

  forests-15-00034




forests-15-00034







Forests 2024, 15(1), 34; doi:10.3390/f15010034




Article



Spatiotemporal Dynamics of Betula pendula Crown Cover on Abandoned Arable Land in a Broad-Leaved Forest Zone of Bashkir Cis-Ural



Nikolay Fedorov *, Ilshat Tuktamyshev, Ilnur Bikbaev, Pavel Shirokikh *, Svetlana Zhigunova, Elvira Baisheva and Vasiliy Martynenko





Ufa Institute of Biology, Ufa Federal Research Centre of the Russian Academy of Sciences, Ufa 450054, Russia









*



Correspondence: fedorov@anrb.ru (N.F.); shirpa@mail.ru (P.S.); Tel.: +7-8(937)-353-38-96 (N.F.); +7-8(927)-334-03-60 (P.S.)







Citation: Fedorov, N.; Tuktamyshev, I.; Bikbaev, I.; Shirokikh, P.; Zhigunova, S.; Baisheva, E.; Martynenko, V. Spatiotemporal Dynamics of Betula pendula Crown Cover on Abandoned Arable Land in a Broad-Leaved Forest Zone of Bashkir Cis-Ural. Forests 2024, 15, 34. https://doi.org/10.3390/f15010034



Academic Editors: Mingyang Zhang, Huiyu Liu and Timothy A. Martin



Received: 8 November 2023 / Revised: 6 December 2023 / Accepted: 21 December 2023 / Published: 22 December 2023



Abstract

:

Silver birch (Betula pendula Roth) is one of the fast-growing tree species that often colonize abandoned agricultural lands in Europe and the European part of Russia. The purpose of this article is to analyze the spatiotemporal dynamics of Betula pendula crown cover on abandoned arable lands in a zone of broad-leaved forests of the Bashkir Cis-Ural (Russia, Republic of Bashkortostan). The assessment of current and retrospective values of crown cover was carried out using a regression model of the dependence of crown cover on the values of red channel brightness in early-spring images from Landsat 5–8 and Sentinel-2 satellites from 2012–2022. To estimate the number and height of trees, a survey was carried out using a LiDAR camera mounted on a UAV. After calculating the crown cover in grid squares and their distance from the seed source in QGIS, variance analysis was carried out to assess the influence of the factor of distance from the seed source on the crown cover. The influence of the factor of distance from the seed source on the crown cover was higher at earlier stages of overgrowth of abandoned agricultural lands. An exception to this dependence was only one sample plot where the prevailing wind direction was opposite to the direction of seed dispersal. The leading factors affecting the distribution of birch on abandoned agricultural lands were wind direction, height of seed trees, and grazing. In the parts of the sample plots that were furthest away from seed sources, the trees were 1–3 years younger or the same age, and stand density was lower than in sites located closer to the seed trees. In general, the results of the present study indicate two opposite relationships between seedling survival and distance to seed trees: (1) seed fall and seedling density decrease with increasing distance from the seed tree, and (2) the probability of seed/seedling survival increases due to decreased competition.
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1. Introduction


The silver birch (Betula pendula Roth) is a species with a wide natural range in the Eurasian continent, extending from the Atlantic coasts to the Far East. Although the silver birch is found almost all over Europe, the richest birch wood resources are found in the boreal and temperate forests of Northern Europe. In Baltic and Nordic countries, the share of birch in the total volume of the forest stand ranges from 11% to 28% [1]. The birch is tolerant of various soil conditions, so seeds can germinate and establish on sites with soil pH from 3.5 to 7.8 [2]. The number of seeds per square meter in a birch grove can reach hundreds of thousands [3]. In the temperate forests of Central Europe, a single silver birch tree can produce from 0.3 to 6.5 million seeds [4]. Birch seeds are 1.5–2.0 mm in size [5] weigh 0.12–0.25 mg [2], and are dispersed mainly from June to November [6]. In the climatic conditions of Central and Northern Russia, birch seeds ripen in the second half of July, and most of them are dispersed in August–September [7]. Seed productivity and dispersal are influenced by habitat conditions (e.g., wind, temperature, precipitation, light availability, etc.) and the structure of the stands [8,9]. Heavy fruiting in the silver birch is observed with different frequency depending on the conditions. Under favorable conditions, the silver birch usually has a productive year every 2–3 years, when seed viability increases [10]. In the semi-arid conditions of the forest steppes of the European part of Russia, high seed productivity is observed 1–2 times in 10 years and cannot be predicted in advance [11]. Seeds usually germinate in spring, when the snow melts and the temperature rises to positive values [2,6,12]. Seeds may not germinate simultaneously and can survive in the soil from 5 to more than 13 years [4,13,14].



In the Republic of Bashkortostan, the share of birch groves is 20.4% of the total forest area. The silver birch is one of the fast-growing species that often colonize abandoned agricultural land [1], including in the Bashkir Cis-Ural. The colonization of abandoned arable lands by the birch is associated not only with its high seed productivity, but also with the peculiarities of seed dispersal by wind. Although the average distance of wind dispersal for birch seeds varies from 40 to 360–400 m [15,16], seeds from trees with tall crowns are dispersed further, especially in stronger winds [17,18,19]. Winds with higher speeds are always turbulent, which increases seed dispersion due to both horizontal wind speed and seed fall speed [8,20,21,22,23]. Seeds that fall to the ground may undergo secondary dispersal—be carried further by wind or water flows that exceed the frictional force of the ground [8,24,25]. In order to understand how the colonization of abandoned lands contributing to the natural restoration of ecosystems occurs, it is necessary to determine what the main biotic and abiotic constraints are for this process and at what spatial scales they operate [26]. Thus, the colonization of abandoned lands by the birch can be influenced to a certain extent by the frequency of intensive fruiting, the height and number of seed-bearing trees, as well as the direction and speed of the wind [6,27,28,29].



The success of natural regeneration depends on complex interactions in the structure of forest stands and on natural processes of seed dispersal and seedling development. In particular, the spatial pattern of seed dispersal, the formation and growth of seedlings, as well as microenvironmental factors, are closely interconnected, thus determining the results of natural regeneration [29]. For a retrospective analysis of the spatial patterns of tree species formation and growth on abandoned agricultural lands, long-term ground observations or multispectral images from different years with a resolution that allows for the visualization of small tree seedlings are required. Currently, LiDAR images are widely used. They were not available in the early 21st century due to their high cost. LiDAR sounding is a good solution to explore the vegetation dynamics of abandoned agricultural lands. Three-dimensional laser scanning allows for the determination of stand parameters such as volume, crown area, and stand height, which are closely related to the stages of reforestation [30,31,32]. However, some information about the formation of tree stands on abandoned arable lands can be obtained using the dynamics of changes in crown cover—the vertical projection area of the tree crown edge (the outermost perimeter of the natural spread of the foliage, which includes within-crown gaps) per unit of the horizontal ground surface area, which includes within-crown gaps [33]. Globally, changes in the tree canopy cover (TCC) of trees higher than 5 m were analyzed during the periods 2000–2012 and 2012–2022, and changes in forest canopy cover were calculated based on the regression relationship between TCC and NDVI [34]. With the expansion of forests on fallow arable lands, an increase in canopy cover correlates with stand age, and, thus, reflects the stages of reforestation succession [35]. Despite numerous publications on the dynamics of overgrowing of abandoned agricultural lands, questions are raised about the mechanism of forest stand mosaic formation on fallow lands. The purpose of this article is to analyze the spatiotemporal dynamics of crown cover of Betula pendula on abandoned arable lands in a broad-leaved forest zone of the Bashkir Cis-Ural.




2. Materials and Methods


The study area is located in a broad-leaved forest zone of the Bashkir Cis-Ural (Russia, Republic of Bashkortostan) (Figure 1). The climate in the study area is moderately continental, warm, and slightly arid [36]. The average annual air temperature and annual precipitation are 3.5 °C (−12.6–19.5 °C) and 600 mm, respectively. The soil type is represented mainly by gray forest soils, less often by dark gray forest soils, and both soil types are classified as Luvic Greyzemic Phaeozems in the WRB classification [37].



The native forest vegetation of the study area is represented by secondary mixed broad-leaved forests with Tilia cordata Mill., Ulmus glabra Huds., Acer platanoides L., Quercus robur L., and less often by birch groves with a predominance of Betula pendula. Plant communities representing different successional stages of forest restoration on abandoned arable lands are also common in the study area [35]. Abandoned arable lands are overgrown mainly by the silver birch, less often by the aspen (Populus tremula L.) or the goat willow (Salix caprea L.). Areas located near pine woods may also be overgrown by the pine (Pinus sylvestris L.).



This study was carried out on four sample plots within the study model area (Figure 1 and Figure 2).



Despite the proximity of abandoned arable lands to broad-leaved forests, no regeneration of the lime, maple, elm, or oak was observed.



The distance from the seed sources to the opposite edge of the sample plots ranged from 391 to 776 m (Table 1). In the remote part of Sample Plot 3, a few isolated Pinus sylvestris trees were found. During the period of mass dispersal of birch seeds (July–October), northwest winds prevailed. The direction of seed dispersal did not coincide with the prevailing wind direction. The seed sources on Sample Plots 1, 3, and 4 were birch stands. On Sample Plot 2, the seed source was a narrow strip of birch groves in a land depression. The elevation difference between the depression and the near and far edges of the sample plot was 10 and 23 m, respectively.



To assess the current and retrospective values of the crown cover (CC) of tree stands in overgrown areas of abandoned arable land, grid mapping with a square size of 30 × 30 m was used [38], which coincides with the size of pixels in Landsat satellite images and the SRTM-2 digital elevation model, which are freely available through the USGS Earth explorer electronic resource [39]. The age of the tree stands was determined by counting annual rings. Wood samples (cores) were taken from the lower part of the trunks at the lowest possible height (15–40 cm above the ground) using a Haglöf age auger (Långsele, Sweden). Measurements of the width of annual layers of wood were performed using a stereo microscope MBS (Micromed, Moscow, Russia) with the TSAP-WinTM V. 4.89 software package of the Lintab measurement platform [40].



As a preliminary step, a polygonal grid layer with polygons sized 30 × 30 m was created in QGIS to build the regression model. This grid layer was used to select sample plots with differences in crown density and tree stand age on the Google satellite map. At least 10 sample plots were selected for each class of projective tree cover (up to 1%, 1%–5%, 5%–15%, 15%–25%, 25%–50%, 50%–75%, 75%–100%). In July, during the period of maximum crown development, sample plots sized 30 × 30 m, the centers of which coincided with the centers of the selected polygons on the grid map, were laid. In total, data on crown density, stand composition, and tree height were obtained from 189 sample plots.



After this, several regression equations were calculated for the dependence of the CC on red channel brightness values from Landsat 8 and Sentinel-2 images for different dates in winter and early spring of 2021. To estimate the CC of birch stands on overgrowing arable lands, a regression model was used, based on an inverse correlation between the intensity of sunlight reflected in the snow in the inter-trunk spaces in the red spectrum and the CC measured in the summer (Figure 3). The software “Statgraphics Centurion 19” was applied for regression analysis, and the algorithm “Comparison of Alternative Models” was used to select the optimal regression model. The most optimal equation was calculated using an early spring image for 8 April 2021 [38]:


CC = (12.9157 − 17.4905 × RED)2








where RED—brightness values of the red channel, CC—birch crown cover.



The equation has a correlation coefficient R = −0.90 and a determination coefficient R2 = 0.81 [38]. Early spring images (late March–early April) were used to build the regression model. At this time, the average thickness of the snow cover was 20 cm and the grass layer was still buried under the snow. The model allows for the identification of birch seedlings with a height of 1.5–2.0 m, and the minimum value is only 10%, which is unattainable when using satellite images taken during the growing season. At the same time, the accuracy of the assessment increases as the CC increases [38].



A retrospective assessment of birch stand CC within the sample plots was carried out using the obtained regression model of the dependence of the CC on the brightness values of the red channel in early spring satellite images from Landsat 5, Landsat 7, Landsat 8, and Sentinel-2 [38]. To analyze the CC dynamics of birch stands on the sample plots, Satellite images from 8 April or the closest possible date from 2009 to 2022 were used. There were no earlier cloudless images available for the required period of time. Brightness values in grid polygons were calculated from the red channels of retrospective images in the Zonal Statistics module of QGIS 3.22 software. To estimate the distance from the seed source to the centers of the grid map squares (centroids), the “NNJoin” module of the QGIS 3.22 software was used [41]. After calculating the CC in the grid squares and their distance from the seed source, an analysis of variance on the effect of the distance from seed source on CC was carried out in the Statgraphics Centurion 19 program using the one-factor analysis of variance (ANOVA) tool [42].



In June 2023, to assess the current state of the forest stand (number of trees and their CC) in different parts of the sample plots, a survey of the forest stand was carried out from a height of 50 m using a Zenmuse L1 LiDAR camera installed on a DJI Matrice 300 RTK UAV (Shenzhen, China). The resulting images were imported into the DJI Terra program and automatically stitched together. As a result, a single cloud of imaging points was formed in LAS format with a density of 300 to 950 imaging points per m2 [43]. Post-processing of the scanning results was performed in the Lidar360 Version 4.5 program (Green Valley International Ltd., Hornchurch, UK). Next, using the ASL Forest module of the Lidar 360 program, the number of trees, their geometric coordinates on the image, and the height of the trees were calculated.




3. Results


As can be seen from Table 2, in 2023, the age of the tree stands at the sample plot edges adjacent to the seed trees ranged from 21 to 24 years. The age of the tree stands in the part opposite from the seed sources was equal to that of the tree stands near the seed sources or lower by 1–4 years. Thus, the main settlement of these abandoned arable land areas with birches took place in 1999–2002. Unlike in 2003, when there was a spring–summer drought (the amount of precipitation for the year, including winter, was half the average), the amount of precipitation was favorable during the years of birch expansion [44]. Currently, in the parts of the sample plots adjacent to the seed trees, tree stand density (number of trees, pcs/ha) was 2–3 times higher than at their opposite ends on Sample Plots 1–3 and only 30% higher in Sample Plot 4. At the same time, on Sample Plot 4, the CC at the edge of the plot adjacent to the seed trees was lower than at the opposite part.



As can be seen from Figure 4, on Sample Plot 1 in 2009, the CC of birch trees 8–9 years of age and 1.5–2 m in height was on average close to 24% at a distance of up to 100 m from the seed source and no more than 5% at a distance of 200–600 m. Therefore, CC distribution is consistent with the inverse power function, as maximum overgrowth occurs at a distance of up to 100 m from the plot edge adjacent to the seed trees. The strength of factor influence (the ratio of intergroup to total variance) of the distance from seed source was 0.76 in 2009, and in 2022, it decreased to 0.18 (Table 3). By the time birch trees reach 21–22 years of age, a closed tree stand is formed throughout the entire sample plot along the entire gradient of distance from the seed source.



Sample Plot 2 was different from the others both in terms of size—its length was shorter by 250 m compared to the other plots—and in terms of the location of the seed trees. The latter were growing in a 10-meter-deep land depression, but were taller than the seed trees of other plots by 3 m. As a result, on Sample Plot 2, tree height was 7 m shorter in relation to the plot edge than, for example, on Sample Plot 1 (Table 2).



In 2009, on Sample Plot 2, the CC of growing birch trees was, on average, 25% at a distance of up to 100 m from the seed source, but here, the difference between the CC at a distances of up to 100 and 200 m was smaller than in Sample Plot 1 (Figure 5). The strength of influence of the “distance from the seed source” factor on the CC was smaller and amounted to 0.61. Five years later, in 2014, the differences in CC along the gradient of distance from seed source on Sample Plot 2 became more apparent and, in contrast to Sample Plot 1, the strength of influence of this factor on the CC did not decrease, but rather increased to 0.69. In subsequent years, the strength of influence of this factor on the CC slightly decreased. In 2021–2022, the CC of 21–22-year-old birch trees leveled out at a distance of up to 300 m from the seed source and reached 80% on average, while an open forest formed at the opposite edge of the plot.



The source of seeds for Sample Plot 3 was a strip of birch forest. Unlike Sample Plots 1 and 2, here, the prevailing wind direction was opposite to the direction of seed dispersal and the CC was less than 5% throughout the entire distance between 100 and 800 m, and in 2009, the differences were not statistically significant (Figure 6). The strength of influence of the “distance from the seed source” factor on the CC amounted only to 0.40. Within the distance of 100 m from the seed source, the average CC was only 16% in 2014, and over the next 200–800 m, it was less than 5%. A clear tendency was formed for the CC to decrease with increasing distance from seed source. As a result, the strength of influence of the “distance from the seed source” factor increased to 0.65. This trend continued to intensify, and in 2022, at the tree age of 20–22 years, the average CC at a distance of up to 100 m increased to 65%, but at a distance of 200 m, it was 45%, and the strength of this factor’s influence increased to 0.78. Thus, the complete mismatch between the direction of seed dispersal and the direction of prevailing winds reduced the density of seed dispersal but did not affect the distance of their dispersal.



The source of seeds for Sample Plot 4 was a birch grove. On the opposite side, the sample plot was adjacent to a village, and thus, at the time the abandoned arable land began to be overgrown with birches, grazing became an additional factor. As can be seen from Figure 7, at a distance of 100 m from the seed source, the CC in 2009 was higher than on other sample plots and amounted to 52%, but at a distance of 600–800 m, it decreased sharply. The strength of influence of the “distance from the seed source” factor was the highest in 2009 and amounted to 0.90. In 2014, at a distance from seed source of up to 400 m, the CC was already more than 70%, and by 2017, a closed forest stand had formed along the entire distance gradient. At the same time, the strength of this factor’s influence decreased to 0.35. In 2022, the strength of this factor’s influence increased to 0.45, while the CC of the tree stand became the highest at a distance of 600–800 m from the seed source.




4. Discussion


Detailed knowledge of the spatial distribution of animal and plant species is essential for the development of a deep understanding of many branches of ecology [45]. Spatial point pattern analysis of developing forest stands on abandoned arable lands is a complex, multifactorial task, defined by seed productivity, primary and secondary seed dispersal, the soil seed bank [4,13,14], habitat conditions (e.g., wind, temperature, precipitation, illumination), and stand structure [8,9], all of which affect the growth of woody plants. The studied sample plots were located on relatively flat areas at a short distance from each other and, therefore, did not differ in temperature and precipitation. The start dates of overgrowth were close to one another (2000–2002), which indicates an almost simultaneous cessation of their use as arable land. At the initial stages of birch overgrowth of the sample plots, the CC was low. This finding highlights the patterns of seed dispersal, which are generally in agreement with the literature data [46,47,48]. Therefore, the influence of the “distance from the seed source” factor on the CC was higher at earlier stages of overgrowth. The exception is Sample Plot 3, where the direction of prevailing winds is opposite to the direction of seed dispersal. Thus, despite the fact that during the dispersal of birch seeds in the study area, winds with a speed of up to 3.3 m/s predominate (winds with a speed of 3.4–5.4 m/s are less prevalent, and moderate winds with a speed of 5.5–7.9 m/s are quite rare), their influence is quite significant (Figure 8). This is due to the fact that instantaneous wind speed profiles never correspond to their average values. Average wind speed values are an extremely complex integral of systematic and turbulent flows on many temporal and spatial scales [20]. In addition, the elevation in the area of Sample Plot 3 is 30–60 m higher than the other sample plots (Table 1). In this regard, wind speed on this sample plot is enhanced by its topographic position. In 2009, birch overgrowth in this area was characterized by less than 10% of CC. Since 1948, the Food and Agriculture Organization of the United Nations (FAO) has defined forests as having a canopy cover higher than this value [49], i.e., “Land with trees more than 5 m tall and a canopy cover of more than 10%” [50]. Therefore, the developing tree stand was not yet a forest at this stage. On Sample Plot 3, even over 23 years after the start of overgrowth, a closed forest stand formed only at a distance of up to 100 m from the birch grove, and the density of the living tree stand was 2–3 times lower than on other sample plots. However, single trees were found at a distance of up to 800 m from the seed source. Thus, wind direction was one of the leading factors in the dispersal of birch seeds on abandoned arable lands.



The height of seed source trees relative to the overgrown area also had a significant impact. On Sample Plot 2, trees growing in a 10-meter land depression were 7 m shorter than those growing at the edge of the overgrown field on Sample Plot 1. Therefore, the distance of effective seed dispersal, which ensured the formation of a closed forest stand by the age of 20, on Sample Plot 2 was 300 m less than on Sample Plot 1. Such a strong difference is apparently due to the fact that seeds can “rise” above their release height in very strong winds due to air turbulence, and then steadily glide down from this higher point (assuming they are not picked up by subsequent turbulence) [51]. This is consistent with the literature data, which indicate that the stronger the wind and the taller the tree, the longer and farther the seeds will fly [52]. The formation of a closed forest stand at a distance of 600 m from the seed source on Sample Plot 1 over 20 years after the start of overgrowth indicates that fully developed seeds were dispersed to this distance. This is consistent with the literature data, which indicate that the transition of seeds into the long-distance dispersal phase depends more on the characteristics of the prevailing winds than on internal differences between seeds [17,18,53,54].



The most intensive birch growth occurred on Sample Plot 4, which was due to its proximity to a pasture on the outskirts of a village and to grazing of livestock after it ceased to be used as a field. Grazing of livestock suppressed herbaceous vegetation, and the disturbance of the grass turf contributed to the dispersal of the birch. On hot summer days, livestock entered the emerging birch groves from the side adjacent to the village, which contributed to the enrichment of the soil with animal waste products. This contributed to the growth of birch groves and to an increase in CC value to higher values than at the edge of the sample plot near the seed sources.



In the parts of the sample plots most distant from the seed source, the trees were 1–3 years younger or the same age (on Sample Plot 3), and the tree stands were sparser than in the parts of the sample plots located near the seed sources. Tree density at the sites farthest from the seed source was less than 800 trees/ha, that is, less than the tree density required for the greatest productivity of the stand at this age [55]. Accordingly, the trees grew in more favorable conditions. In 2022, on Sample Plots 1 and 4, the CC values of sites located near and far from the seed sources were practically indistinguishable. In general, the results of this study indicate two opposite dependencies of seedling survival on distance from seed trees: (1) seed fall and seedling density decrease with increasing distance from seed source, while (2) the probability of survival of seeds/seedlings increases due to decreased competition.



The ecological and biological characteristics of the silver birch allow it to play an important role in the processes of forest restoration after disturbances. In Russia, as in Western Europe, the birch is an underestimated native species for forestry, but has great potential [56]. Knowledge about birch seed productivity and seed dispersal is necessary to predict the probability of birch regeneration on abandoned arable lands. This helps to clarify whether the regeneration of birch forests in disturbed areas is limited by the number of seed sources or by dispersal distance. Considering the important role of the birch in the reforestation of abandoned agricultural lands, it is necessary to study the spatial patterns of the formation of birch stands in various climatic conditions. The heterogeneity of stand CC affects the diversity of the herb layer and the possibility of other tree species penetrating into the forest community. Analyzing the growth rate of the birch at sites with different tree stand densities can be useful for estimating the optimal tree stand density when using birch groves on abandoned arable lands as a source of timber. Because of the rapid growth of the birch, these groves are effective for carbon sequestration. Determining the dependence of greenhouse gases on the CC and density of tree stands may help to optimize the structure of birch forests to create carbon farms. Carbon accumulation in the forests can be increased through active forest management measures, such as pruning and thinning, which improve stand growth on these recovering lands [57].




5. Conclusions


This study showed that forest restoration on abandoned arable lands in the forest steppe zone of the Cis-Ural is influenced by several environmental variables: wind direction, tree height, and livestock grazing. This study did not allow us to assess the contribution of seed banks to the formation of the stands, which may have had their own impact, as well as of secondary seed transfer. The results obtained explain the occurrence of a mosaic of density and projective cover of birch forests on abandoned arable lands. They allow us to predict birch overgrowth in new areas of abandoned agricultural lands. In addition, they provide a basis for studying the course of reforestation succession depending on the distance from seed sources and abiotic habitat factors. The methodology used for the retrospective analysis of birch overgrowth in abandoned arable lands can be used to analyze the formation of the spatial structure of other tree species with different seed dispersion and seed productivity. Our method has some limitations and it is primarily applicable to monodominant stands with unexpressed vertical structures. Due to the fact that stands with Pinus sylvestris may also be found to overgrow abandoned agricultural lands, it is necessary to further improve the methods of retrospective analysis of stand formation.
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Figure 1. Location of sample plots in abandoned arable lands overgrown with silver birch (Betula pendula) within the study area in the zone of broad-leaved forests of the Bashkir Cis-Ural (Republic of Bashkortostan). 
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Figure 2. Prevailing wind direction and location of seed sources on sample plots overgrown with silver birch (Betula pendula) on abandoned arable land in a broad-leaved forest zone of the Bashkir Cis-Ural (Republic of Bashkortostan). Notes: Yellow arrows show the prevailing wind direction, and white lines indicate sites with mature birch trees that are the sources of seeds dispersed to the sample plots. 
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Figure 3. Regression model of dependence of birch stand crown cover on red channel brightness values. 
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Figure 4. Influence of distance from seed source on the crown cover of Betula pendula during the overgrowth of abandoned arable land on Sample Plot 1; seed source—forest belt; prevailing wind direction does not coincide with direction of seed dispersal. Red squares indicate the values outside the confidence interval. 
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Figure 5. Influence of distance from seed source on the crown cover of Betula pendula during the overgrowth of abandoned arable land on Sample Plot 2; seed source—birch grove in land depression; prevailing wind direction does not coincide with direction of seed dispersal. 
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Figure 6. Influence of distance from seed source on the crown cover of Betula pendula during the overgrowth of abandoned arable land on Sample Plot 3; seed source—forest belt; prevailing wind direction is opposite to direction of seed dispersal. 
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Figure 7. Influence of distance from seed source on the crown cover of Betula pendula during the overgrowth of abandoned arable land on Sample Plot 4, near a village; seed source—birch grove; prevailing wind direction does not coincide with direction of seed dispersal. 






Figure 7. Influence of distance from seed source on the crown cover of Betula pendula during the overgrowth of abandoned arable land on Sample Plot 4, near a village; seed source—birch grove; prevailing wind direction does not coincide with direction of seed dispersal.



[image: Forests 15 00034 g007]







[image: Forests 15 00034 g008] 





Figure 8. Wind rose diagram during the period of main seed dispersal in the study area (https://ru.meteocast.in/, accessed on 23 November 2023). 
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Table 1. Characteristics of sample plots in a broad-leaved forest zone of the Bashkir Cis-Ural (Mishkinsky District, Republic of Bashkortostan).
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No. of Sample Plot

	
Coordinates of Center of Sample Plot

	
Surface Topography

	
Sample Plot Size

	
Distance between Seed Source and Opposite Edge of Sample Plot

	
Seed Dispersal Direction on Sample Plot

	
Elevation, m above Sea Level




	
Length, m

	
Area, ha






	
1

	
N55°39′24″, E56°8′41″

	
Flat surface

	
604

	
9.37

	
640

	
NE

	
176




	
2

	
N55°38′28″, E56°13′39″

	
NW slope, 3.6°

	
345

	
16.03

	
391

	
S

	
202




	
3

	
N55°37′57″, E56°13′54″

	
W slope, 2.0°

	
756

	
32.15

	
756

	
NW

	
231




	
4

	
N55°43′17″, E56°27′21″

	
Flat surface

	
776

	
15.04

	
776

	
N

	
204











 





Table 2. Characteristics of Betula pendula stands in parts of sample plots located near and far from seed sources.
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No. of Sample Plot

	
Average Height of Seed Trees, m

	
Age Range of Tree Stand, years

	
Number of Trees in 2022, pcs/ha

	
Average Height of Trees in Sample Plots, m




	
Near Seed Source

	
Far from Seed Source

	
Near Seed Source

	
Far from Seed Source

	
Near Seed Source

	
Far from Seed Source






	
1

	
19.4 ± 0.1

	
21–22

	
20–21

	
1568

	
740

	
14.2 ± 0.1

	
12.2 ± 0.2




	
2

	
22.4 ± 0.1

	
21–22

	
21–22

	
1548

	
504

	
14.8 ± 0.1

	
12.1 ± 0.2




	
3

	
21.2 ± 0.1

	
22–24

	
19–22

	
476

	
256

	
14.1 ± 0.1

	
9.2 ± 0.2




	
4

	
24.0 ± 0.2

	
22–24

	
20

	
1068

	
720

	
11.9 ± 0.1

	
11.5 ± 0.1











 





Table 3. Changes in the strength of factor influence (distance from seed source trees) on the crown cover of Betula pendula during tree stand formation on abandoned arable lands.
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Sample Plot Number

	
Strength of Factor Influence η2 *




	
2009

	
2012

	
2014

	
2016

	
2017

	
2021






	
1

	
0.76

	
0.57

	
0.53

	
0.49

	
0.45

	
0.24




	
2

	
0.61

	
0.70

	
0.69

	
0.64

	
0.67

	
0.63




	
3

	
0.40

	
0.72

	
0.64

	
0.69

	
0.68

	
0.76




	
4

	
0.90

	
0.86

	
0.74

	
0.47

	
0.35

	
0.40








* η2—ratio of intergroup to total variance.
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