>500



	Type of terrian
	-
	mezorelief
	Quaternary deposits
	50–500



	Type of landscape
	group of vegetation associations
	mezorelief
	Quaternary deposits
	<50
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Table 2. Landsat 8 OlI and Sentinel 2 dataset of the study region in GEE.






Table 2. Landsat 8 OlI and Sentinel 2 dataset of the study region in GEE.





	Date
	Sentinel 2 All Data
	Landsat 8 OLI All Data
	Sentinel 2 Cloud-Free Data
	Landsat 8 OLI Cloud-Free Data





	Early September
	610
	293
	124
	48



	August
	909
	423
	138
	68



	July
	921
	368
	210
	75



	Late June
	448
	165
	78
	32



	Total
	2888
	1249
	550
	223










[image: Table] 





Table 3. Geobotanical units and sample data.






Table 3. Geobotanical units and sample data.











	Code
	Geobotanical Units
	Training Samples
	Validation Samples





	VC1
	Larix sparse forests with low shrubs, lichen and green moss
	58
	95



	VC2
	Larix sparse forests with lichen and green moss
	34
	90



	VC3
	Larix sparse forests with low shrub—Lichen and Pinus pumila in combination with Duschekia fruticosa shrubs
	56
	85



	VC4
	Alder and willows with areas of Larix, Populus and Chozenia forest
	65
	115



	VC5
	Larix sparse forest with bogs
	56
	120



	VC6
	Lichen and low shrub
	23
	120



	VC7
	Epilithic lichens and non-vegetation cover
	34
	110



	
	Total
	326
	735
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Table 4. Classification accuracy of three classifiers.






Table 4. Classification accuracy of three classifiers.





	
Vegetation Classes

	
SVM

	
RF

	
CART




	
PA, %

	
UA, %

	
PA, %

	
UA, %

	
PA, %

	
UA, %






	
VC1

	
90

	
88

	
77

	
82

	
67

	
78




	
VC2

	
88

	
83

	
87

	
82

	
74

	
83




	
VC3

	
85

	
82

	
79

	
79

	
68

	
77




	
VC4

	
83

	
85

	
82

	
78

	
77

	
55




	
VC5

	
88

	
88

	
82

	
84

	
73

	
74




	
VC6

	
74

	
76

	
70

	
71

	
68

	
68




	
VC7

	
79

	
84

	
76

	
79

	
79

	
61




	
Overall accuracy, %

	
85.4

	
78.5

	
70.8




	
Kappa coefficient

	
0.74

	
0.61

	
0.47
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Table 5. Classification and description of permafrost landscape classes of the Orulgan Ridge.
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	Permafrost Landscape Class
	Code
	Description





	Mountain desert
	MDE
	Landscape of the arctic deserts. Vegetation is sporadic or absent. Lichen (Rhizocarpon geographicum, Haematomma ventosum, Umbilicaria). Mountain peaks and steep mountain slopes.



	Mountain tundra
	MTL
	Landscape of the arctic tundra. Lichens (Alectoria ochroleuca, Coelocaulon divergens), low shrubs (Dryas punctata, Cassiope tetragona). Steep near-summit slopes, mountain top surfaces, slopes of the northern or eastern exposure.



	Sparse Larix forests, low shrub, lichen and moss
	LWL
	The most common class of Larix sparse forest landscape. They are common on gentle slopes or at the foot of steep slopes. Low shrubs are represented by Ledum palustre, Vaccinium uliginosum, V. vitis-idaea. Lichens (Cetraria cucullata) mosses (Aulacomnium turgidum).



	Sparse Larix forests, lichen and moss
	LWM
	Mountain Larix sparse forest landscape. Shrub cover is practically absent. Lichens (Cetraria cucullata), mosses (Aulacomnium turgidum). They are common on medium slopes and elevated sections of slopes.



	Sparse Larix forest, sphagnum
	LWS
	Mountain Larix sparse forest landscape. The low shrub cover is represented by Vaccinium uliginosum, Chamaedaphne calyculata, mosses (Aulacomnium turgidum, Sphagnum warnstorffi, Sph. balticum). Lichens (Cetraria cucullata), mosses (Aulacomnium turgidum). It is characterized by high humidity and the presence of swamps at the foot of slopes and flat areas.



	Sparse Larix forests, low shrub—Lichen with Pinus pumila
	LWC
	Mountain Larix sparse forest and mountain shrubs landscape. The difference of the class is the presence of shrub layer: Betula exilis, Pinus pumila. Low shrubs: Ledum palustre, Vaccinium uliginosum, lichens (Cetraria cucullata, Cladina arbuscula) mosses (Aulacomnium turgidum, Sphagnum spp.). They are common on the slopes of the southern and western exposures and the slopes of the valleys of the Lena River basin.



	Boreal taiga in valley
	MNV
	Intrazonal boreal taiga landscape along river valleys. Vegetation is represented by many formations and associations. Horsetail (Equisetum arvense) green-moss (Aulacomnium turgidum, Hylocomium splendens) and sphagnum (Sphagnum balticum, Sph. fimbriatum) in combination with willow meadows and grass bogs. Mixed forests of green moss (Aulacomnium turgidum) type in combination with yernik (Betula fruticosa), grasses (Calamagrostis neglecta, Agrostis trinii), sedge (Carex stans, C. minuta, C. atherodes) and cotton-grass (Eriophorum polystachyon). They are distributed along the valleys of the Lena River basin.



	Mountain forest in valley
	MWV
	Intrazonal mountain sparse forest landscape along river valleys. Larix forest with Ledum palustre, Vaccinium uliginosum, V. vitis-idaea with areas of chozenia (Chosenia arbutifolia) and poplar (Populus suaveolens) forests. Most of the landscapes belong to the valleys of the Yana River basin.



	Mountain tundra in valley
	MTV
	Intrazonal mountain tundra landscape along trough valleys. Within the mountain tundra, river valleys are not developed properly. Complex tundra communities (Ledum palustre, Arctous alpina, Koenigia tripterocarpa, Andromeda polifolia, Empetrum nigrum) with sparse shrubs of Betula nana subsp. exilis represent transition between slope and riparian vegetation.
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