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Abstract

:

Ombrotrophic suboceanic bogs are distinguished by a high diversity of complex microlandscapes within the bog massif. Each complex microlandscape is a separate intrabog ecosystem with a specific set of parameters and relationships. This study aims to assess the specifics of the characteristics and parameters of the complex microlandscapes as part of an ombrotrophic suboceanic Sphagnum bog and as stages of bog morphogenesis, and to establish the internal relationships and their relationship with external environmental factors. A comprehensive multidisciplinary approach was used to assess the functioning of the complex microlandscapes. It was found that the relationship with the air temperature is closer than with the bog water table dynamics. It was shown that the morphometric parameters of perennial dwarf shrubs can serve as indicators of the stages of development of bogs. The processes of the self-regulation of complex microlandscapes are weakened with the age of the complex microlandscape, as evidenced by an increase in the amplitude of temperature fluctuations and the level of bog waters, as well as the key physicochemical parameters of the peat deposit. This leads to a gradual, slow reorientation of the physicochemical processes occurring in the deposit, from the deposition of organic matter to the decomposition of peat biomass.
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1. Introduction


Boreal forests are the second largest forest biome after tropical forests, covering 11.4 million km2 [1]. The basis of the ecological skeleton of the boreal biome is coniferous forests and wetlands, which are parts of a single system that are in constant spatiotemporal dynamics and exhibit a mutual influence upon one another [2]. Wetlands are an important component for maintaining ecological balance; they form a natural network, contributing to the formation of a rather heterogeneous and fragmented structure of forest cover in the boreal forest zone, which significantly increases the stability of forest-bog ecosystems [3,4,5,6,7]. Boreal forests and wetlands play a critical role in the global carbon cycle. Moreover, 50 to 73% of the carbon sequestration in the boreal biome falls on the wetlands [8]. Ombrotrophic convex Sphagnum bogs occupy up to 67% of the wetlands in the boreal biome [8,9]. The north of the boreal forest zone is the optimal environment for such type of bogs; large bog massifs (up to 20 thousand ha) and extensive systems of bog massifs form here [10,11,12,13,14].



The emergence of European boreal bogs is associated with the end of the last glaciation (20–9 thousand years ago) [15,16,17]. The formation of bogs began in the glacial depressions of the Late Valdai glaciation and associated dammed lakes, when the territory lost its ice and water [18]. The specificity of bog formation in the European north lies in the fact that it began immediately after the retreat of the glacier and developed evenly over vast areas of flat interfluves. In the Subboreal period (4500–2500 years ago), oligotrophic processes in the north of the European part of the boreal biome reached a maximum; hummock–hollow and hummock–pool complexes began to combine into bog systems, which were accompanied by an active accumulation of weakly decomposed ombrotrophic peat. In the Subatlantic period (from 2500 years ago to the present), bog systems formed in their modern form with well-differentiated hummock–hollow, hummock–pool–hollow, and hummock–pool complex microlandscapes with secondary lakes [14,19,20,21,22].



Ombrotrophic boreal Sphagnum bogs are distinguished by a high diversity of plant complexes within the bog massif. At the same time, they are an example of a complex autonomous self-developing paragenetic landscape where adjacent actively-interacting plant complexes have a common origin and development with a material and energy cycle that is practically independent of external conditions [23]. The supply of energy in the form of solar radiation and precipitation are the external factors that affect the development and existence of ombrotrophic bogs [24]. In a dynamic aspect, convex ombrotrophic bogs refer to the final stage of bog formation, where complexes with regressive phenomena (ridge–pool complexes and denuded ridges covered with lichens) are expressed [10,25]. This fact allows the consideration of convex ombrotrophic bogs as wetlands with the most pronounced and well-established mechanisms of functioning.



Hummock–pool–hollow bog complexes growing from the center in a distal direction are the most common type of convex ombrotrophic bog in the boreal forest zone [17,26]. The stages of bog development can be traced most clearly in this type of ombrotrophic bog. The morphological structure is clearly differentiated within the actively functioning ombrotrophic bog with a convex surface [27]. The morphogenetic row of an ombrotrophic bog development is as follows: a marginal swampy pine forest—a hummock–lawn–hollow complex (the formation of hummocks is at the initial stage, there is no orientation of the hummocks relative to the directions of the largest surface runoff)—a formed hummock–hollow complex (a hummock–hollow microrelief with emerging secondary lakes and a concentric pattern of hummocks)—and a hummock–pool complex. The cyclic lenticular “regeneration complex” model indicates the existence of such a morphogenetic series [28].



Recent research is focused on studying the relationship between biogenic cycles and greenhouse gas emissions with individual elements of bog ecosystems, most often with microtopography, the composition and structure of plant communities, the level of bog waters, etc. [25,29,30,31]. However, nowadays, a comprehensive, multidisciplinary approach is needed to assess the functioning of ecosystems [32]. Each complex microlandscape is a separate intrabog ecosystem with a specific set of parameters and relationships. Comprehensive studies of these intrabog ecosystems are needed to establish their contribution to the biogenic cycles of the bog in the spatial aspect. In the temporal aspect, complex microlandscapes should be considered as the stages of the morphogenetic development of the bog. This will enable us to not only establish the specifics of the ongoing processes at the present stage of development, but also to restore the mechanisms of biogenic cycles since the formation of the bog. Understanding the mechanisms of biogenic cycles at each historical stage of bog development and the factors that shift the established equilibrium towards the next morphogenetic stage will be useful for the scientifically based restoration of ombrotrophic bogs.



The hypothesis of the study is that complex microlandscapes, as separate stages of bog morphogenesis, are characterized by a specific set of parameters and characteristics of their components that regulate biogenic cycles. This is important both for a retrospective analysis and for establishing directions for the transformation of the organic matter cycle in the future under the influence of changing climatic conditions.



To confirm the hypothesis, it is necessary to:




	(1)

	
Establish the specificity of the characteristics and parameters of the components of complex microlandscapes;




	(2)

	
Establish specific internal relationships for complex microlandscapes;




	(3)

	
Establish specific relationships between complex microlandscapes and environmental factors.










2. Materials and Methods


2.1. Study Area


The Arkhangelsk region is one of the largest peatland areas in European Russia. Peatlands occupy up to 50% of the terrestrial area, especially on the north boundary of the boreal forest distribution. The study area (64°18′54″ N; 40°41′14″ E; 62 m above sea level) is located in the highly waterlogged watershed of the Severnaya Dvina river, near the city of Arkhangelsk, 55 km southward of the Dvina bay of the White Sea (the southern inlet of the Barents Sea). The climate of the study area is moderate continental subarctic with a prominent marine influence (the Köppen–Geiger climate classification is Dfb). The annual mean temperature is +2.3 °C (the coldest month is January (−11.2 °C); the warmest month is July (17.3 °C)). The annual precipitation is 672 mm/yr (the greatest in August—84 mm; the least in February—32 mm). Slightly more than half of the annual precipitation (about 350 mm) falls during the growing season. The duration of snow cover is about 136 days; the growing season is about 100 days [33].



The study site “Ilasskoe Bog” is a vast complex of bogs, predominantly ombrotrophic (Figure 1), with a square area of more than 90 km2 (the complex is 17 km in length and 3.8 km in width) [34]. This is a representative of European suboceanic Sphagnum raised bogs. Such bogs are characterized by an eccentric, slightly convex surface (the center is 1–3 m above the surface) and a slight slope towards the water intake [35]. The peat deposit consists of slightly decomposed high-moor peat lying directly on the clayey and loamy moraine. Bedrocks are represented by layered clays and sandstones. The mean depth of the peat deposit is 3.0–3.5 m; the greatest depth is about 6.0–8.0 m.



The studied bog massif has an area of 595 ha and is an ombotrophic flat-convex mesolandscape with well-differentiated microtopographic complexes (complex microlandscapes): hummock–pool (HP), hummock–pool–hollow (HPH), hummock–hollow (HH), and lawn (L) (Figure 2). The vegetation of the studied bog massif is characteristic of boreal ombrotrophic bogs. The hummock–hollow–pool pattern dominates the studied bog massif. It forms the central part of the bog massif. Here, hummocks with pine, dwarf shrub and Sphagnum alternate with secondary lakes (the water surface area is about 0.001–0.002 km2) [34]. On the hummock–hollow microlandscape, pine-dwarf-shrub-Sphagnum hummocks alternate with scheuchzeria-Sphagnum and sedge-Sphagnum hollows. Hummocks are arranged in a characteristic concentric pattern perpendicular to runoff lines. Lawns are presented by Sphagnum-cotton grass-shrub flat carpets without a tree layer, somewhere with weakly developed dwarf-shrub-Sphagnum hummocks not oriented towards run-off lines.



Sphagnum mosses are ecosystem engineers and environment-forming species of boreal ombrotrophic bogs. The Ilasskoe bog hummocks are dominated by Sphagnum species adapted to low bog water levels. Sphagnum fuscum (Schimp.) Klinggr. and Sphagnum capillifolim (Ehrh.) Hedw. grow on the elevated forms of nanorelief; Sphagnum angustifolium (Russ.) C. Jens. grows in less dry sites between the elevated forms of nanorelief. Large Sphagnum papillosum Lindb. plants grow along the edges of hollows and lawns. In hollows and on lawns, the species composition of Sphagnum mosses is represented by Sphagnum jensenii H. Lindb., Sphagnum lindbergii Schimp. ex Lindb., Sphagnum majus (Russ.) C. Jens., Sphagnum balticum (Russ.) Russ. ex C. Jens. In watered hollows and on the edges of the pools, Cuspidata is added to the species of the section Sphagnum cuspidatum Ehrh. et Hoffm. Depressed hollow species of Sphagnum mosses are found in some small areas of degraded hollows.




2.2. Materials and Methods


The vegetation study was carried out with a complete description of the living vegetation cover and the tree layer within the selected study sites on each complex microlandscape [37]. Studies were carried out using the method of eye estimation of projective cover and the abundance of plant species. The species of vascular plants were determined according to the reference [38]; the mosses were determined according to the papers [39,40]. Morphometric indicators of the tree layer were determined by the methods of visual taxation (n = 100) [41]. The height of the trees was determined using the altimeter Haglof EC II D (Haglof, Långsele, Sweden); the diameter of the trees at breast height was measured using the measuring fork Haglof Mantax Blue (Haglof, Långsele, Sweden). The crown density was determined using the route method. The age of the trees on the study sites was determined using the increment borer Haglof (Haglof, Långsele, Sweden), followed by a manual calculation of the number of annual rings using the binocular microscope Altami SM0745 (Altami, St. Petersburg, Russia).



The air temperature during the growing season 2022 (May to October) was evaluated using the combined thermohygrometer-light intensity meter-UV-radiometer “TKA-PKM-42” (LTD Scientific and Technical Enterprise “TKA”, St. Petersburg, Russia). The temperature regime of the plant cover and peat deposit at different depths was evaluated using the loggers DS1921G-F5 (Thermochron, Sydney, Australia). Precipitation data were obtained from the nearest weather station. The dynamics of the bog water levels were studied in hydrological wells with a diameter of 110 mm with a recess into the mineral layer. Bog water level measurements were carried out once every 14 days throughout the warm season of 2022 (May–October).



The evaluation of ORP (oxidation reduction potential) of the peat deposit layers was made in situ using direct potentiometry with the original probe measuring devices developed by the authors, with no extraction of peat samples and excluding its oxidation. The temperature of each layer of the peat deposit was also recorded. Field pH and total mineralization determinations were also performed using the potentiometric method in pore water squeezed from the investigated peat layers. The methodology of ORP and pH measuring and converting the resulting ORP data in Eh4 (to standard conditions: t = 25 °C with pH = 4.0) is presented in more detail in previous studies [42,43].



Peat sampling was carried out via layer-by-layer drilling using a peat sampler of stainless steel P 04.09 (EIJKELKAMP, Giesbeek, The Netherlands). The diameter of the peat core was 52 mm. Peat cores (n = 10) were collected randomly in each study site with 10 cm sampling intervals through the depth of the deposit.



Plant residues and the degree of peat decomposition were identified according to [44] using an Altami Bio 2 microscope completed with an Ucmos 03100KPA digital camera and Altami Software.



The radiocarbon dating of peat samples was performed in the laboratory “Geomorphological and paleogeographic research of polar regions and the World Ocean” of SPbSU by means of a scintillation account on the low-background liquid scintillation spectrometer “Quantulus 1220” (PerkinElmer, Buckinghamshire, UK) according to the standard method [45]. Based on the results of measuring the velocities of the sample, the background and standard, radiocarbon, and calendar age were calculated using the “OxCal” calibration program and the IntCal 20 calibration curve [46].



The basic statistics (namely, average value, minimum and maximum values, and standard deviation) were calculated for the obtained data using the package “Data Analysis” for MS Excel. The differences between the study sites were determined using the Mann–Whitney U-criterion and the Kruskal–Wallis criterion (SPSS) [47]. The relationship between the studied parameters was established by calculating the Spearman rank correlations (SPSS). The study sites’ data were analyzed using hierarchical clustering. The method of between-group linkage was chosen as the clustering method. The list of variables for clustering included the characteristics of the upper layers of peat deposits and the vegetation cover of the study sites: temperature, mineralization, pH, and electrical conductivity in the peat layer of 0–10 cm, as well as the protective cover of vascular plants and mosses. The data analyzed using cluster analysis were transformed into a single z-scale due to differences in measurement scales. The distance between the cases was measured using the squared Euclidean distance. The results of the analysis were presented as a dendrogram.





3. Results


3.1. Microclimate Characteristics


Data from the nearest weather station were used to characterize the local climate from May to October 2022. The local climate was characterized by a mean air temperature of 15.1 ± 7.6 °C. The maximum air temperature was 30.5 °C and it was observed on 12 July; the minimum air temperature was 0.2 °C below zero and was observed on 26 October (Figure 3a). The precipitation was 342 mm for the period of May–October 2022. The highest precipitation was 120 mm in July. The maximum (136 mm) is due to the inclusion of precipitation for the preceding winter period, because it enters the peat deposit during the active thawing in April (Figure 4). The mean daily precipitation was 1.84 ± 2.85 mm. Here the data, and further data, are presented in the form of mean value ± standard deviation. The maximum daily precipitation was 16.9 mm on July 30th. The dynamics of air temperature and living vegetation cover at the study sites are shown in Figure 3.



The course of air temperatures at the studied sites, in general, repeats the course of air temperatures at the weather station. The mean temperature for the warm season on site L was 15.2 ± 8.2 °C; on site HH it was 15.3 ± 7.4 °C; on site HPH it was 13.9 ± 6.2 °C; and on site HP it was 14.5 ± 6.2 °C. The maximum air temperature in the investigated areas was recorded on the same day as at the weather station—the 12th of July. It was 32 °C (at site L); 30.4 °C (at site HH); 26.5 °C (at site HPH); 27.2 °C (at site HP). The minimum air temperature at the study sites was recorded on October 26th, similar to the data from the weather station, and was: 1.4 °C below zero (at site L); 0.4 °C (at site HH); 1.5 °C (at site HPH); 2.0 °C (at site HP).



The dynamics of the temperature of the living vegetation cover (Figure 3b) is similar to the dynamics of the air temperature at the studied sites. The mean temperatures of the living vegetation cover for the warm season at the study sites were: 14.5 ± 6.1 °C (L); 17.4 ± 7.3 °C (HH); 18.6 ± 6.6 °C (HPH); 19.7 ± 6.6 °C (HP). The maximum living vegetation cover temperature (according to data from temperature loggers) at the study sites was also observed on July 12th: 24.0 °C (L); 29.5 °C (HH); 41.0 °C (HPH); 34.0 °C (HP). The minimum living vegetation cover temperature was recorded in the first week of May for all sites (0.5 °C below zero).



The mean bog water level during the warm period was: −4.6 ± 2.9 cm (at site L); −15.0 ± 9.5 cm (at site HH); −13.2 ± 7.7 cm (at site HPH); −18.9 ± 11.3 cm (at site HP) (Figure 4). At the beginning of the warm season, the bog water level was close to the ground surface level on all sites. In August, bog water was lowered to its maximum depth: −9.4 cm (L); −30.0 cm (HH); −25.8 cm (HPH); −37.4 cm (HP). By the end of the warm season, bog water levels gradually rose closer to the ground surface. At the end of October, bog water levels were: −3.6 cm (L), −11.8 cm (HH), −10.6 cm (HPH), and −15.1 cm (HP).




3.2. Vegetation


The tree layer on the studied bog is represented by the bog forms of Pinus sylvestris L. growing on the hummocks. The characteristics of the tree layer are given in Table 1.



At the lawn site, Scots pine trees are sporadic on emerging hummocks; living specimens are severely depressed or absent. The tree layer at the hummock–hollow complex microlandscape is characterized by the lowest crown density (it does not exceed 0.30 ± 0.28) and tree morphometry (mean height is 2.44 ± 1.38 m, mean diameter 4.34 ± 3.50 cm). On the hummocks of the hummock–pool complex microlandscape, Scots pine tree stands are the densest (the mean crown density is 0.54 ± 0.43), with a mean height of 3.07 ± 1.45 m and the mean diameter of 7.29 ± 6.86 cm. The study site at the hummock–pool–hollow complex microlandscape is characterized by a crown density of 0.50 ± 0.40, with the maximal mean height and diameter of the Scots pine trees (3.26 ± 1.36 m and 8.45 ± 6.41 cm, respectively). The studied tree stands differ in the predominant ecological form of Scots pine. The hummock–hollow complex microlandscape is characterized by the predominance of the ecological form of Pinus sylvestris f. willkommii, while the tree stands at the hummock–pool and hummock–pool–hollow complex microlandscapes are predominated by the ecological form of Pinus sylvestris f. litwinowii. A shrub layer is absent at all study sites.



The study site L is characterized by a continuous moss cover with 100% projective cover composed of hygrophytic and hydrophytic species of Sphagnum mosses, among which there are small plants of Andromeda polifolia L. and hygrophilous herbs Eriophorum vaginatum L., Rhynchospora alba (L.) Vahl., Scheuchzeria palustris F. Muell. with a low projective coverage (Table S1). It should be noted that Oxycoccus spp. and Drosera spp. are widespread in the studied bog and also found in all complex microlandscapes. On the forming hummocks of the study site L, the living vegetation cover is unevenly developed. On some hummocks, the dwarf shrub layer is developed quite well and represented by several dominant species such as Calluna vulgaris (L.) Hill (mean plant height 21.9 ± 5.86 cm); Empetrum hermaphroditum Lange ex Hagerup (mean plant height 12.1 ± 4.91 cm); Ledum palustre L. (mean plant height 24.6 ± 6.83 cm); and Vaccinium uliginosum L. (mean plant height 17.4 ± 2.88 cm) with a projective cover of 10–15%. The mean heights of the dominant species of dwarf shrubs at the study sites are shown in Figure 5.



The moss–lichen layer at the study site L consists of Sphagnum and green mosses (the projective covering is 30 and 50%, respectively), as well as Cladonia spp. lichens (the projective coverage is up to 5%) (Figure 6). There are hummock communities with Andromeda polifolia L. (mean height of plants 13.4 ± 3.50 cm) with a 15% projective cover, in which the participation of other dwarf shrubs is minimal. The presence of Rubus chamaemorus L. was noted on all hummocks; its projective coverage reaches 30% on hummocks with a developed dwarf shrub layer. On some hummocks, the projective cover of the dominant species of shrubs is reduced to 5%, and the moss layer formed only by Sphagnum mosses, on the contrary, is strongly developed: its projective cover is 100%.



At the hummock–hollow complex microlandscape (HH), the hummocks and hollows are well differentiated. Degraded hollows with no plant cover appear in the central part of the study site HH. The hummocks are dominated by shrubs Andromeda polifolia L. (mean height of plants 18.7 ± 6.96 cm), Calluna vulgaris (L.) Hill (mean height of plants 14.5 ± 4.81 cm), Empetrum hermaphroditum Lange ex Hagerup (mean height of plants 13.3 ± 4.03 cm), Ledum palustre L. (mean height of plants 28.5 ± 10.56 cm), Vaccinium uliginosum L. (mean height of plants 21.2 ± 5.14 cm), Betula nana L. (mean height of plants: 38.1 ± 6.05 cm). The projective cover of dwarf shrub dominants ranges from 5 to 20%; the projective cover of heather reaches 70% in some communities. The projective coverage of Rubus chamaemorus L. is 5–20% on the hummocks. The projective cover of the moss layer, consisting of Sphagnum mosses with inclusions of true mosses, reaches 60%. Cladonia spp. lichens are adjacent to the Sphagnum mosses with a projective cover up to 20%. On the site (HH), the hollows with Eriophorum vaginatum L. and Scheuchzeria palustris F. Muell. are common. The projective cover on the Sphagnum mosses is 100% in such hollows. In degraded hollows, there are quite extensive areas of naked black peat, which decrease the projective cover of Sphagnum mosses by up to 20–40%. Rhynchospora alba (L.) Vahl. with a projective cover of 15%, is adjacent to the few Eriophorum vaginatum L. and Scheuchzeria palustris F. Muell. plants; it is a notable dominant of the herbaceous layer. In heavily watered hollows, Sphagnum shoots are arranged in water more sparsely than in hollows, where the bog water level is under the heads of Sphagnum plants. Therefore, the projective cover of Sphagnum mosses in watered hollows is close to 90%. Scheuchzeria palustris F. Muell. is quite abundant in hollows with a projective cover of 5%.



On the hummocks of the studied hummock–pool–hollow complex microlandscape (HPH), the shrubs are numerous and varied. They are: Andromeda polifolia L. (mean plant height 16.7 ± 7.65 cm), Calluna vulgaris (L.) Hill (mean plant height 18.9 ± 7.95 cm), Empetrum hermaphroditum Lange ex Hagerup (mean plant height 8.7 ± 3.15 cm), Ledum palustre L. (mean plant height 29.0 ± 2.92 cm), Vaccinium uliginosum L. (mean height of plants 21.4 ± 5.30 cm); also, Vaccinium vitis-idea L. appears (mean height of plants 13.4 ± 3.36 cm). The projective cover of the dominant species is 5–10%. Rubus chamaemorus L. is present in the vegetation cover with a projective cover of 10%. The moss layer of the hummocks is formed by Sphagnum and green mosses, whose projective coverage is 30 and 10%, respectively. Lichens of the genera Cladonia and Cetraria are sporadic. On the edges of the hummocks, the shrubs have an extremely low projective cover, but patchy Andromeda polifolia forms communities with a projective cover of up to 15%. In the areas where the bog rosemary has abundant growth, Rubus chamaemorus L. has a projective coverage of 10%. The herbal layer is also represented by Eriophorum vaginatum L. and Trichophorum cespitosum (L.) Hartm. The percentage of the projective cover of Sphagnum mosses on the edges of the hummocks is much higher than in the central parts and reaches 80–95%. Andromeda polifolia L., Rhynchospora alba (L.) Vahl., and Scheuchzeria palustris F. Muell. with a low percentage of projective cover grow in hollows. Scheuchzeria palustris F. Muell. does not grow on the edges of the hollows, but there are Carex limosa L. and Eriophorum vaginatum L. The projective coverage of Sphagnum mosses in the hollows is 95%.



The degraded hollow plant community is dominated by Eriophorum vaginatum L. (the projective cover is 20%) and Rhynchospora alba (L.) Vahl. (the projective cover is near 5%); also, Scheuchzeria palustris F. Muell. appears. Sphagnum mosses form a layer with a projective cover of 50%; the rest of the space is occupied by bare peat.



The shrub layer of hummocks in the hummock–pool complex microlandscape (HP) is characterized by a relatively rich species-set. Dominant species Calluna vulgaris (L.) Hill (mean plant height 18.6 ± 1.90 cm), Empetrum hermaphroditum Lange ex Hagerup (mean plant height 9.40 ± 7.00 cm), Ledum palustre L. (mean plant height 51.4 ± 7.30 cm), Vaccinium uliginosum L. (mean plant height 30.8 ± 3.80 cm), and Vaccinium vitis-idea L. (mean plant height 15.2 ± 5.50 cm) have a projective coverage of 5 to 20%. Andromeda polifolia L. (mean plant height 12.9 ± 3.50 cm), Chamaedaphne calyculata (L.) Moench (mean plant height 19.6 ± 5.40 cm), and single plants of Vaccinium myrtyllus L. appear on the hummocks. The projective cover of Rubus chamaemorus L. is 30%. Eriophorum vaginatum L. is found. In the moss–lichen layer, the projective cover of true mosses is larger than the projective cover of Sphagnum mosses (40% and 20%, respectively) and the lichens Cladina spp. and Cladonia spp. are found. Vaccinium spp. plants are absent along the edges of the hummocks. In the hollows, where Sphagnum mosses have a projective cover of 95%, the herbal layer is dominated by Scheuchzeria palustris F. Muell. (projective cover of 5%). Rubus chamaemorus L., Eriophorum vaginatum L., and Andromeda polifolia L. plants appear in Scheuchzeria palustris F. Muell. communities.




3.3. Peat Deposit Characteristics


3.3.1. Age, Botanical Composition, and Degree of Decomposition of Peat


It was determined that the maximum depth of the peat deposit is 5.90 m (study site HP) in the central part of the studied bog massif. It gradually decreases towards the edge of the bog massif: to 3.20–3.50 m at the study sites HH and HPH, and further to 2.40–2.60 m at the study site L. The results of the absolute age of the peat deposit determined using radiocarbon analysis are presented in Table 2.



The absolute age of the peat deposits at the study sites ranges from 5740 ± 90 cal.yr BP to 10,460 ± 130 cal.yr BP. The maximum age of peat deposits exceeds 10 thousand years and is characteristic of the HP site with the maximum peat deposit depth. At the HPH and HH sites, the age is 6780 ± 100 cal.yr BP and 6580 ± 110 cal.yr BP, respectively; it correlates with the peat deposit depth at these sites. The youngest study site L is 5740 ± 90 cal.yr BP.



The data (Figure 7) show that the peat deposits of all study sites are characterized by a high degree of homogeneity in botanical composition and are composed mainly of Sphagnum peat, with an admixture of herbaceous plants in some layers (sedge, Scheuchzeria, cotton grass). The exceptions are the bottom layers, in which cotton grass peat is deposited at the study site L, scheuchzeria peat at the study site HH, and wood peat at the study site HP. In the body of the deposit at different depths, there are rare, rather narrow layers of peat of other types: the sedge peat at the study site L (layer 80–90 cm) and the woody-herbal at the study site HP (layer 510–520 cm).



The results of the microscopic determination of the degree of decomposition (R) are given in Figure 8. The rate of decomposition of the main part of the peat deposit for all study sites ranges from 5 to 15%. The higher values are characteristic of the lower layers of the peat deposit at the study site HP (below 240 cm), where the rate of the decomposition varies between 5 and 25%. At all study sites, the trend of the growth of the decomposition rate with depth is observed; maximum values are noticed in the near-bottom layers. At the study site HP, with the highest peat deposit depth, the degree of decomposition reaches R = 35–45%, in comparison with R = 30–35% at the study site HPH, and R = 20–30% at the study site HH. At the study site L, the decomposition rate is close to 35%. It should be noted that at some study sites there are intermediate decomposition rate maximums: R = 30% at 80–100 cm depth (the study sites HH and L) and at 210–220 cm depth (the study site HPH).




3.3.2. Physico-Chemical Characteristics of Peat Deposits


The study of the physical-chemical parameters of peat deposits (temperature, pH, mineralization, Red-Ox potential) was carried out in the upper layer (0–100 cm) due to the fact that the upper layers of peat deposits are most sensitive to external influences, and also correspond in each case to the current stage of the bog-forming process. The results are presented in Figure 9.



The data obtained during the 2022 field season demonstrate that studied parameters are characterized by visible changes, both between study sites and seasons.



The peat deposit at study site L has the thinnest of all studied complex microlandscape peat deposit depths and is distinguished by the highest bog water table level (WTL) (Figure 4). The maximum temperature of the deposit is typical for the upper layer and is 15.8 ± 3.3 °C. The temperature of the deposit is monotonically reduced with the depth to a minimum of 9.3 ± 1.8 °C (layer 90–100 cm). The maximum temperature fluctuations during the warm period are observed on the layer 0–10 cm and do not exceed 8 °C.



The mineralization of pore water is unchanged with the depth of the deposit. Mean values vary from 26 ± 2.5 to 33 ± 3.5 mg/L.



The pH values range from 3.89 ± 0.05 to 4.65 ± 0.21. The maximum values are characteristic for the surface layer and minimal for the layer of 90–100 cm. The study site L is characterized by a non-monotone reduction in pH value with the depth of the deposit. The maximum pH value reduction is observed in the acrotelm (0–40 cm).



The mean values of Eh4 vary between 35 ± 45 and 566 ± 79 mV by the depth of the deposit. The maximum values are noticed in the upper aerated layers of the deposit (acrotelm), and the minimum is in the layer of 80–100 cm. The maximum seasonal fluctuation amplitude is characteristic for the acrotelm zone (layers 10–20 and 20–30 cm) and reaches 300–400 mV. The change in the depth of the Eh4 value is a non-monotonic descending curve with the highest dynamics in the acrotelm (at depths of 0–40 cm) and minimal in the catotelm (deeper than 40 cm).



The temperature regime of the deposit at the study site HH is similar to that at the study site L, both in terms of the mean values and of the dynamic caused by the depth of the deposit. The maximum mean value is typical for the upper horizon and is 15.5 ± 3.5 °C; the minimum is 9.8 ± 1.7 °C (horizon of 90–100 cm). The maximum fluctuation amplitude during the warm period is also characteristic for the horizon of 0–10 cm, and is 8 °C. The mineralization of the pore water at the study site HH ranges from 19.9 ± 1.0 to 47.7 ± 18.8 mg/L. The maximum is observed in the layer of 0–10 cm and the minimum value is observed in the layer of 80–90 cm. The pore water mineralization curve can be divided into two sections. The first one is the upper (0–20 cm) zone of intense drop; the mean mineralization decreases from 47.7 ± 18.8 to 31.0 ± 6.3 mg/L. The second zone is the zone of smooth drop (20–100 cm); the mean mineralization decreases from 31.0 ± 6.3 to 19.9 ± 1.0 mg/L. The maximum amplitude of the seasonal variation is characteristic of the zone of intense run-off.



The pH values range from 3.95 ± 0.13 to 4.31 ± 0.39. The pattern of the change in pH values with depth is characterized by the absence of pronounced dynamics. The upper layer (0–10 cm) is characterized by the maximum pH value (4.31 ± 0.39). There is a slight acidification of the peat, with the minimum value for this study site at a depth of 20–30 cm. Further, the pH values gradually increase with depth to the second maximum (4.31 ± 0.23) in the layer of 90–100 cm. The maximum amplitude of seasonal fluctuations is characteristic of the surface layer.



The Eh4 values range from 55 ± 28 to 535 ± 63 mV. The maximum of the Eh4 values is also characteristic of the acrotelm. The dynamics of changes by depth is similar to those at study site L. It should be noted that the seasonal fluctuations in the Eh4 values at this study site are minimal compared to other surveyed ones.



At the study site HPH, the following trends were revealed when measuring physico-chemical parameters. The temperature regime of the deposit has some differences. Firstly, this area is characterized by a weaker heating of the deposit in the summer (the maximum value is 14.7 ± 0.2 °C); the entire acrotelm zone (0–40 cm) is characterized by the same temperature level from 14.4 ± 1.8 to 14.7 ± 0.2 °C. In the zone of catotelm, there is a gradual decrease in temperature values by the depth of the deposit to a minimum of 11.6 ± 4.3 °C at the depth of 90–100 cm. The maximum amplitude of temperature fluctuations is characteristic of catotelm.



Changes in pore water mineralization with depth are similar to those at the HH study site. At the same time, the values at the study site HPH vary in a narrower range (from 17.7 ± 2.6 to 35.4 ± 14.6 mg/L). The maximum values of the mineralization are characteristic of the surface layer (0–10 cm). There is a gradual decrease in the specific electrical conduction (SEC) values by depth and its stabilization in the catotelm zone at the level of 17.7–21.5 mg/L.



The pH values range from 4.23 ± 0.08 to 4.53 ± 0.43. The shape of the curve of pH values changing by depth is similar to the study site HH, but in a narrower range. The upper layer (0–10 cm) is characterized by the maximum pH value (4.53 ± 0.43); there is a slight acidification of the peat to the minimum value for this study site at a depth of 20–30 cm. The pH value gradually increases with depth to the second maximum (4.41 ± 0.08) in the layer of 90–100 cm. The maximum amplitude of seasonal fluctuations is also characteristic of the surface layer.



The Eh4 values vary in the range of 86 ± 16 to 522 ± 91 mV. The maximum values, as well as at the study sites L and HH, were found in the upper layer of the acrotelm. The Eh4 value decreases with depth of the deposit to the minimum at a depth of 90–100 cm.



The study site HP is characterized by the maximum thickness of the peat deposit (Figure 6), as well as the largest amplitude of WTL fluctuations (Figure 4). The temperature regime of the deposit is characterized by a maximum (16.1 ± 3.8 °C) in the upper layer and a gradual decrease in temperature values to a minimum (10.4 ± 3.8 °C) in the layer of 90–100 cm. Seasonal fluctuations of the deposit temperature have the highest values among all the studied sites and are observed over the entire range of the studied depths.



Changes in the pore water mineralization values by the deposit depth are similar to the study site HPH; however, the range of change is wider. Mean values vary from 26.1 ± 4.0 to 97 ± 30.2 mg/L. The pH values vary in the range of 4.15 ± 0.27 to 4.47 ± 0.20. The maximum values are typical for the surface layer; the minimum values are observed for the layer of 90–100 cm. In the dynamics of changes with the depth in pH values is heterogeneous.



The average values of the Eh4 by the depth of the deposit vary in the range of 38 ± 23 to 655 ± 89 mV. The maximum values are noted in the upper aerated layers (acrotelm); the minimum in the layers of 60–100 cm. The maximum seasonal amplitude of fluctuations is typical for the acrotelm zone (10–20 and 20–30 cm layers) and reaches 400–450 mV. Changes in the Eh4 by the depth of the deposit represent a curve of non-monotonic decrease with the maximum dynamics in the acrotelm (at depths of 0–40 cm) and the minimum in the catotelm (deeper than 40 cm). It is also worth noting that the study site HP is characterized by the highest oxidation of the peat deposit in the acrotelm zone.






4. Discussion


4.1. Characteristics of the Components of Complex Microlandscapes


4.1.1. Similarity and Difference in the Origin, Structure, and Properties of Peat Deposits


The radiocarbon age data (Table 1) confirm that selected study sites form a time scale row of the development of the ombrotrophic bog. According to the age hierarchy, the study sites could be arranged in the following order: (1) lawn (emerging hummock–hollow complex microlandscape) (5740 ± 90 cal.yr BP); (2) hummock–hollow complex microlandscape (6580 ± 110 cal.yr BP); (3) hummock–pool–hollow complex microlandscape (6780 ± 100 cal.yr BP); (4) hummock–pool complex microlandscape (10,460 ± 130 cal.yr BP). This is consistent with the spatial location of the study sites within the studied ombrotrophic bog massif (Figure 1) and with the spatial row of the central oligotrophic development of oligotrophic bogs proposed by Yurkovskaya [13]. In a similar row, studied sites are lined up according to the depth of peat deposits: from lawn to hummock–pool sites (Table 1). The botanical composition of the peat deposit (Figure 6) shows that the entire bog massif has developed as ombrotrophic since its formation. It is only on the hummock–pool complex that the lower layer (520–560 cm) is formed by eutrophic peat with a gradual change to wood-grass peat of transition type. This confirms the opinion that the area of the modern oligotrophic massif was originally covered by separate mesotrophic/eutrophic small mires. The researchers attribute this fact to the cooling, increased precipitation, and, related to this, the rise of groundwater at the beginning of the Atlantic period (5300–8830 years old). During this period, waterlogging was actively developing (the mire area increased up to 5–7 times), with the merging of numerous mesotrophic/eutrophic small mires associated with negative post-glacial relief and a fast transition to convex bogs [48,49,50]. This is confirmed by the absence of eutrophic and mesotrophic peat at the base of peat deposits at younger sites (HH, HPH, L) (Figure 6).



As expected, the large difference in peat deposit depth between the central hummock–pool and edge lawn study sites creates heterogeneity in humidification (Figure 4). The central part of the massif is currently well drained, but in the past this site has passed all the geological stages of formation of the ombrotrophic bog [51], and the areas closer to the periphery are intermediate stages of this process. Currently, these territories go along the path of development of the central part of the bog and gradually «catch up» with its height. This is confirmed by the fact that the top layer of the weakly decomposed Sphagnum peat (with a decomposition rate not exceeding 20%) sometimes with mixtures of cotton grass and scheuchzeria, at the youngest section L, is only 260 cm, reaching 500 cm at the study site HP. This is well traced by the botanical composition of the peat deposit. The active accumulation of weakly decomposed oligotrophic peat (Figure 6) is explained by the fact that in the sub-boreal period (4500–2500 years ago) oligotrophic processes in the boreal zone had the maximum development [48,49,50].



It should be noted that the hydrological regime of all study sites shows a similar seasonal trend. The differences in bog water levels are mainly determined by the well differentiated microtopography (hummocks) of the site. The highest hummocks are found on the hummock–pool complex, which provides the lowest water level on average per season (−18.9 ± 11.3 cm). On the study site L, the ridges are almost not expressed, which explains the average water level close to the surface (−4.6 ± 2.9 cm). A similar interpretation is found in [30]. Changes in temperature conditions through the depth of the peat deposit are similar at all study sites and have close values of maximum and minimum values (Figure 8a). The maximum temperature range (up to 8 °C) is observed in the zone of fluctuation of the bog waters. The similarity of the peat deposit temperature regime along with the big differences in the magnitude of bog water level fluctuations is explained by the high humidity of the peat, even in the upper layers. The capillary rise of water due to the well-preserved structure of the plant residues maintains the high humidity of peat even when the bog water level decreases. It is interesting that seasonal variations in the temperature of the peat deposit are traced at the entire examined depth (up to 1 m). This seems to be due to the high humidity of the peat substrate, which ensures its thermal conductivity and the transfer of heat energy from the surface to the lower layers of the deposit. At the same time, the trend towards an increase in the magnitude of seasonal variations in the temperature of the deposit with a decrease in the mean water level is associated with a higher thermal capacity of the well-watered layers of peat deposit compared with more aerated ones. These results are in accordance with Kiselev et al. [52], where a similar trend was indicated when discussing the characteristics of the temperature regime of the drained and natural peat deposits of western Siberia.



The pH of peat deposits is considered to be an important factor in the development of bog ecosystems. The pH values of the acrotelm of all studied complex microlandscapes lie at the lower boundary of the middle acidic zone within pH 3.9–4.5 (Figure 8c), which is typical for ombrotrophic bogs. A marked decrease in pH occurs in the constant wetting zone (below the seasonal minimum of bog water level), which is explained by the stagnation of microbial processes under limited oxygen access. The seasonal variation in the reaction of the environment is not prominent in the permanently watered layers of the peat deposit; the maximum seasonal fluctuation of pH was detected in the surface layers of acrotelm on all study sites. It can be interpreted as a consequence of changes in dissolved carbon dioxide and organic acids concentration due to dilution of bog waters by atmospheric precipitation (during rainfall and heavy snowmelt) or concentration by evaporation (in hot and/or dry periods), considering that the botanical composition of the upper layers of all studied peat deposits is similar.



The oxidation-reduction regime of peat deposits is an important indicator determining the intensity and direction of oxidation-reduction processes. The Eh value quantifies the oxidation and reduction modes, which depend on a wide range of indicators, such as aeration, humidity and composition of peat, microbiota activity, temperature, acidity, etc. [42,53]. The value of the Eh4 indicator gives a comprehensive view of the activity of the microbiota and the rate of degradation of the organic matter in the deposit. A contrast profile of oxidative-reducing conditions is characteristic of all studied peat deposits (Figure 8d). Moderate oxidative conditions of 400–600 mV are observed in the upper layers of the peat deposit (up to a depth of 10–20 cm) at all study sites. This is due to the high aeration of the upper layers. At the same time, the maximum Eh4 values are observed in the surface layer of the HP site, which corresponds to intensive oxidative conditions. It seems logical to attribute this to the lowest bog water level of the site peat deposit, as well as to the maximum mineralization of the bog waters compared to the deposits of the rest of the studied complex microlandscapes. The latter seems to be due to the peculiarities of the vegetation cover of the HP site, namely the largest number of higher vascular plants, the specificity of development of their root systems, and the quality of plant litter, which allows the localization of the mineral components of peat in the upper 10 cm layers.



There is a gradual transition to moderate oxidative conditions at the level of 200–400 mV (the lower part of the acrotelm) with depth and further, to a slight-reduction of the conditions at the level of 50–200 mV (in the catotelm). In general, the Eh4 variation profiles of the peat deposits are similar for all the study sites, further confirming their genetic unity.



Thus, the variation in the bog water levels, largely due to the development of the elements of microrelief (hummocks and mounds), is a key factor determining the functioning of the peat deposit, and, respectively, the speed of the formation of complex microlandscapes on all studied sites. The peripheral areas of the bog, permanently watered and without well-differentiated microtopography, are characterized by optimum conditions (hydrological and temperature) for peat-forming processes. The constant wetting of peat deposits leads to a minimum level of aeration of the upper layers, which slows down the decomposition of organic matter, contributing to its accumulation. Lowering the water levels from younger to more mature sites increases the area of aeration. This affects the transformation of the physical and chemical processes in it. At the same time, the preservation of the capillary structure of slightly decomposed peat seems to contribute to maintaining its high humidity even in the aerated layer, which inhibits microbiological activity and the degradation of peat even on the hummock–pool complex microlandscape. The latter claim requires further research.




4.1.2. Similarity and Difference between Vegetation and Flora


The floristic list given in Table S1 includes 32 species: dwarf shrubs, herbaceous plants, the most widespread species of green and Sphagnum mosses, and lichens. They are all characteristic of ombrotrophic bogs [20]. The Venn diagram (Figure 10) shows a significant similarity in the flora of all sites studied. The 26 of the 32 species appear at all study sites. This was expected, because the oligotrophic conditions are maintained on all studied sites of complex microlandscapes.



The morphometric values of the tree layer change according to the stages of the bog formation process. There are separate strongly suppressed pines on study site L. The tree stand on the hummock–hollow complex is formed by Pinus sylvestris f. willkommii, while the tree layer is formed by higher and less light-demanding Pinus sylvestris f. litwinowii on older plots with relatively low water levels. As indicated by Abolin in reference [54], Pinus sylvestris f. litwinowii is characterized by a height of 3–5 m. The increment of trunks and branches does not exceed 5–8 cm per year. The crown is narrow, oval, or elongated. The length of the crown is 45–60% of the length of the trunk. Pinus sylvestris f. willkommii differs in height up to 3 m, more often 1.0–1.5 m. The trunk and branch growth is not high (up to 2–3 cm per year). The crown is elongated, covering up to 70% of trunk height. According to the morphometric values of the tree layer, except for crown density, the HH study site is significantly different from the HPH and HP study sites. The Mann–Whitney criterion confirms that the morphometric parameters of pine stands (height, diameter of the trunk, and age of trees) significantly differ on the HH study site from the more mature and drier sites HPH and HP (Table 1).



The projective cover of grasses, shrubs, and mosses does not significantly differ at the study sites (Figure 6). However, statistically significant differences in the height for shrubs have been identified (Figure 5). The dwarf shrub layer is the most developed on the study site HP. The spatial structure of the living vegetation cover is formed mainly by Ledum palustre and Vaccinium uliginosum, the projective cover of which reaches 50%. It is these species that show significant differences between the studied sites in the height of plants. The Mann–Whitney criterion confirms that the height of the Ledum palustre on the HP study site is significantly different from its height on the L and HH sites. The height of Vaccinium uliginosum on the same site differs from that of site L. The increase in the height of these two dwarf shrubs on the study site HP is accompanied by the appearance in the vegetation cover of Vaccinium myrtillus, and Vaccinium vitis-idaea. Ledum palustre, Vaccinium uliginosum, V. vitis-idaea, and V. myrtyllus are species whose ecological optimum extends not only to bogs, but also to forest areas, i.e., the lowering of the water level and the formation of a tree canopy in the central part of the bog contribute to the development of coenopopulation, including these shrubs [55]. This is confirmed at the investigated sites. In addition, the Mann–Whitney criterion indicates differences in the height of some other shrubs. The height of the Empetrum hermaphroditum varies between HH and HPH sites, while the height of the Andromeda polifolia varies between HH and HP sites.



The spatial structure and morphometric indicators of herbs are similar for all study sites. The herbs layer of the study site L and of the hollows of the other study sites is characterized by a low percentage of projective cover of herbaceous plants due to morphological features of Eriophorum vaginatum and Scheuchzeria palustris; the main contribution to the spatial structure of the living vegetation cover of all study sites is made by large leaves of Rubus chamaemorus on the hummocks.



Sphagnum mosses are the environment-forming plants at all study sites. The percentage of projective coverage of Sphagnum mosses on study site L and HH reaches 100% of the area, even on the hummocks, in spaces with poor development of dwarf shrubs. In the central part of the bog, when the water level is lowered, the Sphagnum cover becomes more mosaic, and it is minimized on hummocks, where it is shadowed by trees and shrubs. The projective cover of true mosses exceeds the projective cover of Sphagnum mosses on some mounds at the HH and HP study sites. However, Sphagnum mosses have a leading environmental role within all complex microlandscapes.



Thus, we revealed notable differences in the spatial structure and morphometric characteristics of the vegetation cover of complex microlandscapes, due to the peculiarities of the peat deposit, despite the similarity of the floristic composition of the investigated sites and the predominance of Sphagnum mosses. Reduced water levels on well-differentiated hummocks contribute to the development of perennial vascular plants and lead to the formation of a mosaic moss cover.





4.2. Specificity of Relationships within Complex Microlandscapes


The generalization of the obtained data enabled the construction of the dendrogram, based on a set of ecosystem parameters shown in Figure 11. It clearly confirms that the investigated sites represent a spatiotemporal row of genetically connected intra-bog ecosystems.



At the first stage of clustering, study sites L and HPH are combined. The study site HH is connected to this cluster at the next stage; as a result, the first cluster of three sites close by age is formed. The HP study site is joined at the third stage, forming the second cluster. This can probably be explained by the fact that the hummock–pool complex microlandscape of the studied bog has already entered the degradation stage, when the processes of bog formation are already fading out. In other complex microlandscapes of the studied bog, the peat formation process is predominant, although it has different speeds.



Thus, the selected complex microlandscapes correspond to all stages of the development of the bog, from the beginning of the formation to the transition to the degradation stage. It manifests in the structure and properties of both the peat deposit and the vegetation cover with a pronounced genetic unity.



The experimental data show that, despite the active processes of peat formation within the boundaries of the ecosystem as a whole, there is a question of the efficiency of carbon sequestration by mature complex microlandscapes. The open water mirror occupies its significant surface area, and the vegetation of high ridges is dominated by perennial vascular plants. This issue is particularly acute for boreal bogs. This is quite consistent with the basic thesis set out in reference [56] but requires further research.




4.3. Specificity of Interactions of Complex Microlandscapes with External Factors


The main factors determining the water level regime of the bog, as researchers consider them, are the amount of precipitation and temperature [57,58,59,60,61]. As shown above, the water level determines the specific functioning of the peat deposit of complex microlandscapes, as well as the spatial structure of vegetation cover. Our results show that air temperature has a high influence (correlation coefficient was r = −0.818, at the significance level of p < 0.05) on the bog water level regime of the studied bog (by regulating evaporation from the surface of the bog and evapotranspiration). The relationship of mean bog water level to precipitation was also significant but weaker (the correlation coefficient for all study sites was r = 0.520, at the significance level of p < 0.05).



The generalization of the obtained data allows us to state that vegetation cover, especially higher vascular plants, plays an important role in the formation of a specific hydrothermal regime at the investigated sites. The correlation coefficients showed that the relationship of mean seasonal bog water level and air temperature near the plant cover and the morphometric values of the trees (height, diameter) and dwarf shrubs (height of plants, projective cover) is strong and reciprocal (Table 3). The shade density has a much weaker influence on studied plants parameters (Table 3). A significant positive moderate relationship was found with the height of dominant species of dwarf shrubs. The projective cover shows a weak relationship with environmental factors.



Temperature variations at the different study sites are uneven during the warm season and vary in amplitude. Thus, at the beginning and in the end of the growing season, the air in the non-wooded study site L heats up worse. Its temperature is 1.0–1.6 °C lower, while in the study sites HPH and HP with the dense tree layer, on the contrary, it is warmer—the air temperature is higher, for 0.1–0.8 °C and for 0.5–1.3 °C, respectively. The warming of the air in late May and early June leads to a change in trends. The air over the studied non-wooded study site L begins to heat up more intensively. The temperature exceedance at the weather station is 1.1–1.4 °C. The air above the HPH and HP sites is cooler (1.0–3.0 °C and 1.6–3.6 °C, respectively). In [62], authors interpret this as follows: on sites with developed higher vascular plants, on the one hand, the moss layer is shadowed, reducing evaporation; on the other hand, the developed root system of trees and perennial dwarf shrubs actively extract water from the peat deposit, using it for transpiration. The development of the tree and dwarf shrub layers affects the warming of the living vegetation cover. The difference between living vegetation cover temperatures and air temperatures at the 2.0 m height is most pronounced on the treeless study site (L). The ground cover can stay 8.0–10.1 °C cooler at an air temperature close to 30 °C and 1.7–2.8 °C cooler at a temperature range of 10–20 °C. Similar results are shown in [62]. By the end of the warm season, the air and living vegetation cover temperatures are equal. For complex microlandscapes with a dense tree layer and developed dwarf shrub cover, the temperature difference is only visible in the temperature range above 20 °C. On such days, there is a pronounced heating of the living vegetation cover. The living vegetation cover temperature can be as high as 20.0–21.5 °C at the HPH site and 8.2–9.5 °C at the HP site above air temperature, as can be seen on the thermograms of the HPH and HP sites (Figure 3b).



The following interpretation of the relationships is logical. The formation of a specific thermal regime of complex microlandscapes within a studied bog massif is caused by the combined influence of the position of water levels and the specifics of the living vegetation cover. If on the L site, only the peat deposit (due to physical evaporation) regulates the thermal regime of the ecosystem, then, in the tree covered areas, the tree stand becomes actively involved in the formation of not only the hydrological regime, but also the thermal regime. The increased air temperature seems to increase the physical evaporation from the surface of the wet peat deposit; the dense tree layer contributes to the retention of moisture, especially when wind blows are reduced.





5. Conclusions


Complex studies have confirmed the hypothesis that the selected complex microlandscapes of the ombrotrophic bog massif are interconnected, are at successive stages of morphogenesis of the bog, and possess a specific set of parameters and characteristics.



It was determined that the regulation of the microclimate within complex microlandscapes, with equal inputs, is carried out by the system of “living vegetation cover-peat deposits”. Moreover, the older the complex microlandscape, the more pronounced influence on the microclimate has the tree and perennial dwarf shrub layers. Morphometric indicators of perennial dwarf shrubs (the bog rosemary and blueberries in particular) can serve as indicators of the stages of development of the ombrotrophic convex bog. When studying the specifics of interconnections of complex microlandscapes with external factors, it was found that the relationship with the temperature factor is higher than with the precipitation factor.



In the course of the development of the bog, the self-regulation processes of individual complex microlandscapes are disrupted, as evidenced by an increase in the amplitude of temperature and the water levels, as well as key physico-chemical parameters (oxidative reduction potential and mineralization) of peat deposits. These disturbances were observed in the studied bog massif at the site of the hummock–pool complex microlandscape, which has the maximum age and maximum depth of the deposit. This destabilization is due to changes in vegetation cover in particular. The coverage of Sphagnum mosses is reduced; species that inhibit evaporation from the surface of the peat deposit, vascular perennial plants, are actively developing, providing active evapotranspiration processes that lower the bog water level. This results in a gradual, slow conversion of the physico-chemical processes in the deposit, from the storage of organic matter to the degradation of peat biomass. The processes of destruction of organic matter are still rather weak at this stage of the existence of the hummock–pool microlandscape. This is confirmed through data on the decomposition rate and is probably due to the botanical composition of the active layer of the peat deposit.
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Figure 1. General location of the complex of bogs “Ilasskoe Bog”. Study sites: 1—hummock–pool complex; 2—hummock–pool–hollow complex; 3—hummock–hollow complex; 4—lawn complex. Modified from [36]. 
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Figure 2. An overall view of the studied complex microlandscapes: (a) HP (hummock–pool complex); (b) HPH (hummock–pool–hollow complex); (c) HH (hummock–hollow complex); (d) L (lawn). 
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Figure 3. The temperature of the air (a) and living vegetation cover (b) during the warm season of 2022 at the study sites: HP (hummock–pool complex); HPH (hummock–pool–hollow complex); HH (hummock–hollow complex); L (lawn). 
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Figure 4. The bog water levels, mean monthly precipitation, and air temperature during the warm season of 2022. 
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Figure 5. The mean height (the bars indicating the standard deviation value) of dominating shrubs at the study sites: HP (hummock–pool complex); HPH (hummock–pool–hollow complex); HH (hummock–hollow complex); L (lawn). The same code letter on the diagram bar indicates statistically significant differences in the height of the shrub species (U Mann–Whitney test, p < 0.05). 
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Figure 6. The projective cover of the main vegetation groups at the study sites: HP (hummock–pool complex); HPH (hummock–pool–hollow complex); HH (hummock–hollow complex); L (lawn): (a) dwarf shrub-herbal layer; (b) moss cover. There are no statistically significant differences between the study sites for projective cover of plant groups (U Mann–Whitney test, p < 0.05). 
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Figure 7. The botanical composition of peat deposits at the study sites: HP (hummock–pool complex); HPH (hummock–pool–hollow complex); HH (hummock–hollow complex); L (lawn). 
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Figure 8. The degree of decomposition of peat at the study sites: (a) lawn; (b) hummock–hollow complex; (c) hummock–pool–hollow complex; (d) hummock–pool complex. 
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Figure 9. The dynamics of changes: (a) T, °C; (b) mineralization, mg/L; (c) pH; (d) Eh4, mV.: HP (hummock–pool complex); HPH (hummock–pool–hollow complex); HH (hummock–hollow complex); L (lawn). 
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Figure 10. The Venn diagram showing the overlapping and individuality of flora of the studied complex microlandscapes: HP (hummock–pool complex); HPH (hummock–pool–hollow complex); HH (hummock–hollow complex); L (lawn). The Arabic figures in the diagram represent the number of species. 
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Figure 11. The dendrogram uses average linkage (between groups). The study sites were analyzed using hierarchical cluster analysis. HP (hummock–pool complex); HPH (hummock–pool–hollow complex); HH (hummock–hollow complex); L (lawn). 
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Table 1. The characteristics of the tree layer at the study sites.
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Study Site

	
Tree Layer Composition

	
Age of the Trees, Years

	
Mean

	
Relative Crown Density

	
Dominant Ecological

Form of Pine




	
Height, m

	
Diameter, cm






	
Lawn (L)

	
-

	
-

	
-

	
-

	
-

	
-




	
Hummock–hollow complex (HH)

	
Pinus sylvestris L.

	
51.08 ± 19.53 *ab

	
2.44 ± 1.38 cd

	
4.34 ± 3.50 ef

	
0.30 ± 0.28

	
f. willkommii




	
Hummock–pool–hollow complex (HPH)

	
Pinus sylvestris L.

	
211.5 ± 71.02 a

	
3.26 ± 1.36 c

	
8.45 ± 6.41 e

	
0.50 ± 0.40

	
f. litwinowii




	
Hummock–pool complex (HP)

	
Pinus sylvestris L.

	
145.30 ± 33.30 b

	
3.07 ± 1.45 d

	
7.29 ± 6.86 f

	
0.54 ± 0.43

	
f. litwinowii








* Data presented as mean value ± standard deviation. The same code letter indicates statistically significant differences between study sites in studied parameters (U Mann–Whitney test, p < 0.05).













 





Table 2. Results of the determination of the absolute age of peat deposits using the radiocarbon method.
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	Study Site
	Sample Name
	Peat Depth, m
	Radiocarbon Age, yr
	Calibrated Age, cal.yr BP





	L
	LU-10913 *
	2.40–2.60
	4990 ± 80
	5740 ± 90



	HH
	LU-10912 *
	3.30–3.50
	5780 ± 90
	6580 ± 110



	HPH
	LU-10911 *
	3.20–3.40
	5940 ± 80
	6780 ± 100



	HP
	LU-10910 *
	5.80–6.00
	9280 ± 90
	10,460 ± 130







* The samples for radiocarbon dating were extracted from the base of the peat deposits.













 





Table 3. Relationship of morphometric values of higher vascular plants to parameters of the hydrothermal regime (Spearman rank correlations, n = 30).
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	Air Temperature Near the Plant Cover
	Water Table Level
	Shade Density





	Height of Scots pine
	0.864 *
	−0.703 *
	-



	Diameter of Scots pine
	0.912 *
	−0.664 *
	-



	Height of Bog Rosemary
	0.605 *
	−0.702 *
	0.352



	Height of Blueberry
	0.642 *
	−0.604 *
	0.422 *



	Projective cover of dwarf shrub layer
	−0.142
	0.198
	−0.103







* Significant correlations are denoted with asterisks * (at significance level of p < 0.05).
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