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Abstract

:

The process of post-fire recovery in mixed Siberian spruce–Scots pine forests (Picea obovata Ledeb.-Pinus sylvestris L.), typical for the European North-West, was studied in the Kola peninsula (Russia). We used the spatial–temporal approach to reveal the size structure (diameter at breast height (DBH) distribution) and vital state of Siberian spruce and Scots pine stands, tree regeneration and species structure of the dwarf shrub–herb and lichen–moss layers at different stages of post-fire succession (8–380 years after the fire). It was found that in both forest-forming species, the process of stand stratification results in the allocation of two size groups of trees. In Siberian spruce, these groups persist throughout the succession. In Scots pine, DBH distributions become more homogeneous at the middle of succession (150–200 years after the fire) due to the extinction of small-size individuals. Siberian spruce stands are dominated by moderately and strongly weakened trees at all succession stages. The vitality status of Scots pine stands is higher compared to Siberian spruce up to 150 years after a fire. The dynamics of regeneration activity is similar in both species, with a minimum at the middle of the restoration period. The results indicate that in Siberian spruce–Scots pine forests, the stand structure and regeneration activity differs substantially in the first half of succession (up to 200 years after the fire) and become similar in the late-succession community. The study of lower layers revealed that the cover of moss–lichen and dwarf shrub–herb layers stabilize 150 years after a fire. Changes in species structure in both layers are observed until the late stage of succession. The originality of the structure and dynamics of mixed Siberian spruce–Scots pine forests is revealed based on a comparison with pure Siberian spruce forests in the same region.
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1. Introduction


Over the past century, against the backdrop of an ever-increasing intensity of forest exploitation and management and the expansion of industrial pollution zones, we have seen a sharp decrease in the area of natural boreal forests [1,2,3]. Forests of the boreal zone are a mosaic of communities at different stages of recovery after logging and fires; undisturbed and intact communities are rather fragmentary [4,5]. They are preserved mainly in the northern part of the taiga. This is explained by their inaccessibility and low productivity, and by the longer intervals between fires in forested wetlands typical of the northern taiga zone [6,7,8,9].



In boreal forests, among natural and anthropogenic factors of disturbance, resulting in the formation of a mosaic of disturbed and undisturbed forest communities, fires continue to be one of the most important agents [2,8,10,11,12,13]. An analysis of peat deposits in the territory of Fennoscandia has shown that forest fires resulting from natural factors occur no more than once every thousand years, especially in forested wetlands typical of the Northern taiga [8,9,10]. However, in recent centuries, as a result of anthropogenic activity, the fire cycle in the boreal forest decreased to 50–100 years and rarely exceeds 300 years [5,6,8,11].



Forest communities recovering after one-time disturbances and periodically disturbed forests that are under management differ from subclimax and climax ones by their species structure transformation [14,15,16,17,18]. Taking into account the high proportion of disturbed forest communities, it is important to determine both the ways and speed of their recovery after disturbances and the basic structural characteristics of undisturbed forests. In Northern Europe, mainly the most widespread spruce (Picea abies (L.) Karst., P. obovata Ledeb.) and Scots pine (Pinus sylvestris L.) forests [12,18,19,20,21,22,23,24,25,26,27,28,29] have been studied. The information on the structure and dynamics of more rare types of forest communities is still very limited. Mixed Siberian spruce–Scots pine forest in the north-west of Europe is of particular interest [22,30,31,32,33]. First, the study of these communities enables us to complement the information on the ecosystem diversity and vegetation originality of this region, second, to identify various aspects of the interaction of two jointly growing forest-forming species. The second problem cannot be solved without a comparative analysis of the structure and dynamics of their populations at different succession stages. Whereas the study of the age and size structure of stands is traditional, the vitality structure is analyzed less frequently [34,35,36], although this parameter is important for identifying the current state and competitive relationships of forest-forming species.



Our goal was to answer the following questions: (1) How does the structure of Scots pine and Siberian spruce stands change during post-fire succession? (2) What are the post-fire dynamics of Scots pine and Siberian spruce natural regeneration? (3) How does the presence of Scots pine in a forest community affect the stand structure and renewal of Siberian spruce? (4) What are the post-fire dynamics and recovery rate of the main parameters of the lower layers in Siberian spruce–Scots pine forest.




2. Materials and Methods


2.1. Study Site


The studies were carried out in the Kola peninsula, in the middle reaches of the Liva river (67°49′–67°51′ N, 31°17′–31°22′ E) in the dwarf shrub–green moss Siberian spruce–Scots pine forests (Picea obovata Ledeb.–Pinus sylvestris L.). In the territory studied, which had an area ca 100 km2, the presence of natural barriers (swamps and rivers) resulted in the formation of mosaics of forest communities with different fire histories. Six permanent sample sites (SS) of 0.10–0.50 ha size were arranged in the communities formed after the fires that happened 8, 15, 80, 150, 200 and 380 years ago. The similarity of the genesis, texture and composition of parent rocks, as well as the uniformity of soil types, allowed combining the communities into one spatial–temporal series when considering problems of their post-fire dynamics. To reveal the characteristic features of the structure and dynamics of mixed Siberian spruce–Scots pine forests, the data obtained in the dwarf shrub–green moss Siberian spruce forests located in the same region and in two other regions of the Kola peninsula (68°08′–68°09′ N, 33°56′–33°57′ E; 67°31′–67°32′ N, 33°58′–34°11′ E; 67°38′–67°39′ N, 34°35′–34°40′ E) were used. In Siberian spruce communities (11SS), the time elapsed since the last fire varied from 55 to 500 years.



The studied Siberian Spruce–Scots pine and Siberian spruce forests occupy flat areas and gentle slopes composed of sandy and sandy loamy moraine deposits with boulders. The groundwater table was at a depth of more than 1.5 m in the Siberian spruce–Scots pine forests and 1.0–1.2 m in the Siberian spruce ones. In these conditions, illuvial-humus podzols are formed under the spruce–pine forests, having the O-E-BH-(BF)-C profile. These are unsaturated, shallow, illuvial-high humus, sandy-loamy sandy and medium-skeletal soils. According to the World Reference Base (WRB) classification, they are identified as Albic Carbic Podzols (Arenic) [37]. The illuvial-humus podzols are characterized by a small thickness (up to 60–70 cm) and distinct morphological and chemical differences between the genetic horizons. The profile differentiation is due to the redistribution of chemical elements with the formation of an illuvial horizon, which is characterized by the accumulation of oxalate-soluble Al and Fe compounds, as well as of fulvate humus, with content of not less than 4–5% [38].



The time since the last fire in the communities studied was determined from core simples that were taken from living trees with fire damage to their trunks (at least 5 trees) within 50–100 m of sample sites. In the community where a fire occurred more than 300 years ago, this was assessed based on the length of the continuous-age series (with steps of 10 years), composed of individuals of all tree species. The continuity of the age series indicated the absence of fire in the intervening time, because small conifers die in fires. In addition, the age of the trees that grew on the decomposed logs without traces of fire may be used. We summarized the age of a living tree, the approximate age of a fallen tree (using its size parameters), the time required for the decay of a fallen trunk and seedlings’ appearance to assess the period without fire. The time of the fallen log’s decomposition was estimated by [39].



In the northern taiga Siberian spruce–Scots pine forests, the tree layer was formed by Picea obovata, Pinus sylvestris and Betula pubescens Ehrh. The stands were characterized by low average values of height, diameter and basal area (Table 1). The main dominants of the dwarf shrub–herb layer in the northern taiga communities are Vaccinium myrtillus L., V. vitis-idaea L. and Empetrum hermaphroditum Hagerup. The moss–lichen layer is dominated by Pleurozium schreberi (Brid.) Mitt.




2.2. Stand and Lower Layers Sampling


For the measurements, sample sites were divided into quadrats of 5 m × 5 m each. All individuals of woody plants with a height of more than 0.1 m were counted. Smaller individuals of woody plants (over 1 year) were counted at 40–100 sample plots 1 m × 1 m in size, evenly spaced within the sample site. The number of sample plots depended on the size of the SS and the density of seedlings. In the populations of woody plants, two groups of individuals were analyzed: (1) trees (individuals >1.3 m high) and (2) seedlings (individuals <1.3 m high). The following main parameters were determined: diameter at breast height (DBH), height and vitality state.



The projected coverage and species number of ground vegetation were estimated in 20–70 sample plots of 1 m × 1 m size organized along parallel transect lines within each sample site.




2.3. Tree Vitality Classification


The vitality state of Scots pine and Siberian spruce trees was determined based on the comparison of crown density with that of a reference individual assigned a value of 100% [40,41]. The reference individual is represented by an unsuppressed tree growing in an open area or in a large canopy gap. The crown density was estimated visually. The final grade was the average of estimates from two observers. The tree vitality state was evaluated using 5 classes: I—healthy (i.e., unsuppressed or slightly suppressed) trees with a relative crown density (CD) of >75–100%; II—moderately weakened (i.e., moderately suppressed) trees with a CD of >50–75%; III—strongly weakened (i.e., strongly suppressed) trees with a CD of >25–50%; IV—dying trees with a CD of >0–25%; V—dry trees.




2.4. Stand Vitality Index


Based on the obtained vitality spectra, the vitality state index (Ln) of the trees and seedlings of Scots pine and Siberian spruce was calculated using the equation [40,41]:


   L n  =   ∑   i = 1  5   k i   f i  ,  



(1)




where ki is the needles’ mass coefficient, determined on the basis of the average relative density of the crown and equal to 1.0, 0.71, 0.43, 0.14 and 0, respectively, for healthy, moderately weakened, strongly weakened, dying and dry individuals; fi is the proportion of healthy, moderately weakened, strongly weakened, drying and dry individuals, calculated by their number. The maximum index value is 1.0.




2.5. Pielou’s Evenness Index for the Ground Vegetation


Species structure of the dwarf shrub and herb layer as well as of the moss–lichen layer was estimated by Pielou’s index [42]:


   E =  H   H  m a x           ,    H  m a x   = l n N ,   



(2)






  H = −   ∑   i = 1  N   s i  l n  s i  ,              



(3)




where H is Shannon index, N is the species number over an area of 1 m2, si is the relative coverage of species, i.




2.6. Statistical Analysis


The size structure of Picea obovata and Pinus sylvestris trees (individuals of more than 1.3 m in height) was examined using statistical parameters of DBH distributions, the value of the bimodality coefficient (BC) and approximations by Weibull distributions with two and three parameters [43,44,45,46]. A bimodality coefficient has the following equation:


  B C =    S 2  + 1   K + C       ,  



(4)






  C =   3    (  n − 1  )   2     (  n − 2  )   (  n − 3  )      ,  



(5)




where n is the number of trees, S is the skewness, K is the kurtosis. If BC was >0.5556, the distribution was considered bimodal.



The Weibull probability density function was described as:


   f X   ( x )  =  (   k λ   )     (   x λ   )    k − 1    e  −   (  x λ  )  k       ,   



(6)




where λ is the scale parameter and k is the shape parameter. The reliability of the approximation was defined using the Chi-Squared Test.



To assess the differences in the size distributions of Scots pine and Siberian spruce, some statistical parameters were used as well as the shape and scale parameters of the Weibull distribution. The shape parameter (k) is closely correlated with the variation coefficient and the skewness of the empirical distribution (according to our data, R = −0.77–0.80; p < 0.001). The higher the value of the shape parameter, the more symmetrical the distribution curve and the less variability of the characteristic. The scale parameter (λ) has a close positive relationship with the average value of the characteristic (R = 0.88; p < 0.001).





3. Results


3.1. Structure of Scots Pine and Siberian Spruce Stands


3.1.1. Size Structure


At the initial stage (eight years after a fire) of the post-fire recovery of Siberian spruce–Scots pine forests, the tree layer consisted of a small number of trees of pre-fire origin that survived fire and retained viability. Among them, individuals of Scots pine dominated. They varied substantially in diameter, from 10 to 44 cm (Figure 1a). Siberian spruce was represented by a single individual (Figure 1b).



Eighty years after a fire, Scots pine and Siberian spruce populations were dominated by individuals of post-fire origin, since the majority of trees that had survived the fire were already dead. The pre-fire component in the forest stand was represented by single Scots pine trees (Figure 1c). DBH distributions of the Scots pine and Siberian spruce post-fire generations differed substantially (Figure 1c,d). Scots pine was characterized by a wide DBH range (ca 27 cm); the distribution was nearly symmetrical and had a tendency to bimodality, as evidenced by the value of the coefficient BC (Table 2). The distribution suggested the presence of two groups of individuals, with DBH values below and above 12 cm. In each of these fractions, the diameter distribution curves could be approximated by the Weibull distribution (Table 3). In Siberian spruce, the diameter range was 50% less than in Scots pine (Table 2); it was similar to the range of the small-sized fraction of the Scots pine stand (Figure 1c,d). The distribution curve was unimodal, with a moderate positive asymmetry and, with a high degree of accuracy, could be approximated by the Weibull distribution. The distribution parameters were close to those established for the small-sized fraction of the Scots pine stand (Table 3).



By 150–200 years after a fire, the range of DBH increased in both species, more so in Siberian spruce (by 130% on average) than in Scots pine (by 35% on average). However, the average DBH of the Siberian spruce individuals (9.2–10.8 cm) remained 50% less than that of Scots pine (Table 2). The DBH distribution of the Scots pine individuals was negative or slightly positively asymmetric due to the predominance of medium- and large-sized individuals. In Siberian spruce, the distribution had a pronounced positive asymmetry; small and medium-sized individuals predominated (Figure 1e,f). In Scots pine, at low DBH values (less than 12 cm) the distribution was discontinuous, and the total proportion of small-sized individuals was only 6–10%, while in Siberian spruce more than half of all individuals was small in size. The distribution curves for both species were adequately approximated by the Weibull distribution with two parameters. The shape and scale parameters in Siberian spruce and Scots pine differed by 30–60% (Table 3). The greatest differences in the parameters values (50–60%) and, accordingly, in the size structure of the two species were revealed 150 years after fire.



From 150 to 380 years after fire, in both species the mean DBH remained unchanged (Table 2). However, in Scots pine the DBH range increased to 50 cm, and in Siberian spruce to nearly 40 cm. In the late-succession community, the proportion of individuals with a DBH of less than 2 cm was remarkably high (40–44%, Figure 1g,h). In both species, the distributions were positively asymmetrical and bimodal (Table 2). In the Scots pine stand, the bimodality was more pronounced due to a very low proportion (<5%) of individuals with diameters from 10 to 26 cm (Figure 1g). The discontinuity of the distribution was inherited from the previous stages of succession (Figure 1e). In the Siberian spruce stand, small- and large-sized groups were separated by a reduced proportion of trees with a diameter of 8 to 12 cm (Figure 1h). The DBH distributions (in Scots pine only for the large-sized group) were approximated by the Weibull distribution (Table 3). The shape and scale parameters in large-sized Siberian spruce trees were 50% lower than in the analogous group of Scots pine individuals.



The comparison of the size structure of Siberian spruce stands in Siberian Spruce–Scots pine (Figure 1) and Siberian spruce (Figure 2) forests revealed substantial differences. In Siberian spruce forests, from 80 to 200 years after a fire, the shape parameter of the DBH distributions increased by 40%, and by the end of succession decreased by 50% (Table 3). In Siberian Spruce–Scots pine forests, from 80 to 380 years after a fire the value of the shape parameter consequentially decreased by 45%. The greatest differences in the parameter (30%) were observed in the middle of succession (200–220 years after a fire) due to a significant decrease in the proportion of small-sized individuals (DBH < 8 cm) in the stand of Siberian spruce forest (Figure 2c), while this phenomenon was absent in Siberian Spruce–Scots pine forests.




3.1.2. Vitality Structure


The bulk of the tree layer of the forest communities studied was formed mainly by individuals of the first post-fire generations. Eight years after a fire, the vitality state index of Scots pine seedlings (Ln = 0.53) was noticeably higher than that of Siberian spruce (Ln = 0.33) (Table 4). Only the most viable and fast growing individuals of both species could form the future forest stand.



Accordingly, 80 years after a fire, healthy and moderately weakened individuals of both Scots pine and Siberian spruce accounted for a significant proportion of the tree numbers (55–60%) and volume (60–80%) (Figure 3a,b).



The Scots pine trees had a noticeably larger vitality range, from healthy to dying. The Siberian spruce stand consisted only of moderately and strongly weakened trees. When assessed by the ratio of the number of individuals of different vitalities, the general state of the stands of the two species was similar (Ln = 0.60–0.62). At the same time, in Scots pine the vitality state index value calculated from the volume was noticeably higher (0.79, Table 4). This was due to the fact that about half of the total volume of the Scots pine stand was formed by healthy trees, while the proportion of strongly weakened individuals did not exceed 10%. In Siberian spruce stand, strongly weakened trees accounted for the proportion of the volume that was four times higher than in the Scots pine stand.



By 150 years after a fire, the difference in the state of the Scots pine and Siberian spruce stands became most evident. In the Scots pine stand, healthy and moderately weakened trees totally dominated in terms of their numbers and volume (Figure 3c,d). The vitality state index of the Scots pine stand reached the highest values (0.75–0.82) (Table 4). In the Siberian spruce stand, moderately and strongly weakened trees still dominated. Consequently, the vitality state index was lower (0.50–0.60).



From 150 to 200 years after a fire, the vitality state of Scots pine stands worsened significantly, while the vitality of Siberian spruce stands remained unchanged (Table 4). This was due to a sharp (4–5-fold) decrease in the proportion of the number and volume of healthy Scots pine trees and a noticeable increase in the number of strongly weakened and dying individuals (Figure 3f,g). As a result, moderately and strongly weakened trees became predominant in both Scots pine and Siberian spruce stands. The vitality state index in terms of number of trees was similar in the two species; in terms of volume, it was slightly lower in the Scots pine (Table 4) due to the presence of large-sized dying and dead trees of pre-fire origin (Figure 3e,f).



By 380 years after a fire, moderately and strongly weakened trees prevailed in the stands of both species, and accounted for 65–75% of the total number of individuals and volume (Figure 3g,h). The proportion of dying and dead trees was higher in the Scots pine stand. Healthy individuals accounted for the same proportion by the tree numbers in both species, and those of Siberian spruce accounted for a slightly higher proportion by volume compared with Scots pine. The value of the vitality state index calculated on the number of individuals was the same in both species, while the value based on volume was higher in Siberian spruce (Table 4). The reason, apparently, was a higher average age (>306 years) and lower vitality of the old large-sized Scots pine trees.



The comparison of the vitality structure of Siberian spruce stands in Siberian Spruce–Scots pine and Siberian spruce forests shows that in the second case, the proportion of healthy individuals (Figure 4) and the value of the vitality state index (Table 4) are noticeably higher. This is especially true for the first half of succession.





3.2. Natural Regeneration of Scots Pine and Siberian Spruce


Eight years after a fire, seedlings of post-fire origin made up 97–99% of all living Scots pine and Siberian spruce individuals (Figure 5a). By 80 years after a fire, the proportion of seedlings in the Scots pine and Siberian spruce populations decreased markedly. In both species, it was approximately the same and ranged from 40% to 50%. From 80 to 150 years after a fire, the proportion of seedlings was changing. In Scots pine, it was decreasing (down to 30%), and in Siberian spruce it was increasing by up to 60% (Figure 5a). From 150 to 380 years after a fire, the trend was the same in both species. By the end of the reviewed period, the proportion of seedlings in Scots pine and Siberian spruce populations increased and reached 90%.



The proportion of seedlings in Siberian spruce populations demonstrates similar successional dynamics in mixed Siberian spruce–Scots pine and pure Siberian spruce forests (Figure 5a,b). However, in Siberian spruce forests, the values are noticeably lower. This is especially true for the period 150–250 years after a fire, when they do not exceed 10–20%.



Eight years after a fire in a Siberian spruce–Scots pine community, the vitality state of Scots pine and Siberian spruce seedlings was highly variable (Figure 6a). Healthy, dying and dead individuals were present. In Scots pine, the proportion of strongly weakened individuals was rather high (ca 40%), while the proportions of healthy and dying individuals were both approximately 25%. The vitality structure of Siberian spruce seedlings was characterized by the predominance of dying and dead individuals (Figure 6a). The observed differences were reflected in the values of the vitality state index—0.53 and 0.33, respectively (Table 4).



After the formation of the stand, the vitality state of Scots pine seedlings sharply deteriorated. Eighty years after a fire, dying individuals predominated (Figure 6b), and the vitality state index dropped to 0.14. Subsequently, during the succession, noticeable fluctuations in the vitality state of Scots pine seedlings were recorded (Figure 6c–e). They were reflected in a considerable variation in the value of the vitality state index (Table 4).



In contrast, Siberian spruce seedlings had a rather stable vitality structure with a prevalence of strongly weakened and dying individuals (Figure 6b–e), the total proportion of which ranged from 90% to 99%. As a result, the fluctuations in the vitality state index of Siberian spruce seedlings (Table 4) were insignificant (10–20%).




3.3. Species Composition of the Ground Cover


3.3.1. Dwarf Shrub and Herb Layer


Immediately after a fire, the dwarf shrub and herb layer started to develop rapidly, mainly due to the expansion of Vaccinium myrtillus (Figure 7a). Eight years after a fire, the total cover was 31%, and 15 years after a fire, 33%. Eighty years after a fire, the total cover of the dwarf shrub and herb layer reached its maximum (58%); by 150 years, it decreased to 32%; and in the period up to 380 years after a fire, it did not change significantly, averaging 37% (Figure 7a). Thus, from 150 to ca 400 years after a fire, the total cover of the layer was stable.



In the time interval studied, the number of species in the dwarf shrub and herb layer in an area of 1 m2 varied from 3.2 to 4.8 and averaged 4.0 (Figure 7b). Thus, the recovery of species diversity was already observed by the end of the first decade after a fire. For up to 200 years after a fire, Vaccinium myrtillus dominated the dwarf shrub and herb layer; its cover varied from 20% to 35%, with a maximum at 80 years after a fire. In the late succession community (with a post-fire age of 380 years), its proportion decreased to 6%. In the first 15 years after a fire, the cover of Vaccinium vitis-idaea averaged 2.5% (Table 5). From 80 to 380 years after a fire, it varied from 5% to 10% and averaged 8%. From 8 to 380 years, the cover of Empetrum hermaphroditum—a typical species of boreal forests—gradually increased from 0% to 17%. The cover of herbaceous species (including Avenella flexuosa, Melampyrum pratense) reached its maximum (ca 1.5%) ten years after a fire; after 15 years, it decreased and remained stable at 0.25%. The value of Pielou’s index, which reflects the distribution of species covers, reached the smallest value for the entire period of research (E = 0.4) at a post-fire age of eight years. In the subsequent period, it gradually increased, reaching the maximum value (E = 0.7) at a post-fire age of 380 years.




3.3.2. Moss and Lichen Layer


Eight years after a fire, the total cover of the moss and lichen layer was 9%; the cover of mosses was 7.5%, and lichens, 1.5% (Figure 8a). Pohlia nutans (4%) dominated the layer; lichens were represented mainly by primary thalli (1%) and a crustaceous species Trapeliopsis granulosa (0.3%). Fifteen years after a fire, the total cover was 61%; it was formed mainly by the primary thalli of lichens (37%). The total cover of mosses was 21%. Among bryophytes, Pohlia nutans (12%) still dominated; the total cover of green mosses (Pleurozium schreberi and species of the genus Dicranum) was 4.5%; and the cover of species of the genus Polytrichum was 0.7%. For up to 80 years after a fire, the total coverage of Hepaticae sp. was 0.4% (Table 6).



Eighty years after a fire, the cover of the moss and lichen layer decreased to ca 50%. During the period from 150 to 380 years it increased, and then until 380 years after a fire, it remained stable at an average of 70% (Figure 8a).



Eighty years after a fire, Pleurozium schreberi dominated, and its cover reached the maximum (52–55%) at the age post-fire of 150–200 years; in the late succession community, its cover was 38% (Table 6). From 80 to 150 years after a fire, the cover of Hylocomium splendens averaged 7% and then subsequently decreased to 1–2%. From 80 to 380 years, the total cover of species of the genus Dicranum increased from 1% to 7%. The total cover of the Hepaticae species increased from 0.1% to 3%. From 80 to 200 years after a fire, the total cover of lichens was significantly lower than in the previous period, averaging 4% (Figure 8a). Three hundred and eighty years after a fire, their cover increased to 17%. From 80 to 200 years, the cover of lichens of the genus Cladonia was 2.5–3%; in the late succession community, it increased to 16%, mainly due to the expansion of Cladonia rangiferina and C. stellaris (Table 6). The lichen Nephroma arcticum was represented in communities with a post-fire age of 150–380 years and had a cover of 0.5% to 2%.



The average number of epigeous lichens and mosses on an area of 1 m2 at the initial stage of recovery (at the age post-fire of eight years) is 6.4 species, and reaches a maximum of 10.5 species at the post-fire age of 15 years (Figure 8b). At 80–200 years after a fire, the number of species in the moss–lichen layer is reduced to 4.7 and increases in the late-succession forest to 7.5. The distribution of species’ covers at the post-fire age of 15 years has the highest Pielou’s index (E = 0.75), which means a high uniformity of species cover proportions. The moss–lichen cover in forests burned 80–200 years ago is characterized by low Pielou’s index values (E = 0.3–0.4) and the monodominance of green moss Pleurozium schreberi. The index value at the late stage of succession (E = 0.55) indicates a decrease in the Pleurozium schreberi dominance and an increase in the evenness of species coverages.






4. Discussion


The results obtained in the north-taiga Siberian spruce–Scots pine forest revealed differences in the size structure and vital state of the stands of the two main forest-forming species in the first half of succession (up to 200 years after a fire) that smooth out at the late stages of post-fire recovery. Scots pine seedlings appeared on burnt areas 10–20 years earlier than Siberian spruce seedlings and demonstrated a more successful growth and development and a higher vitality in the first decades after a fire. A characteristic feature of Siberian spruce seedlings is a higher sensitivity to the microclimate of open post-fire areas [19,47]; only in rare cases and small numbers do they appear simultaneously with Scots pine [24]. Our study showed that after a fire, the formation of Scots pine stands occurred faster than those of Siberian spruce; around 100 years after a fire, the size range of Scots pine trees was 50% of that in the sub-climax community, while that of Siberian spruce trees was no more than 35%. This caused the competitive suppression of Siberian spruce by Scots pine. The vitality level of post-fire Scots pine stands remained higher throughout the first half of succession. The process of stand differentiation in Scots pine started about 50 years earlier than in Siberian spruce. This led to the appearance of two dimensionally and functionally different (small- and large-sized) groups of trees. The mass extinction of small-sized Scots pine trees in the middle of succession (150–200 years after a fire) and the survival of this fraction among Siberian spruce can be associated not only with a low tolerance to the shading of Scots pine, but also with a more pronounced reaction of this species to root competition [48].



There was a noticeable difference in the dynamics of the size structure of Siberian spruce stands in mixed Siberian spruce–Scots pine and pure Siberian spruce forests. It can be assumed that the low survival rate of small-sized Siberian spruce individuals in pure stands at the middle stage of succession is due to the stronger competitive suppression compared to mixed stands.



An important feature that distinguishes Siberian spruce–Scots pine forests from Siberian spruce forests is the presence of pre-fire Scots pine trees. The most significant consequence is a much earlier (50–100 years after a fire)—compared with Siberian spruce forests—onset of gap dynamics processes (as a result of the death and decay of pre-fire trees). The appearance of small windthrow gaps may be sufficient for the survival of young individuals of a shade-tolerant species such as Siberian spruce, and ensures their ingrowth in the stand [18,26,49,50,51,52]. Many researchers [3,8,21,53,54,55] noted that small- and medium-scale disturbances were a typical and important structure-forming phenomenon, both at the level of individual communities and at the landscape level.



A significant decline in the seed reproduction of coniferous species was recorded in this study in the middle of succession in both forest types. This is probably due to the high coverage of green mosses, exceeding 70%, and the rather thick (from 3.5 to 8 cm) forest litter [56,57], which can inhibit seed germination and the survival of seedlings [49,58]. The seedlings of coniferous species largely depend on the uprooting and decomposed logs created by fallen trees [50,52,56,59,60,61,62] where the green moss layer and forest litter had been disturbed. Spruce seedlings survive in a rather wide range of microhabitats but developed successfully on decaying wood [56,60,62], while Scots pine seedlings are mostly confined to the mineral substrate of uprootings pits and mounts [50]. According to our data on Siberian spruce–Scots pine and Siberian spruce forests 150–200 years after a fire, the number of decaying logs was no more than 7–10 pcs./ha. These ecological features can explain the lower abundance of Scots pine seedlings, which was also noted by other researchers who studied northern forests [61]. The weak regeneration of Scots pine in the middle stages of succession has led many authors to conclude that the natural regeneration of this species depended on periodic fires [48,58,63].



Around 400 years after a fire, the small-sized fraction of trees in the Scots pine stand had been restored and, as in Siberian spruce, had reached 50%. The proportion of seedlings increased to 90% in the populations of both species. A tendency toward a gradual convergence of the diameter distribution curves toward the “reversed J” was clearly exhibited. Intensive gap dynamics led to the appearance of additional microsites favorable for seed germination and seedling growth [3,26,52,53,54,55,60]. In old-growth forests, the windthrow-disturbed area ranges from 4–7% to 10–15% [20,26,59,64]. According to our data, at the late stages of succession in Siberian spruce–Scots pine and Siberian spruce forests, the number of decaying logs was approximately 150–200 pcs./ha, but it could reach 400 pcs./ha [20]. Thus, the conditions for sustainable self-maintenance and a continuous stream of generation of not only Siberian spruce, but also Scots pine, were provided. This indicates the beginning of the formation of the so-called “full-storied” type of structure [65], which reflects the presence in the tree stand of individuals of all dimensions, the absence of pronounced canopies and the numerical predominance of small-sized individuals over large-sized ones. This type of structure is a characteristic feature of undisturbed boreal forest [12,18,21,22,23,25,27,28,66,67,68].



A characteristic feature of the dwarf shrub and herb layer was the rapid (during the first decade after a fire) recovery, mainly due to the vegetative propagation of Vaccinium myrtillus. The highest layer coverage was observed during the period of the maximal proportion of Betula pubescens in the stand (50–80 years after a fire), when, due to the abundance of leaf litter, additional nutrients enriched the upper soil horizons [69,70,71]. Similar dynamics of recovery were observed during the restoration of Siberian spruce forests [72]. The stabilization of the total layer coverage in both mixed Siberian spruce–Scots pine and pure Siberian spruce forests was observed at the same time during the period from 120 to 160 years after a fire. In green moss and green moss–lichen Scots pine forests, on the condition that there was no species change in the stand during succession, the stabilization of the total cover of the dwarf shrub–herb layer occurred earlier than in Siberian spruce–Scots pine and Siberian spruce forests during the period from 60 to 100 years after a fire [72,73].



In the studied post-fire time interval (8–380 years), the number of species in the dwarf shrub and herb layer (3–5 species) did not change much. However, the degree of species coverage evenness changed significantly—it increased and reached its maximum in the late succession community. It is necessary to point out the change in the species structure; 300 years after a fire, there was a decrease in Vaccinium myrtillus dominance and a formation of the cover with the co-domination of three species: Empetrum hermaphroditum, Vaccinium myrtillus and V. vitis-idaea. The polydominant layer structure in Siberian spruce forests, unlike in Siberian spruce–Scots pine forests, was formed immediately after a fire and did not change during the recovery period [72]. Another difference was the increased proportion of herbaceous plants in the initial stage of succession in Siberian spruce forests. This may be explained by the fact that Siberian spruce forests are mainly formed on sandy loams and loams, unlike Siberian spruce–Scots pine forests, which are formed on sands [71]. The final stage of recovery was characterized by a high proportion of Empetrum hermaphroditum in both forest types. The same pattern was also typical for old-growth green moss and green moss–lichen Scots pine forests [72,73].



At the early stage of recovery, the studied forests took up an intermediate place between Siberian spruce and Scots pine forests according to the characteristics of the moss–lichen layer. The mixed forests differed from pure Siberian spruce forests in the increased proportion of lichens, and in a higher proportion of mosses from pure Scots pine forests. Such status of the cover persisted for at least 30 years after a fire [72,73,74]. In the process of succession, the characteristics of the green moss–lichen layer of Siberian spruce–Scots pine forests gradually approached the characteristics of the layer in Siberian spruce forests. That means that we observed a gradual increase in the proportion of green mosses. During the period of maximal participation of birch in the stand (50–80 years after a fire), the cover of the layer decreased due to abundant leaf litter, inhibiting the development of the layer. The stabilization of the total cover of the moss–lichen layer in the studied forests was observed at ca 120 years after a fire.



Both the inhibition of the layer and the stabilization of its cover in Siberian spruce–Scots pine and Siberian spruce forests happened simultaneously. The stabilization of the total cover of the layer in Scots pine forests of the green moss–lichen type takes a shorter period of 60–100 years after a fire due to the earlier stabilization of species structure and basal area of the stand. Pleurozium schreberi absolutely dominated the layer from 80 years after a fire in the studied forests as well as in Scots pine forests of the moss–lichen type, whereas in Siberian spruce forests, it co-dominates with Hylocomium splendens [72].



A maximal number of species and structure of species coverings with a higher evenness in Siberian spruce–Scots pine forests were registered in two periods (15–20 years and ca 300 years after a fire). This was associated with a high diversity of microhabitats, with a disturbed cover that could be populated by mosses and lichens in open post-fire areas and in the late succession community after a transition to gap dynamics.




5. Conclusions


This study has identified some features of the structure and recovery dynamics of Siberian spruce–Scots pine forests, a rare type of community typical of the north-western sector of the European taiga. The parameters of the size, vitality structure of the stands and renewal characteristics of the two forest-forming species Pinus sylvestris and Picea obovata have significant differences, mainly in the first half of succession up to ~200 years after a fire. At the late stage of post-fire recovery (~400 years after fire), the stands’ structures and the regeneration activity of Scots pine and Siberian spruce show a high degree of similarity, which indicates the parity state of the two species and the sustainable development of Siberian spruce–Scots pine forest in the study region. The presence of Scots pine significantly changed the characteristics of the Siberian spruce population at all stages of post-fire succession in the mixed Siberian spruce–Scots pine forest compared to the pure Siberian spruce one.



There were substantial changes in the value of the total cover both in the dwarf shrub–herb and moss–lichen layers within 150 years after a fire. Those changes were closely related to the dynamics of the structure of the tree layer and in particular to the birch proportion. Changes in the species structure were observed during the whole investigated period of 380 years after a fire.
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Figure 1. Diameter class distributions of Pinus sylvestris and Picea obovata trees in Siberian spruce– Scots pine forests with a post-fire period of 8 (a,b), 80 (c,d), 150 (e,f) and 380 (g,h) years. Open bars—by number of individuals; solid bars—by volume. 
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Figure 2. Diameter class distributions of Picea obovata trees in Siberian spruce forests with post-fire periods of 80 (a), 150 (b), 220 (c) and 380 (d) years. Open bars—by number of individuals; solid bars—by volume. 
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Figure 3. Vitality class distributions of Pinus sylvestris (open bars) and Picea obovata (solid bars) trees in forests with post-fire periods of 80 (a,b), 150 (c,d), 200 (e,f) and 380 (g,h) years. I–V—vitality status: I—healthy trees; II—moderately weakened trees; III—strongly weakened trees; IV—dying trees; V—dry trees. a, c, e, g—by number of individuals; b, d, f, h—by volume. 
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Figure 4. Vitality class distributions of Picea obovata stands in Siberian spruce forests with post-fire periods of 80 (a,b), 150(c,d), 220 (e,f) and 380 (g,h) years. I–V—vitality status: I—healthy trees; II—moderately weakened trees; III—strongly weakened trees; IV—dying trees; V—dry trees. a, c, e, g—by number of individuals; b, d, f, h—by volume. 
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Figure 5. The proportion of seedlings in Pinus sylvestris (open bars) and Picea obovata (solid bars) populations in Siberian spruce–Scots pine (a) and Siberian spruce (b) forests with different post-fire periods. 
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Figure 6. Vitality class distributions of Pinus sylvestris (open bars) and Picea obovata (solid bars) seedlings in Siberian spruce–Scots pine forests with post-fire periods of 8 (a), 80 (b), 150 (c), 200 (d) and 380 (e) years. I–V—vitality status: I—healthy trees; II—moderately weakened trees; III—strongly weakened trees; IV—dying trees; V—dry trees. 
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Figure 7. Total cover (a) of dwarf shrub and herb layer and cover by Vaccinium myrtillus (solid bars). Diversity characteristics (b): solid squares—number of species; open circles—Pielou’s index in forests with different post-fire periods. 
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Figure 8. Total coverage (a) by lichens (open bars) and mosses (solid bars). Diversity characteristics (b): solid squares—number of species; open circles—Pielou’s index in Siberian Spruce–Scots pine forests with different post-fire periods. 
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Table 1. Forest stands (diameter at breast height (DBH) >4 cm) data from the investigated simple plots.
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	Sample Site
	Time Since Last Fire (Years)
	Species
	Basal Area

(m2 ha−1)
	Density

(Trees ha−1)
	Age

(Years)
	DBH

(cm)
	Tree Height

(m)





	L4
	8
	P *
	3.4
	79
	102
	23.5
	13.7



	
	
	S *
	0.14
	6
	120
	17.0
	10.5



	
	
	B *
	0.1
	22
	82
	7.7
	5.0



	L9
	15
	P *
	5.3
	50
	No data
	31.4
	15.0



	
	
	S *
	1.7
	33
	No data
	21.5
	14.0



	
	
	B *
	0.01
	27
	No data
	6.0
	5.2



	L7
	80
	P *
	1.1
	13
	220
	32.0
	18.0



	
	
	P
	11.3
	587
	76
	15.6
	13.3



	
	
	S
	0.7
	160
	58
	12.3
	0.7



	
	
	B
	5.5
	1262
	77
	7.4
	9.1



	L8
	150
	P
	16.4
	387
	106
	23.2
	16.2



	
	
	S
	6.0
	433
	125
	13.3
	13.3



	
	
	B
	3.6
	307
	No data
	12.2
	10.7



	L5
	200
	P *
	3.05
	20
	252
	44.1
	17.1



	
	
	P
	7.1
	173
	140
	22.8
	14.1



	
	
	S
	4.1
	333
	135
	12.5
	13.7



	
	
	B
	1.5
	400
	86
	6.9
	6.3



	L3
	380
	P
	4.7
	66
	306
	30.1
	16.8



	
	
	S
	4.4
	182
	215
	16.4
	13.9



	
	
	B
	3.3
	352
	156
	11.1
	9.7







Notes: P—Pinus sylvestris; S—Picea obovata; B—Betula pubescens. * individuals of pre-fire origin. 
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Table 2. Statistical parameters of diameter class distributions of Pinus sylvestris and Picea obovata trees in Siberian spruce–Scots pine and Siberian spruce forests.
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Time Since Last Fire

(Years)

	
N

	
Mean,

cm

	
S.D.

	
V, %

	
Range,

cm

	
S

	
K

	
BC






	
Scots pine (Siberian spruce–Scots pine forests)




	
8

	
14 *

	
23.4

	
10.4

	
45

	
34.0

	
No data

	
No data

	
No data




	
80

	
113

	
11.8

	
7.7

	
65

	
27.3

	
0.18

	
−1.17

	
0.5399




	
150

	
58

	
22.3

	
6.3

	
28

	
32.3

	
−0.74

	
1.30

	
0.3466




	
200

	
50

	
21.5

	
9.7

	
45

	
41.0

	
0.27

	
–0.10

	
0.4588




	
380

	
55

	
18.4

	
18.5

	
101

	
53.7

	
0.50

	
−1.50

	
0.7466




	
Siberian spruce (Siberian spruce–Scots pine forests)




	
80

	
62

	
5.4

	
2.8

	
52

	
12.8

	
0.69

	
0.24

	
0.4349




	
150

	
76

	
10.8

	
6.5

	
60

	
27.8

	
0.52

	
−0.52

	
0.4879




	
200

	
179

	
9.2

	
5.7

	
63

	
29.0

	
0.96

	
1.17

	
0.4590




	
380

	
141

	
9.9

	
8.6

	
87

	
38.7

	
0.84

	
−0.04

	
0.5638




	
Siberian spruce (Siberian spruce forests)




	
55

	
58

	
5.2

	
3.0

	
56

	
11.0

	
0.35

	
–0.84

	
0.4828




	
80

	
63

	
5.3

	
3.3

	
63

	
15.3

	
0.91

	
1.11

	
0.4291




	
150

	
126

	
11.2

	
6.2

	
56

	
27.6

	
0.37

	
–0.45

	
0.4334




	
220

	
152

	
11.6

	
5.3

	
45

	
29.4

	
0.86

	
1.04

	
0.4242




	
250

	
92

	
11.6

	
7.3

	
63

	
27.8

	
0.24

	
–0.94

	
0.4893




	
380

	
74

	
15.7

	
11.8

	
75

	
46.1

	
0.60

	
–0.50

	
0.5176




	
500

	
92

	
10.6

	
9.3

	
88

	
38.0

	
1.19

	
0.84

	
0.6130








Notes: S.D.—standard deviation; S—skewness; K—kurtosis; BC—bimodality coefficient (values characteristic of bimodal distributions are emphasized). * Individuals of before-fire origin.
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Table 3. Results of approximation of the DBH distributions by Weibull distribution with two and three parameters.
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Time Since Last Fire (Years)

	
Chi-Squared Test

	
Distribution Parameters




	
(χ2)

	
d.f.

	
p-Value

	
Lower Threshold

	
Shape

	
Scale






	
Scots pine (Siberian spruce–Scots pine forests)




	
80 (DBH < 12 cm)

	
9.31

	
4

	
0.06

	
–

	
1.55

	
5.71




	
80 (DBH > 12 cm)

	
5.14

	
3

	
0.16

	
11.8

	
1.91

	
7.96




	
150

	
7.47

	
9

	
0.59

	
–

	
4.08

	
24.38




	
200

	
13.74

	
12

	
0.32

	
–

	
2.34

	
24.10




	
380(DBH > 26 cm)

	
1.86

	
4

	
0.86

	
20.5

	
3.13

	
21.63




	
Siberian spruce (Siberian spruce–Scots pine forests)




	
80

	
2.20

	
3

	
0.53

	
–

	
2.02

	
6.14




	
150

	
9.61

	
9

	
0.38

	
–

	
1.73

	
12.09




	
200

	
10.93

	
10

	
0.36

	
–

	
1.63

	
10.22




	
380

	
20.68

	
14

	
0.11

	
–

	
1.11

	
10.26




	
380(DBH > 10 cm)

	
3.17

	
7

	
0.87

	
10.4

	
1.38

	
9.24




	
Siberian spruce (Siberian spruce forests)




	
55

	
4.47

	
3

	
0.22

	
–

	
1.86

	
5.90




	
80

	
4.30

	
4

	
0.37

	
–

	
1.66

	
5.96




	
150

	
15.70

	
10

	
0.11

	
–

	
1.81

	
12.59




	
220

	
13.67

	
9

	
0.13

	
–

	
2.30

	
13.15




	
250

	
14.61

	
11

	
0.20

	
–

	
1.52

	
12.76




	
380

	
15.50

	
15

	
0.42

	
–

	
1.24

	
16.70




	
500

	
11.88

	
12

	
0.46

	
–

	
1.14

	
11.15
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Table 4. The vitality state index of trees and seedlings of Pinus sylvestris and Picea obovata in forests with different post-fire periods.
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Time Since Last Fire (Years)

	
Pinus Sylvestris

	
Picea Obovata




	
Trees

(Individuals > 1.3 m High)

	
Seedlings

(Individuals < 1.3 m High)

	
Trees

(Individuals > 1.3 m high)

	
Seedlings

(Individuals < 1.3 m High)




	
by Volume

	
by Number

	
by Number

	
By Volume

	
By Number

	
by Number






	
Siberian spruce–Scots pine forest




	
8

	
–

	
–

	
0.53

	
–

	
–

	
0.33




	
80

	
0.79

	
0.62

	
0.14

	
0.60

	
0.60

	
0.35




	
150

	
0.82

	
0.75

	
0.35

	
0.61

	
0.50

	
0.28




	
200

	
0.54

	
0.52

	
0.24

	
0.65

	
0.48

	
0.36




	
380

	
0.57

	
0.57

	
0.15

	
0.68

	
0.59

	
0.31




	
Siberian spruce forest




	
80

	
–

	
–

	
–

	
0.85

	
0.72

	
0.19




	
150

	
–

	
–

	
–

	
0.71

	
0.59

	
0.19




	
220

	
–

	
–

	
–

	
0.72

	
0.59

	
0.16




	
380

	
–

	
–

	
–

	
0.73

	
0.63

	
0.35
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Table 5. Cover of dwarf shrub and herb layer species in forests with different post-fire periods.
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Species

	
Time Since Last Fire (Years)




	
8

	
15

	
80

	
150

	
200

	
380




	
M ± S.E.

	
M ± S.E.

	
M ± S.E.

	
M ± S.E.

	
M ± S.E.

	
M ± S.E.






	
Avenella flexuosa (L.) Drej.

	
1.1 ± 0.1

	
0.2 ± 0.05

	
0.3 ± 0.1

	
<0.1

	
0.3 ± 0.1

	
0.2 ± 0.05




	
Calluna vulgaris (L.) Hull

	
0.2 ± 0.05

	
1.3 ± 0.3

	
0

	
0

	
0.1 ± 0.1

	
<0.1




	
Empetrum hermaphroditum Hagerup

	
0

	
0.5 ± 0.1

	
0.8 ± 0.4

	
4.7± 0.8

	
10.8 ± 0.8

	
17 ± 1




	
Linnaea borealis L.

	
0.5 ± 0.1

	
0

	
0

	
0

	
0.5 ± 0.1

	
0.1 ± 0.1




	
Lycopodium annotinum L.

	
0

	
0

	
0.6 ± 0.3

	
0

	
0

	
0.1 ± 0.1




	
Melampyrum pratense L.

	
0.3 ± 0.05

	
0

	
0.1 ± 0.05

	
0

	
0.2±0.1

	
<0.1




	
Vaccinium myrtillus L

	
26 ± 2

	
28 ± 1

	
35 ± 2

	
20 ± 2

	
26 ± 1

	
6.1 ± 0.6




	
Vaccinium vitis-idaea L.

	
2.1 ± 0.5

	
3.0 ± 0.2

	
11 ± 2

	
7 ± 1

	
4.9 ± 0.7

	
8.6 ± 0.8




	
Vaccinium uliginosum L.

	
0.2 ± 0.05

	
0.2 ± 0.2

	
11 ± 2

	
0.3 ± 0.2

	
0.5 ± 0.3

	
0.3 ± 0.1
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Table 6. Cover of lichens and mosses in Siberian spruce–Scots pine forests with different post-fire periods.
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Species

	
Time Since Last Fire (Years)




	
8

	
15

	
80

	
150

	
200

	
380




	
M ± S.E.

	
M ± S.E.

	
M ± S.E.

	
M ± S.E.

	
M ± S.E.

	
M ± S.E.






	
Cladonia cornuta (L.) Hoffm.

	
0

	
1.0 ± 0.5

	
0

	
<0.1

	
<0.1

	
0.1 ± 0.1




	
Cladonia crispata (Ach.) Flot.

	
0

	
0.5 ± 0.2

	
<0.1

	
0.1 ± 0.1

	
<0.1

	
0.3 ± 0.1




	
Cladonia deformis (L.) Hoffm.

	
0

	
3.2 ± 0.8

	
0

	
<0.1

	
0

	
0.1 ± 0.1




	
Cladonia gracilis (L.) Willd.

	
0

	
0.3 ± 0.3

	
<0.1

	
<0.1

	
0.2 ± 0.1

	
1.0 ± 0.2




	
Cladonia mitis Sandst.

	
0

	
1.1 ± 0.4

	
0

	
0.5 ± 0.4

	
0.4 ± 0.1

	
1.4 ± 0.3




	
Cladonia rangiferina (L.) Web.

	
0

	
<0.1

	
1.9 ± 0.8

	
1.2 ± 0.2

	
1.8 ± 0.4

	
4.6 ± 0.7




	
Cladonia stellaris (Opiz) Pouzar&Vezda

	
0

	
0

	
0.5 ± 0.4

	
0.5 ± 0.2

	
0.5 ± 0.2

	
8 ± 2




	
Cladonia uncialis (L.)Weber ex FH Wigg.

	
0

	
0

	
0

	
0.2 ± 0.05

	
0.1 ± 0.1

	
0.4 ± 0.2




	
Nephroma arcticum (L.) Torss.

	
0

	
0

	
0

	
2 ± 1

	
2 ± 1

	
0.5 ± 0.3




	
Peltigera aphthosa (L.) Willd.

	
0

	
0

	
0

	
0

	
0.2 ± 0.1

	
1.1 ± 0.05




	
Trapeliopsis granulosa (Hoffm.) Lumbsch

	
0.3 ± 0.05

	
1.1 ± 0.6

	
0

	
0

	
0

	
0.1 ± 0.1




	
Primary thalli

	
0.9 ± 0.05

	
37 ± 4

	
<0.1

	
0

	
0

	
<0.1




	
Dicranum polysetum Sw.

	
0.3 ± 0.05

	
4.0 ± 0.3

	
0.1 ± 0.05

	
0.3 ± 0.02

	
0.4 ± 0.1

	
0.3 ± 0.1




	
Dicranum scoparium Hedw.

	
0.8 ± 0.05

	
0.4 ± 0.05

	
1.1 ± 0.2

	
4 ± 1

	
6.1 ± 0.9

	
7 ± 1




	
Hylocomium splendens (Hedw.) B. S. G.

	
0

	
0

	
6 ± 1.5

	
8 ± 2

	
1.9 ± 0.7

	
0.9 ± 0.5




	
Pleurozium schreberi (Willd. ex Brid.) Mitt.

	
0

	
2.5 ± 0.7

	
41 ± 3

	
55 ± 4

	
52 ± 2

	
38 ± 3




	
Pohlia nutans (Hedw.) Lindb.

	
4 ± 1

	
12 ± 2

	
0

	
0

	
0.1 ± 0.05

	
<0.1




	
Polytrichum juniperinum Hedw.

	
0.4 ± 0.05

	
0.4 ± 0.05

	
0

	
0

	
0

	
0.1 ± 0.1




	
Polytrichum piliferum Hedw.

	
0

	
0.3 ± 0.1

	
0

	
0.1 ± 0.1

	
0

	
<0.1




	
Ptilidium pulcherrimum (Weber) Hampe

	
0.1 ± 0.05

	
0

	
0

	
0

	
0.3 ± 0.3

	
0.5 ± 0.1




	
Hepaticae

	
1.0 ± 0.1

	
0.7 ± 0.3

	
0.1 ± 0.05

	
1.1 ± 0.4

	
2.4 ± 0.3

	
3.2±0.8












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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