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Abstract

:

The soil microbiome is composed of various communities that play an important role in the existence of ecosystem services and the sustainable functioning of ecosystems under high anthropogenic loads. The transition of soils to a fallow state and their subsequent transformation lead to a notable alteration in the taxonomic composition of the soil microbiome, impacting the biochemical processes within the soil and its fertility levels. The object of this study comprised different-aged fallow soils of the southern taiga in the vicinity of Ban’kovo village, Leningrad region. The method comprising the high-throughput sequencing of 16S rRNA gene fragments using an Illumina MiSEQ sequencer was used to analyze the microbial community. The general processing of sequences was carried out with the dada2 (v1.14.1) package. It was found that the morphological organization of fallow soils has significant differences from the native podzol. In fallow soils, there are signs of leaching expressed in the accumulation of leached mineral particles, which indicates the degradation of the fallow–arable horizon. At the same time, there is a decrease in the content of P2O5 and K2O and an increase in the content of N-NH4 and N-NO3 in fallow soil. The analysis of alpha diversity index values showed that the highest level of alpha diversity in the microbial community is characteristic of 40-year-old soil, the alpha diversity index decreased with the increasing time of the fallow state, and the lowest alpha diversity index was observed in the native podzol. According to the values of the beta diversity index, a high correlation between the soil microbiome and the physicochemical characteristics of the soil was revealed, which indicates the formation of functional specialization in the studied microbial communities. As a result of the study of the taxonomic composition of microbial communities in fallow soils, it was found that the most represented microbial communities in fallow soils belong to Nitrosomonadaceae (Pseudomonadota), Mycobacterium (Actinobacteria), Nitrospira (Nitrospirota), and Luteolibacter (Verrucomicrobiota). The duration of post-agrogenic transformation is the leading factor influencing the changes in microbial communities; so, with an increase in the time that soils were in a fallow state, an increase in the oligotrophic microbial community was observed.
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1. Introduction


According to UN calculations, the world population by 2050 will be about 10 billion people [1]. This will lead to a significant shortage of food and water; to provide for such a population, an increase in food production of 70% will be necessary. The increased production of agricultural products will have a negative impact in the form of land degradation, the depletion of natural resources, and environmental pollution through the increased application of mineral and organic fertilizers to the soil [2]. Therefore, one of the effective solutions to reduce environmental impacts is the use of the soil microbiome, which is involved in the regulation of biochemical processes and fertility levels [3]. Thus, the use of the soil microbiome can be considered the most beneficial and long-term solution to the problems of soil degradation, fertilizer pollution, and food security [4]. Agricultural land development fundamentally alters the soil microbiome and carries long-term negative consequences for ecosystem productivity [5]. Long-term monoculture cultivation can lead to the accumulation of soil pathogens, reducing plant resistance against insect pests [6]. The composition of the soil microbiome is important for soil and plant health, food safety, and crop productivity [7]. Hannula et al. [8] suggested that soil transfer to a fallow state increases the resistance of grassland plant communities to insect herbivores. With climate change and rising global temperatures, the soil microbiome may undergo major structural and functional transformations [9]; changes in the soil microbiome composition may affect biogeochemical cycling and carbon sequestration from the atmosphere, therefore transforming soils from a sink to a source of carbon dioxide [9]. Boreal forest soils store a large amount of carbon and play a crucial role in the planet’s carbon balance.



To date, the area of agricultural land has decreased by 2.2 million km2 during the 20th century, which was converted to a fallow state and transformed by natural and anthropogenic processes of soil formation, forestation, waterlogging, etc. [10,11]. Russia tops the list of countries in terms of the share of abandoned agricultural land [10]. Various socio-cultural changes in the country at the end of the 20th century led to an uncontrolled transfer of agricultural soils to a fallow state [12]. The Northwestern region of Russia is characterized by a long history of development, starting from the time of the ancient Slavs [13], which allows us to consider different stages of soil transformation and the soil microbiome depending on their transfer to fallow land. Due to the huge area of fallow lands, it is necessary to understand the direction of transformation of these lands and the ecosystems formed on them, as these areas are richer in microbial communities, contents of biogenic elements, and plant biodiversity. Studies by Luri et al. [14] show that post-agrogenic soils in the taiga zone develop in the direction of native podzols, but, depending on local lithological features, Rendzinas and Rendzic Leptosols are formed on carbonate rocks [15], and Retisols and Gleysols are formed on clayey rocks, so the process of transformation into natural soils may take different amounts of time. Thus, in podzols formed on oligomictic sands, after 20 years, signs of leaching can already be determined [12], while, in polymictic sands, the process of podzolization will develop very slowly. In addition to morphological changes in soil as a result of the transition to fallow land, significant carbon losses from 64 to 870 Tg are observed as a result of soil degradation [10]. The greatest humus losses were recorded in semi-humid and arid areas, which initially had high fertility [16]. On the other hand, the cultivation of soils in the taiga zone resulted in the formation of thick arable soils with a pronounced humus–accumulative horizon [17]. At the initial stages of soil transition to a fallow state in the boreal zone, there is an increase in the process of carbon sequestration; this is associated with the formation of woody vegetation and shrubs, but carbon sequestration differs depending on the changes in environmental parameters, namely, the quality of litter, soil temperature, moisture, and microbial composition [18]. The aim of this work is to study the evolutionary dynamics of the microbiome of different-aged fallow soils in the Leningrad region. In this regard, the following tasks were set:




	-

	
To study the morphometric features of soil transformation under the conditions of the post-agrogenic development of ecosystems;




	-

	
To determine the physico-chemical parameters of different-aged fallow soils;




	-

	
To analyze the taxonomic and functional diversity of the microbiome of different-aged (40-, 80-, and 120-year-old) fallow and native soils using modern methods including high-throughput sequencing and bioinformatic analysis.










2. Materials and Methods


2.1. The Study Area


The study area is located at the end of the moraine zone of the Valdai glaciation. The parent materials are red–brown blocky loams of moraine plains, where the moraine is overlapped by fluvioglacial sandy loam [19]. The area is characterized by favorable agroclimatic conditions, rather mild and short winters, a long, warm vegetation season, and moderate precipitation. This research was conducted in the vicinity of Ban’kovo village, Leningrad region, Russia (Figure 1). The site belongs to the southern taiga bioclimatic zone, and umbric podzol residual-calcareous predominate in the area [20]. The vegetation community is represented by coniferous forest with an admixture of small-leaved species (birch, aspen).



Fallow soils aged 40, 80, and 120 years old, as well as natural podzol, were investigated. All the studied soils were formed on the same type of soil-forming rocks, on blocky sandy loams of water-glacial origin, underlain at a depth of 70–80 cm by red–brown moraine loams. Soil profiles are shown in Figure 2.



The upper humus-accumulative horizons of soils were used to analyze the soil microbiome. A description of the studied horizons is presented in Table 1.



The soil microbiological samples were frozen at the time of collection and delivered to the Applied Ecology Laboratory of Saint-Petersburg State University. The samples for chemical analyses were stored at +4 °C to analyze the main agrochemical parameters and pH. The soil was grounded and passed through a 2 mm sieve to obtain a fine earth fraction. For all the samples, the main nutrition parameters were determined—pH, available phosphorus and potassium, ammonium, and nitrate nitrogen.




2.2. Laboratory Analyses


The pH values were determined using a pH analyzer by the potentiometric method. The carbon content was determined on a CHN analyzer (EA3028-HT EuroVector, Pravia, PV, Italy). The particle size distribution of the samples was determined by the sedimentation method [23]. The agrochemical characteristics, mobile phosphorus, and potassium were determined using standard procedures according to the national Russian standard GOST R 54650-2011 [24], which is based on extracting mobile phosphorus (P2O5) and potassium (K2O) compounds from the soil with a hydrochloric acid solution. Available forms of nitrogen were determined according to ISO 14256-1 [25], which first extracts exchangeable ammonium (NH4+) from the soil with a potassium chloride solution and then photometrically measures the colored solution.



For the microbiome analysis, the upper horizon of each soil was chosen. DNA was isolated from six soil samples in four replicates using the MN FastDNA Spin Kit (MP Biomedicals, Eschwege, Germany) using a Precellys 24 homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France). The quality control of the isolation was carried out by PCR (polymerase chain reaction) and agarose gel electrophoresis.



To evaluate the microbial content in the soil the real-time PCR of the 16S rRNA fragment for bacteria was performed on the CFX96 Real-Time PCR Detection System (Bio-Rad, Feldkirchen, Germany) using primers EUB338 5′-ACTCCTACGGGAGGCAGCAG-3′ [26] and EUB518 5′-ATTACCGCGGCTGCTGG-3′ [27], as described previously [28]. The threshold cycle (CT) data were converted to the number of ribosomal operons per 1 g of soil. The significance of the mean differences between soil horizons of measurement was calculated using an ANOVA with the Tukey HSD test [29].



Due to the well-developed methods of taxonomical annotation and relatively representative sequencing, the v4 variable region (f515/r806) of the 16S rDNA gene was selected for future analysis. The sequencing of the variable region was performed on the Illumina MiSEQ sequencer using primers f515 (GTGCCAGCMGCCGCGGTAA) and r806 (GGA CTACVSGGGTATCTAAT) [30]. The general processing of sequences was carried out using the dada2 (v1.14.1) package [31]. Reads were filtered by length (240 bp for forwards and 180 for reverse), and for the expected error rate (maxEE = 2), no N was allowed. Reads were paired by the “consensus” method and annotated using the Bayesian Naive classifier using the SILVA 138 database as the training set [32]. The main diversity analysis of the results was carried out using the phyloseq (v1.30.0) package in R (v3.6.3) [33]. The microbiome composition of the soil was connected with the variability in its chemical characteristics using Canonical Correspondence Analysis (CCA) in vegan [34].





3. Results and Discussion


3.1. Features of the Transformation of the Soils as a Result of Their Transfer to the Fallow State


The morphological organization of the soils of different ages (40, 80, 120 years) of fallow lands has weak differences and is expressed in the change in soil color and occurrence of illuvial accumulation of sesquioxide processes. The soils of the 120-year-old fallow lands are characterized by a dark-colored organo-accumulative fallow–arable horizon, with signs of leaching shown in the accumulation of leached mineral grains. In the lower part of the profile, we can note the signs of accumulation of sesquioxides, which indicates a decrease in the mobility of organo-mineral compounds as a result of changes in soil acidity. The absence of a podzol horizon may be related to the material and mineralogical composition of fluvioglacial deposits. The 80-year-old soil also had signs of the accumulation of leached mineral particles in the arable horizon. The lower part of the profile is characterized by less pronounced processes of accumulation of sesquioxides in the soil, which may be related to the absence of water stagnation. As well as in the soils of the 80- and 120-year-old fallow lands, the accumulation of leached mineral grains was observed in the 40-year-old fallow soils, and the underlying illuvial horizon was more pronounced. Several boundaries of topsoil are clearly observed, which is due to the fact that the soil is located on a relatively level area in relation to the soils of the 80- and 120-year-old fallow soils. The natural podzol is characterized by the development of a thick podzol horizon, which is 20 cm. Thus, the analysis of the morphological organization of the soils revealed the following features: old arable horizons were characterized by the accumulation of leached mineral grains, the formation of a natural podzol horizon was not noted, and the formation of podzols can take up to 300 years [35]. At the same time, in the lower part, there are still signs of the accumulation of sesquioxides, and the intensity of this process is influenced by the soil location in the relief and the proximity of the groundwater table.



Data on the chemical composition of the soils are summarized in Table 2.



The soils are characterized by a relatively high level of acidity. Soil cultivation has led to a significant increase in the carbon content of organic compounds in the arable horizons, where it remains relatively high even in the old arable horizons. The carbon content in all the studied soils decreases with depth, which is generally characteristic of the soils of the bioclimatic zone. At the same time, we can note that the carbon content in the 80-year-old fallow soils is the lowest among the studied fallow soils, as well as the occurrence of the illuvial accumulation of the sesquioxide process. In the 120-year-old soil, as a result of forest ecosystem development, there is an active accumulation of organic carbon as forest litter. In the 120-year-old fallow soil, the highest level of ammonium and nitrate nitrogen content was observed, indicating an active process of atmospheric nitrogen fixation by soil microorganisms from the atmosphere. At the same time, the 120-year-old fallow soil lost more than half of the content of exchangeable nutrition elements (P2O5, K2O), while in the 40- and 80-year-old soils, it remains quite high. This indicates that although there are no significant morphological attributive changes in the 120-year-old soil, chemical changes related to nutrient element removal are already taking place. The tendency for nutrient element content in soils to decrease with the age of the fallow state was also noted by Litvinovich et al. [36]. All the investigated soils belong to sandy loam with a predominance of medium-sized sand fraction.




3.2. The Soil Microbiome of Different-Aged Fallow Lands in the Vicinity of Ban’kovo Village, Leningrad Region


The 16S rRNA gene libraries were obtained for fallow and native soil. The bacterial operons were quantified using quantitative PCR in different horizons of different chronosequence stages. Although the number of bacterial operons decreased between horizons of the same point with increasing depth, it was not significantly different between arable horizons and its counterparts between chronoseries (Figure 3).



The greatest number of bacterial operons was observed in forest litter microbiomes, which is consistent with the results of the agrochemical analysis—in the upper horizons, the concentration of the available forms of nitrogen and carbon is maximum, which leads to an increase in the number of microbiota.



The results of the alpha diversity indices of the soil microbiome show a taxonomic composition of the microbiome (Figure 4). If we compare them between the fallow–arable horizons of the soils and the podzol horizon of the native soil, it appears that the younger soils have a greater richness of communities, which decreases with time after the transition to the fallows state. At the same time, the forest litter of the native soil, in which, according to the quantitative analysis, the maximum number of bacterial operons was observed, had minimal richness. The alpha diversity index of the soil microbiome in the 40-year-old fallow soil is several times higher than in the background soil. This indicates a high level of stability in fallow communities relative to the native soils. Similar results were obtained for the soils of agricultural fields under the fallow state in 1–5 years; here, an increase in organic matter as well as nutrients was observed [37,38]. The high alpha-diversity index of the soil microbiome of fallow land may indicate the process of soil transformation. Thus, the transformation of soils of fallow land results in a gradual shift in soil microbiome composition toward natural ecosystems.



The analysis of beta diversity parameters of the chronoseries of the fallow soils did not reveal a clear pattern in the differences associated with different stages of the fallow state (Figure 5). The most pronounced differences are shown on the NMDS1 axis, which illustrates the difference between zonal podzol and fallow soils. The NMDS2 axis reveals a trend in the difference in the soil microbiomes between different soil horizons. At the same time, different horizons from the same soil profile have a tendency to cluster with each other. Based on the analysis, we can conclude that agriculture has a strong influence on the composition of the soil microbiome: even after 120 years, the soil microbiome was not identical to the natural one.



According to the analysis of the beta diversity index, a high correlation between the soil microbiome of the studied soils and the physicochemical characteristics of the soils was revealed. It seems that there was a deep functional specialization of the studied communities despite the close location of sampling sites. This is shown by the fact that the common prokaryotic core is practically absent for the upper soil horizons (Figure 6), which is not typical for similar data (close sampling points, common ecotopes). As expected for the forest litter horizon, in which the highest number of operons was observed, the amount of available nitrogen and organic matter in the soil plays a key role in the formation of the microbiome. During the transformation of soils to the fallow state, we can note the contribution of different nutrients explaining the diversification of the microbiome. The microbiome of mature soil was characterized by a negative correlation between potassium content and soil acidity, which is due to the biochemical stability of mature soil in relation to fallow soils.



The distribution diagram of core phylotypes in the studied soils is presented in Figure 7. In Figure 7, we see that the microbiome of the soils has few similarities among the studied samples, even considering that the sampling points are relatively close to each other. The obtained data show the general heterogeneity in the fallow soils and their high biological potential.



The studied soils near the village of Ban’kovo are represented by a high taxonomic level of phylotypes of Actinobacteria and Gammaproteobacteria and representatives of Bacteroidota, Verrucomicrobiota, and Planctomycetota. According to the ANCOM-BC analysis, only 21 phylotypes jointly represented at multiple locations showed significant changes in the chronosequence trend (Figure 8).



The most represented phylotypes belong to Nitrosomonadaceae (Pseudomonadota), Mycobacterium (Actinobacteria), Nitrospira (Nitrospirota), and Luteolibacter (Verrucomicrobiota) and unidentified representatives of the phyla Methylomirabilota and Actinobacteriota. Nitrosomonadaceae (Pseudomonadota) as well as Nitrospira (Nitrospirota) play an important role in the soil nitrogen cycle and are known as phylotypes that convert ammonia into nitrite through the process of nitrification, which is an essential step in the nitrogen cycle [39]. Luteolibacter (Verrucomicrobiota) is an essential phylotype for soil health and ecosystem service provision. These bacteria support soil productivity by encouraging nutrient cycling and the transformation of organic matter. Moreover, Luteolibacter (Verrucomicrobiota) has been discovered to generate secondary compounds with diverse biological functions such as antibiotics and promoters of plant growth. Their presence in the soil can improve plant development, increase yield, and enhance plant resistance to environmental stresses [40]. The taxonomic composition of the microbial community of the native soil showed differences between the forest litter consisting of undecomposed and partially decomposed plant remnants and the mineral podzol horizon. Thus, it was found that the forest litter horizon is characterized by an abundance of Bacteriodota and Actinobacteriota, and the proportion of phylotypes attributed to oligotrophs increases [41]. The same results were observed in the 120-year-old fallow soil, where oligotrophic organisms (k-strategists) predominate in horizons enriched by available organic matter and increased acidity. Acidobacteriota, Verrucomicrobiota, and Planctomycetota reacted to the decrease in available organic matter and nitrogen in the soil, and an increase in their abundance was observed; these representatives are characteristic of podzols with an acidic reaction [42]. As the content of available organic compounds decreases, the proportion of Acidobacteria in the community structure increases, which was also confirmed in the study by Górska et al. [43]. The composition of microbial communities of fallow soils was considerably different than that of the native soil, and differences were also observed within the fallow soils. In the soil of the 40-year-old fallow land, a predominance of Acidobacteriota, Verrucomicrobiota, and Chlorflexota was observed. The maximum abundance of Chlorflexota representatives was observed, which may be related to the relatively large amount of fresh organic matter and the fact that this group of microorganisms participates in its transformation [44]. The 80-year-old soil had the greatest similarity in the taxonomic composition of the microbial community with the native soil, possibly due to the relatively low content of available nitrogen and organic matter in the mineral soil horizons. However, the taxonomic composition of the 120-year-old soil differed from the native soil, with the domination of the same phyla of the microbial community (Acidobacteriota, Gammaproteobacteria, Alphaproteobacteria, Verrucomicrobiota), with a rather large proportion of Bacteriodota in the fallow–arable horizon, indicating a relatively high content of organic matter and nitrogen in the soil. These bacterial representatives are capable of decomposing complex organic matter [45]. However, in the young fallow soil, the predominance of Chlorflexota was observed, and its abundance decreased with increasing time in the fallow state. The results obtained are in agreement with the CCA results, and the association between these microorganisms and anaerobic communities is consistent with the change in aeration regime and soil microstructure in fallow soils of different ages. The presence of Patescibacteria, Gemmatimonadota, and Myxococcota phyla was observed in all the fallow soils; however, they were almost absent in the native soil, which indicates that fallow soils have more ecological functions compared with undisturbed soil. The increased abundance of the Myxococcota phylum may indicate the intensification of the turnover of carbon-containing matter because the representatives of this phylum are micro-predators that participate in the destruction of bacteria, eukaryotic organisms and are able to participate in the transformation of complex organic macromolecules [46]. Representatives of the phylum Patescibacteria are associated with the migration of metals in the soil, so representatives of this phylum were noted in fallow soils in mineral horizons, while in mature soil, they were practically not represented [47]. The formation of anaerobic conditions in soils of fallow lands determines the presence of representatives of the phylum Gemmatimonadota, which are capable of anoxygenic photosynthesis in soil [48]. This group of bacteria has a wide range of metabolic capabilities, including the transformation of complex organic compounds into plant-available forms. They can act as rhizobacteria to stimulate plant growth and protect plants from pathogens. These phyla are practically absent in the native soil but are present in fallow soils, which may indicate active processes of organic matter transformation in the soil. The results of this study show that former agricultural use can disturb the microbiological stability of the environment, which is expressed in the change in the proportions between dominant oligotrophs and copiotrophs (Acidobacteriota, Gammaproteobacteria, Alphaproteobacteria, Verrucomocrobota). In comparison with native soil, this conclusion has been reached as well by other researchers [43,49].



Ecogenetic succession of phytocenoses in fallow lands leads to a significant change in the taxonomic composition of soil microbial communities. This is associated with the transition from herbaceous communities to trees, the formation of forest floors, and then the change from herbaceous communities to forest litter. Such transformations contributed to the transition from natural specialized microbial communities of natural forests to a diverse microbiome with a high proportion of copiotrophs. However, with increasing time of the transition to the fallow state, the content of organic matter, nutrients, and acidity decreases, which leads to the gradual restoration of the original oligotrophic composition of the microbial community. The greatest changes in the taxonomic composition of the soil microbiome were recorded in the upper old arable soil horizons, as well as in the forest litter and podzol horizons in the natural soil. Although morphologically, the changes were weakly expressed due to the weak transformation of arable horizons, the soil microbiome had differences among soils of the fallow lands of different ages. In the fallow soils, we could note the processes of forest litter formation in the native podzol, thus deepening the fallow-arable horizon (Ahb) and forming new horizons (Oe) at the boundary with fallow–arable horizons [42]. The transformation of fallow soils is strongly related to the time factor of soil formation [15]: with an increase in the time of the fallow state, we could observe changes in the taxonomic composition of the microbial community, as well as changes in the physico-chemical composition and morphological features of fallow soils. However, it is still an open question on how much time is needed for the formation of the natural microbiome in soils subjected to agricultural development and what processes may also contribute significantly to the change in the taxonomic composition of the microbial community.




3.3. Limitation of This Research


Very few mechanisms are known to explain the relationship between soil properties and soil biota at large spatial scales and for different land-use types, as most studies have traditionally focused on small spatial scales. This limitation prevents us from understanding broader patterns and trends in the composition and functioning of the soil microbiome. In addition, the complexity of the soil microbial community and its multiple roles in combination with various environmental parameters further hinder our ability to determine the interactions and impacts of the soil microbiome on ecosystem processes. In addition, the spatial heterogeneity in soil microbiomes presents a research challenge.





4. Conclusions


In this study, the evolutionary dynamics of the taxonomic composition of microbial communities in natural and different-aged soils were studied for the southern taiga subzone, and their association with physical and chemical parameters of soils, as well as the morphological organization of soils, were analyzed. It was found that the morphological organization of the different-aged fallow soils changed slightly over time. As a result of the transition to the fallow state, the accumulation of leached mineral grains was noted, indicating the process of leaching. As a result of the transition of soils to the fallow state, significant changes in the physicochemical parameters of soils were noted. With the increasing age of the fallow state, there was a decrease in the content of organic carbon in fallow–arable horizons, a decrease in the content of biogenic elements (P2O5, K2O), and an increase in soil acidity. Due to changes in the composition of plant communities, morphological organization of soils, and physico-chemical parameters, there was a change in the composition of the microbial community of fallow soils. According to the alpha diversity index, the richest microbiome was observed in the 40-year-old fallow soil; with increasing age, the alpha diversity index decreased, and the lowest alpha diversity index was observed in the native podzol. According to beta diversity analysis among the fallow and background soils, no clear pattern in the differences was revealed. According to the CCA analysis, it was found that the microbiome has a significant relationship with the content of exchangeable forms of biogenic elements, organic carbon, and soil acidity. The microbiome of fallow soils was characterized by a higher diversity of taxonomic composition, and the diversity decreased with increasing time in the fallow state.
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Figure 1. The study area. Ban’kovo village, Leningrad region, Russia. 
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Figure 2. Studied soils in the vicinity of Ban’kovo village. (a)—native stagnic podzol (arenic) on loam binary deposits (BA1), (b)—120-year-old plaggic podzol (arenic) on loam binary deposits (BA2), (c)—80-year-old plaggic podzol (arenic) on loam binary deposits (BA3), and (d)—40-year-old plaggic podzol (arenic) on loam binary deposits (BA4). 
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Figure 3. Number of bacterial operons per 1 g of soil at different points in the plaggic podzol chronoseries. BA1—native stagnic podzol (arenic) on loam binary deposits, BA2—120-year-old plaggic podzol (arenic) on loam binary deposits, BA3—80-year-old plaggic podzol (arenic) on loam binary deposits, BA4—40-year-old plaggic podzol (arenic) on loam binary deposits. Significant differences between localities p < 0.001. 
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Figure 4. Alpha diversity of microbiomes in fallow and native soils in the vicinity of Ban’kovo village, Leningrad region. BA1—native stagnic podzol (arenic) on loam binary deposits, BA2—120-year-old plaggic podzol (arenic) on loam binary deposits, BA3—80-year-old plaggic podzol (arenic) on loam binary deposits, BA4—40-year-old plaggic podzol (arenic) on loam binary deposits. 
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Figure 5. Beta diversity of microbiomes in fallow soils in the vicinity of Ban’kovo village, Leningrad region. BA1—native stagnic podzol (arenic) on loam binary deposits, BA2—120-year-old plaggic podzol (arenic) on loam binary deposits, BA3—80-year-old plaggic podzol (arenic) on loam binary deposits, BA4—40-year-old plaggic podzol (arenic) on loam binary deposits. 
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Figure 6. Canonical correlation analysis (CCA) plot showing the relationship between soil microbiome diversity and soil physicochemical parameters. BA1—native stagnic podzol (arenic) on loam binary deposits, BA2—120-year-old plaggic podzol (arenic) on loam binary deposits, BA3—80-year-old plaggic podzol (arenic) on loam binary deposits, BA4—40-year-old plaggic podzol (arenic) on loam binary deposits. 
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Figure 7. Core phylotypes between fallow soils. The analysis was prepared for the upper organomineral horizons (BA1 E, BA2 Ahp, BA3 Ahp, and BA4 Ahp). BA1—native stagnic podzol (arenic) on loam binary deposits, BA2—120-year-old plaggic podzol (arenic) on loam binary deposits, BA3—80-year-old plaggic podzol (arenic) on loam binary deposits, BA4—40-year-old plaggic podzol (arenic) on loam binary deposits. 
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Figure 8. The most represented phyla in the microbial community of the studied soils. BA1—native stagnic podzol (arenic) on loam binary deposits, BA2—120-year-old plaggic podzol (arenic) on loam binary deposits, BA3—80-year-old plaggic podzol (arenic) on loam binary deposits, BA4—40-years-old plaggic podzol (arenic) on loam binary deposits. 
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Table 1. A description of studied soils.
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Soil ID

	
Horizon *

	
Depth, cm

	
Description

	
Color

	
Location

	
Coordinates

	
Soil Name **






	
BA1

	
Oe

	
0–4

	
Moss cover, poorly decomposed

	
-

	
Benchmark forest

	
N 58.832090

E 30.153881

	
Stagnic podzol (arenic)




	
E

	
4–10

	
Mineral horizon characterized by the loss of silicate clay, iron, and aluminum

	
2.5YR 7/1




	
BA2

	
O

	
0–3

	
Moss cover, slightly decomposed

	
-

	
Fallow land, 120 years old

	
N 58.831588

E 30.153031

	
Plaggic podzol (arenic)




	
Ahp

	
3–28

	
Postagrogenic horizon, sandy loam, accumulation of leached mineral grains, abundance of roots, border uneven in color

	
5YR 5/4




	
BA3

	
Ahp

	
0–30

	
Postagrogenic horizon, sandy loam, the accumulation of leached mineral grains, abundance of roots, border uneven in color

	
5YR 6/4

	
Fallow land, 80 years old

	
N 58.830129

E 30.152454

	
Plaggic podzol (arenic)




	
BA4

	
Ahp

	
0–30

	
Postagrogenic horizon, sandy loam, abundance of roots, the accumulation of leached mineral grains, border uneven in color

	
5YR 6/4

	
Fallow land, 40 years old

	
N 58.831647

E 30.150548

	
Plaggic podzol (a