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Abstract

:

Fluctuating asymmetry is a sensitive indicator of favorable conditions during the period of individual development. The influence of climatic factors, biotopic conditions, latitude, altitude, and age of plants from the natural populations of the silver birch Betula pendula Roth was analyzed. The material consisted of 13,000 leaves of the silver birch from 11 regions of north-eastern Siberia. The influence of 23 climatic factors and six integrated coefficients characterizing the general suitability of the climate, as well as summer, winter, spring, and autumn was analyzed. The developmental stability of woody plants and, consequently, the level of the FA of the lamina in natural biotopes can vary in a wide range. We found that climatic factors, mainly conditions in the warm season, have a significant impact. We also noted the influence of the age, biotope, and light conditions. For Betula pendula, an increase in FA was registered on the ecological periphery of its range, i.e., on the edge of the forest belt in the north and in the mountains. The data obtained demonstrate the high influence of natural stress-inducing factors on development stability in plants.
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1. Introduction


Fluctuating asymmetry (FA) refers to minor differences between the left and right sides of the body or organs in bilaterally symmetrical organisms; its manifestations are nondirectional, they do not affect the genotype of the individual and its viability, and its variability is manifested at intra-individual, intra-, and inter-population levels. These deviations from an ideally symmetrical state originate in the early stages of ontogeny, so it can be argued that they reflect the favorable or unfavorable conditions in which the development took place. Many authors believe that FA can be considered one of the criteria of developmental stability, since it has been observed to increase with the intensification of negative factors of environmental and genetic nature [1,2,3,4,5].



There are many studies devoted to FA, but there are different opinions about the causes of the variability and prospects of using this phenomenon to analyze the causes of disturbances in the homeostasis of ontogeny. Studies are abundant on the assessment of the impact of anthropogenic factors on developmental stability and, as its reflection, the manifestations of FA. Different authors have shown that an increase in FA is observed in different structures and organisms of different trophic levels in territories with increased background radiation [6,7,8,9], cities and towns, areas affected by industrial and agricultural enterprises, and agroecosystems [10,11,12,13,14,15,16,17,18,19,20,21,22]. Plants, due to their sedentary lifestyle and multiple morphological structures, are a convenient research object for studying developmental stability; thus, they have a large number of works devoted to them [13,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39]. At the same time, some authors argue that the relationship between FA as an indicator of developmental stability with environmental impacts is absent or doubtful [40,41,42,43,44], but there are enough studies whose results indicate the existence of such a relationship [12,13,14,15,16,17,22,25,27,28,33,34,35,36,37,45,46]. In natural conditions, we are dealing with a whole complex of environmental factors, so it is difficult to isolate those of first importance, as well as measure the stress-inducing effect, which can be caused by climatic conditions, interspecific interactions, pests, and parasites [36,37,45,47,48,49,50,51,52,53,54,55,56]. Moreover, some data indicate that developmental instability increases with genetic stress [3,5,46,57,58], which creates an additional load on the organism; this factor makes it hard to assess the impact that environmental factors proper have on FA manifestations.



We suggest that the analysis of the causes for variation in FA level in the natural populations of plants and animals is of interest for insight into the mechanisms of adaptation of species to the pessimum zone and for predicting possible reactions to the combined effect of adverse factors of different origin. The goal of our research was to study the relationship between FA (as a measure of developmental stability) and various natural factors by the example of woody plants.




2. Materials and Methods


Object of the Study: We studied the silver birch (Betula pendula Roth). This species has Holarctic distribution and a broad range that covers the forest zone, including both the subzone of deciduous forests and the taiga, as well as a part of the forest–steppe zone in the south and almost to the edge of the forest vegetation in the north [59,60]. The range of the species in Yakutia extends to 66.5° N [61]. The wide distribution of B. pendula is ensured by its undemanding nature as to climatic and soil conditions; this indicates high ecological plasticity in this species [62,63], but it does not mean that the growth conditions are equally favorable throughout the range.



Region of the Study: Material for this study was collected in natural biopes of several regions of Yakutia (Figure 1). Yakutia is a vast region in the north-east of Russia characterized by a sharply continental climate. The region is characterized by a very cold and long winter that lasts at least 6–7 months. In the southern and southwestern regions, the absolute minimum of winter temperatures ranges from −58 to −62 °C, whereas in central regions, it is −66 °C [64]. Summer is short and hot; the warmest month is July [64]. Sharply continental climate causes great weather differences: the amplitude in monthly temperatures in the internal areas of Yakutia can reach 55–64 °C, and the amplitude between the absolute minimum and maximum is the greatest on Earth, more than 100 °C [64]. The frost-free period in Central Yakutia lasts up to 95–100 days, and in the tundra and forest–tundra, it is less than 2 months [64]. The annual precipitation figures are low, and about 75–80% of it falls between April and October, with the total annual precipitation being higher in southern and southwestern Yakutia [64]. The low precipitation is balanced out by the high amount of water bodies on this territory: there are more than 700,000 rivers that are more than 10 km in length, their total annual runoff is 800 km3, and the average density of the river network is 0.4–0.5 km/km2 [65]. In winter, the weather is governed by a stable anticyclone with low air temperatures, low wind speed, little snow, and dry air [65]. Spring stretches over only two months, April and May [65], while autumn spans September and October. October is when negative temperatures become dominant, so sometimes it is grouped with the winter months [65], but a lasting snow cover sets in only by mid-October [65], so we regarded October as an autumn month. Throughout the territory of the region, except its extreme south-west, there is permafrost, which aggravates the adverse climate effects.



We collected the material in the taiga zone, where the main stand-forming species is the larch. Pure birch forests occupy less than 1% of the area, but the birch also plays the role of a secondary wood species in mixed forests. It occurs in the undergrowth of larch forests and is found on the edges of forests, in the floodplains of rivers, and along the margins of meadows [66,67]. We examined the leaves collected from birches found in 130 sites across 11 regions (Figure 1). For the sake of presentation convenience, the regions were ranked by average annual temperature from 1 to 11; nine of the regions are in the middle taiga subzone, site 11 is located in the northern taiga subzone, and site 5 (even though it is one of the southernmost sites, it is located in the foothills of the Stanovoy Range) belongs to mountain sparse forests. The biotope type was determined using generally accepted geobotanical methods. The abundance of each species was evaluated using the Drude scale and vertical projection in percentage, the number of trees was calculated for each species, and individual height and trunk diameter were measured at the level of 1.3 m. The crown density (CD) was determined by eye estimate and expressed as decimal fraction [68].



When analyzing the influence of the geographical location, we examined the latitude and longitude of the site, as well as its height above mean sea level (AMSL); we also calculated a certain “latitude-elevation gradient” using Formula (1):


  L E G = L R + E R  



(1)




where LEG is the latitude–elevation gradient, LR is the rank of the region by the site latitude, and ER is the rank of the region by the site AMSL.



To analyze the impact of climatic factors, we performed statistical processing of meteorological data from 11 weather stations. Climatic conditions (precipitation and the average daily air temperature) were examined by months, by seasons, and by years (average annual). Winter was denoted as the period with persistent snow cover (November–March); summer as the period with average daily temperatures above 0 (June–August); spring as April–May; and autumn as September–October [65]. For winter, we examined the average temperature and precipitation, the temperature of the coldest month (January), and the average wind speed. For summer, we examined the average summer temperature, precipitation and humidity, the temperature of the warmest month (July), and the average daily temperature amplitude. In order to exclude the influence of the temporal climate trend, climatic parameters for the past 40 years were averaged and analyzed for each site. We also examined agroclimatic parameters via the sum of active temperatures (SAT) and the duration of each period in days for 0, +5, and +10 °C [70,71] (which we labeled SAT-0, SAT-5, and SAT-10, respectively), and by calculating the hydrothermal coefficient (HTC) using Formula (2):


  H T C =   W P P · 10   S A T    



(2)




where HTC is the hydrothermal coefficient for the sum of active temperatures, WPP is the warm period precipitation, and SAT is the sum of active temperatures of the growing season. Climate inclemency values, in general and by seasons, were obtained by ranking the considered climatic parameters and calculating the arithmetic mean with Formula (3):


  G C I =   ∑  R n   n   



(3)




where GCI is the general climate inclemency, R is the ranking of particular climatic parameters, and n is the number of parameters. The general climate inclemency was evaluated with six climatic parameters: the average annual temperature, average temperature of the coldest and warmest months, annual precipitation, SAT for the period with average daily temperatures above +5 °C (SAT-5), and the duration of the frost-free period.



SCI, summer climate inclemency, and WCI, winter climate inclemency, were calculated using the same formula, respectively, with 4 parameters. For SCI, it was the average temperature of the summer, total summer precipitation, SAT-5, and the duration of the SAT-5 period. For WCI, we estimated the average temperature of the season, total precipitation, the duration of the period with an average daily temperature below 0, and the average wind speed. For autumn and spring, we estimated only the average temperature and total of precipitation.



Material Volume: For FA assessment, at each site, 100 leaves were collected (10 leaves from 10 trees) from short shoots. A total of 13,000 leaves of Betula pendula were collected. The leaves were scanned at 300 dpi and then measured in the Bio software package; linear measurements were taken to an accuracy of 0.1 mm and angular measurements to 0.1°. FA was assessed by five characteristics of the lamina structure and venation (Figure 2).



The value of the FA was estimated using the formula suggested by Zakharov et al. [36,72], Formula (4):


  F A =       L − R       L + R        



(4)




where FA is the fluctuating asymmetry absolute value, and L and R are the measurements of the left and right halves of the leaf. Integrated fluctuating asymmetry (IFA) was calculated as the five characteristics’ mean. The average IFA was calculated for each of the examined trees and for the site as a whole.



For analyzing the FA, the following factors were taken into account: the time of leaf collection, leaf size, the age of trees, the presence of diseases and leaf pests, the type of the plant community, and some factors related to it, namely soil moisture and light conditions. Based on crown density (CD), we distinguished 4 gradations of lighting: 1, high, CD = 0–0.2; 2, moderate, CD = 0.3–0.5; 3, low CD = 0.6–0.75; 4, very low, CD = 0.75–1. The soil moisture was assessed by eye and by the nature of vegetation, and 3 gradations were distinguished: 1, insufficient moisture; 2, moderate moisture; 3, excessive moisture.



Statistical treatment of the material was performed using the generally accepted methods in the Microsoft Excel and Statistica-10 software packages [73]. Correctional analysis, nonparametric statistics, one-way and multi-way ANOVA, clustering method, and principal component analysis (PCA) [74] were carried out.




3. Results and Discussion


3.1. Abiotic Conditions of the Studied Regions


On the whole, all the studied regions could be characterized by rather harsh abiotic conditions, but the study covered a significant territory—from the edge of the southern taiga to the northern sparse forest—and the linear distance between the northernmost and the southernmost site was more than 1200 km. Initially, we ranked the regions by their average annual temperatures, and hereafter, we use their geographical names and numbers as presented in Table 1. Naturally, climatic conditions differ too, with the average annual temperature being highly correlated with the average temperature of winter months (Spearman’s rho R = 0.87, t = 5.36, p < 0.001), because the long cold season contributes significantly to this parameter and does not correlate with the temperature of the warm season that plays an important role in the life of plants. We analyzed the similarity of the 11 studied regions in a set of climatic parameters, including the average temperatures of summer and winter, the duration of the warm season, and precipitation in summer and winter, and the results show that they do not always correlate with the data on the average annual temperature and the geographical position. Judging by a complex of 23 climatic parameters, the highest similarity was observed between the regions 1, 4, 6–9, Lensk, Amga, and all the sites in West Yakutia (Figure 3). These areas have a relatively mild climate, which is explained by their geographical position: Amga and Lensk are located relatively southerly, and regions 4 and 7–9 are in the west of Yakutia; the continental climate is less pronounced there, and there is also a warming effect from the Vilyuy reservoir. There is a cascade of water power plants in the Vilyuy River valley. The construction of these plants led to the creation of a huge reservoir that freezes over later in winter than the neighboring rivers. A large mass of relatively warm water in that reservoir is considered the reason for a change in climate over a vast region, leading to softer winter conditions and more abundant precipitation. This phenomenon applies to regions 4, 7, 8, and 9, which are located in the area affected by the Vilyuy reservoir [75,76].



Regions 3 and 10 are similar in the combination of high summer and low winter temperatures, as well as the low precipitation, while region 2 (Aldan) stands apart within this cluster due to its relatively higher precipitation [65]. Regions 3 and 10 are situated in the Lena River valley and surrounded by low hills. The elevation above the sea level is not great, but during the cold season, the river valley is flooded by cold masses of air from the surrounding hills. Therefore, the Lena River valley is characterized by a colder climate than its neighboring regions. This phenomenon of cold air amassing in landscape depressions is a well-known fact in climatology [65]. Note the high degree of isolation (from the other regions) and similarities (between each other) in the climate that is manifested by regions 5 and 11, the southernmost and northernmost one in our studies: by forestry classification, they belong to the subzone of sparse forest, with region 11 being located near the edge of the forest vegetation on the northern periphery of the Betula pendula range and region 5 being located on the northern spurs of the Stanovoy Range, where the sparse forest’s origin is of montane nature.



The average annual temperature demonstrates a fairly close correlation with the latitude (R = 0.72, t = 3.1, p < 0.01) and shows no dependency on the longitude of the site or its elevation above sea level, but at the same time, it is significantly correlated with the latitude–elevation gradient (R = 0.76, t = 3.47, p < 0.01). The closest relations are observed between the coefficient of the general adversity of the climate and the latitude–elevation gradient (R = 0.88, t = 5.76, p < 0.001).




3.2. Intraindividual and Chronological Variability


Integrated FA in the examined natural biotopes of Yakutia varied from 0.032 to 0.064, which indicates high heterogeneity in the sample. Therefore, before estimating the magnitude of the effect that external factors have on the FA of Betula pendula leaves, we made an attempt to assess the effect of the state of the tree itself, i.e., internal factors. First of all, the FA of trees of different ages was examined, and we noted that very small and very large laminae are characterized by a higher FA level than the leaves of a medium (for a given plant) size collected from the same trees in the same time, which we also observed before [56]. For Central Yakutia, medium-size leaves of Betula pendula are those with a primary vein length of approximately 47–58 mm [77], so for small ones, we collected leaves with a length of less than 42–43 mm, and for large, those of more than 60–62 mm in length. It should be noted that this parameter can vary by biotope.



For the analysis of the age differences, we distinguished five age groups: young shoots developing from adventitious buds on the roots of Betula pendula and young (prereproductive), middle-age reproductive, old reproductive, and senile trees. Sharp deviations in FA level were observed only in the first and the last group (Figure 4a). Note that for root shoots, apparently, the lamina size and light conditions are important: higher FA levels were observed in the shoots with very large leaves. One-way ANOVA demonstrated the statistical significance of the “Age” factor on the FA level of Betula pendula (Figure 4a), mainly due to differences between the senile trees and the plants from age groups 2–4. Prereproductive individuals and the two reproductive-age groups were characterized by similar figures, and the root shoots had statistically significant differences only with the old reproductive trees.



It is possible that the increased FA in root shoots was the result of both endogenous factors (young shoots develop from old plants) and exogenous environmental factors: densely growing shoots can produce excessive shading, which leads to the development of very large asymmetric laminae. This relates to an observation that we made in Yakutsk, which had decided to protect several specimens of Betula pendula from dust with a temporary fence and a canopy for a city improvement project. By the mid-summer, the trees shaded by the canopy had laminae almost 1.5 times larger than usual, and their FA level was 0.057 ± 0.0028. By the next summer, the work was completed, the canopy was removed, and the same trees had leaves of the usual size, with FA of 0.046 ± 0.0027. The differences between the two samples were statistically significant with a high level of confidence (Student’s t-test 2.88, p < 0.01). Comparing these results with the FA of large leaves of the root shoots, one can assume that when the stress-inducing factor is removed, developmental homeostasis can stabilize.



Senile trees were characterized by FA of over 0.060, regardless of the size of the leaves. Considering that senile trees have lower reproductive function [78,79,80], aging is arguably accompanied by impaired reproductive function in both sexual and vegetative reproduction, as well as a decreased ability to maintain developmental homeostasis. Along with the combined Yakutia sample, there may be a trend in IFA that depends on the lamina size. This can be shown with the example of two regions. In region 10, a study of the leaf size in middle-age reproductive trees was conducted. Figure 4b appears to show an increasing trend in IFA for very small and very large laminae, but a Tukey test showed an absence of statistically significant differences. For region 3, we could compare both factors at the same time in the trees found within the same biotope. As in region 10, three age groups and two size groups were isolated: medium and large leaves. The same trend in IFA changes was observed, but in this sample, the trend was supported statistically, both by one-way and by multi-way factorial analyses (Figure 4c). Multi-way ANOVA showned that all three factors have a significant influence on the birch IFA, but the significance level was the highest for the factor “Age” and the lowest for “Collection month” (Figure 4c).



Thus, it can be assumed that the differences in FA level in leaves of different sizes are more pronounced in the extreme age groups. It is possible that such a dependency is characteristic only of plants living in the subpessimum zone. By the example of B. pendula observed in conditions of temperate climate, we found that the IFA level on short shoots does not depend on the ontogenetic state of the plant (p > 0.05), because the leaf morphogenesis in different-aged individuals of B. pendula in the reproductive period of ontogeny is fairly stable [22].



The impact of the time when the material was collected on the FA level is also notable (Figure 5). The method required that the leaves should be collected only after the lamina had formed completely, which for conditions inYakutia, is in late June to early July. For the leaves collected before that, statistically significant differences in FA level were recorded as compared with the same trees in mid to late summer. A Tukey test showed that the leaves collected in early summer could be characterized by a significantly higher FA level (Figure 5). This can be explained by the fact that, at that time, the lamina was not yet completely formed and unfolded; i.e., the increased FA level during that period does not indicate the destabilization of ontogenesis. In such a case, the increased FA level does not reflect the actual disturbance of developmental stability, but simply means that, by that moment, the formation of the lamina has not yet been completed.



(Intercept F = 484.80, p < 0.0001; Age F = 5.83, p < 0.0004; Leaf size F = 5.11, p < 0.0082; Time of leaf collection F = 3.35, p < 0.0401).



Therefore, in our assessment of the impact that biotopic and climatic conditions have on the developmental stability of Betula pendula, we took into account that the results can be affected by some internal factors. These factors were taken into consideration in our analysis of the combined data.




3.3. Biotopic Differences in FA Manifestations


Since Betula pendula is a photophilic species, biotope type plays an important role in its existence, both for species composition and the nature of the crown density (Figure 6a,b). Biotopic differences were considered for the trees found in birch forests, in the undergrowth of mixed forests dominated by the larch, and also for the trees occuring separately or in small groups in meadows. Some limited material, 2–4 samples, was taken per biotope group: old sites of forest fires, rocky hill slopes, and northern and mountain sparse forests. The parameters taken into account were the crown density, the dominating tree species, and light and moisture conditions. An increase in FA was observed in the following sequence: sparse stands, birch forest, mixed forest (Figure 6a). At the same time, even in the biotopes exposed to indirect technogenic impact, FA level in the birch was comparable to that of the plants from natural biotopes, provided that the light conditions were suitable and the soil cover was undisturbed, as was observed in a number of cases in West Yakutia in the vicinity of mining enterprises and in urban conditions [13,26]. One-way ANOVA showed a high degree of statistical significance for the biotope factor, F = 10.76, p < 0.001. A more detailed analysis showed that statistically significant differences are observed only when the birch trees found in conditions of low crown density are compared to the trees found in the forests and in the conditions of the northern and montane sparse forests (Figure 6c). The IFA of the birch trees found at old forest fire sites and on rocky slopes was high, but the differences did not reach a statistically significant level. All other comparison options also showed no statistically significant differences, and when comparing three biotopes with unfavorable conditions (4–6), the Tukey test yielded a value of 0.98–1.0, indicating very high similarity.



Other factors also should be taken into account, for example, the state of the soil cover and water availability. An increased asymmetry level was observed in trees growing on poor soils, for example, on the rocky slope of a hill and in a biotope formed as the result of post-fire succession (Figure 7a). There is evidence from other authors that plants growing on sites where a fire previously took place have an increased FA level, which according to Alves-Silva and Del-Claro, indicates a high stress level [81]. FA level can also be affected by intra- and interspecific competition in biotopes with high crown density. The presence of interspecific interactions for woody plants has long been known [82,83]. It turned out that in mixed forests dominated by the larch, FA level in birch usually was higher than in purely birch groves. A similar phenomenon can be observed in a related species, Alnus fruticosa Rupr. 1845, in which the most severe deviations from the symmetrical state of the leaf were observed in the biotopes where this species was in contact with the Siberian dwarf pine Pinus pumila (Pall.) Regel 1859, and a low level of IFA was found in the pine forest with dominant Pinus sylvestris L., 1753 (Figure 7b). ANOVA revealed high significance for the “biotope” factor, F = 37.04, p < 0.001, and a Tukey test yielded a statistically significant level when comparing the alder found in mixed biotopes with Pinus pumila and Betula pendula. It is possible that a certain role in the destabilization of development is played by interspecific interactions. In the presence of coniferous trees, the FA level of the birch and alder, as a rule, is higher than in deciduous forests with the same crown density; thus, it can be assumed that coniferous trees have a negative impact on these deciduous species.



Nevertheless, in general, one-way ANOVA showed a high statistically significant dependence of FA on light conditions (Figure 8). There is information in the literature that an increased level of FA can be observed in plants in conditions of insufficient lighting, increased intra- and interspeific competition, and soil disturbance [47,50,84]. As for the moisture level of a biotope, a negative impact from both insufficient and excessive moisture was found (F = 4.98, p <0.01). In the conditions of the so-called alas landscapes in the valley of the Vilyuy River, a specific study of moisture conditions on the edges of the meadows was carried out. In that region, excessive moisture had a pronounced negative impact on FA level (R = 0.50, t = 2.73, p < 0.01). MANOVA, on the whole, corroborated the results of one-way ANOVA, demonstrating high significance for these factors (Intercept F = 561.68, p < 0.0001; Biotope F = 7.97, p < 0.0001; Lighting F = 3.96, p < 0.0098; Soil moisture F = 4.29, p < 0.0159).




3.4. Geographical Differences in FA Manifestations


The analysis of geographical differences showed that within the middle taiga zone of Yakutia, the FA level of the silver birch from similar biotopes can be characterized by similar figures, 0.041–0.047 (Table 2), while in the north of Yakutia, near the edge of the natural range of the silver birch, the FA level was 0.048–0.054, which is significantly higher than in most natural biotopes of Central, South, and West Yakutia and is comparable to that of plants from technogenically transformed communities [13,15].



An increase in FA level was also observed in the region 5, on the northern spurs of the Stanovoy Range (South Yakutia), where FA level in sparse-forest biotopes varied within 0.048–0.054. The birch there is concentrated in biotopes located at a height of up to 800–850 m above sea level, characterized by depression of forest vegetation, and represented by birch and larch sparse forests with a pronounced undergrowth consisting of the dwarf birch Betula nana L., a species typical for tundra and forest–tundra. It should be noted that for even-aged trees of reproductive age, the differences between the regions within the taiga zone were observed mainly at the level of a tendency, and a statistically significant level was reached only when the birch trees from the northern sparse forest (region 11) were compared with the trees from regions 2 and 8 (Table 2). It is possible that the moderate statistical significance can be explained by the limitations of ANOVA. MANOVA showed a rather high significance for the “Region” factor along with other factors. A comparison of the average FA levels with the LEG by regions revealed a correlation of moderate significance between them (Spearman’s rho R = 0.66, t = 2.46, p < 0.05). An increase in FA level in the spurs of the Stanovoy Range and in the north of Yakutia (regions 5 and 11) indicates destabilization of ontogenetic processes. In the case of regions 5 and 11, we observed an effect of pessimization of the environment in the ecological periphery of the species range.



Disturbances in developmental stability in the mountains have also been observed by other authors [44,48,52,56]. Additionally, an increase in FA level, reflecting the destabilization of ontogeny, has been observed in plants and animals in the northern periphery of their geographic range [15,38,45,55,56].




3.5. Combined Effect of the Climatic, Biotic, and Abiotic Conditions on FA


The analysis of the combined effect of environmental factors revealed two groups of factors that significantly affect the developmental stability of Betula pendula. The first principal component, which makes up more than 35% of the total load, includes climatic and geographical conditions, such as the latitude–elevation gradient (LEG) and the general climate inclemency (GCI), and among the climatic conditions, the more important role is played by parameters of the warm seasons: the spring inclemency (expressed primarily in temperature conditions, because precipitation in spring is quite low), the summer inclemency, the sum of active temperatures of above +5 °C, and the duration of the vegetative period (Table 3). It appears that in conditions of sharply continental climate, winter precipitation plays an insignificant role. The studied territory is characterized by a high degree of water availability: the total length of the river network of Yakutia is over two million km, and the number of lakes with an area of more than 1 ha exceeds 800,000 [64]. Moreover, during summer, thawing permafrost makes a major contribution to the balance of the moisture regime of soils. Low winter temperatures also play a very small role in the study area, since during this period, the plants are in the state of winter dormancy. Naturally, this applies only within the limits of the species survivability. The share of the second principal component is 13.8%; it includes FA, lighting conditions, and the type of plant association. For visualization of the results, we removed the recurring values; as a result, not 130, but 89 samples were plotted in the space of the two principal components (Figure 9).



In Figure 9, there are two distinctly isolated groups of points related to the peripheral populations of the species (regions 5 and 11), while all other regions have a less pronounced distinction and overlap to one degree or another. Conditionally, one can distinguish among them three southern populations (1–3), i.e., regions with relatively high average annual temperatures. It should be noted that their contours almost do not overlap with each other, which are associated with the specifics of these regions and biotopes. Region 1 is characterized by the most favorable climate and is represented mainly by biotopes with good lighting conditions (within the examined material). This is also the only region in our study without continuous permafrost; it is assumed that the proximity of permafrost has a negative effect on the root system of woody plants [66]. Region 2, Aldan, as already mentioned, is characterized by a relatively higher precipitation, which in conditions of sharply continental climate is a positive characteristic. Region 3, Olekma, differs from the others in that, at the time when the material was being collected, deciduous trees there suffered heavily from damage caused by diseases and pests. We collected leaves from birches affected by leaf-eating insects and fungal diseases; eight samples of Betula pendula were examined, and the degree of the damage was assessed. For control, intact leaves from trees growing in the same biotope were collected in each case. For the affected leaves, FA level varied within 0.050–0.061; for the control, 0.046–0.047; and on the whole, the FA disturbances were more pronounced in the case of fungal damage (Spearman’s rho 0.89, p < 0.05). Previously, similar trends were found in the basket willow Salix viminalis L., 1753 and the bird cherry Prunus padus L., 1753 afflicted by gall-inducing insects and ticks [56]. A regression analysis of the combined data on the three species revealed that a statistically significant contribution to the increase in FA level was made only by the damage extent and lamina deformation extent (t = 4.19, p < 0.05). The effect of pests and parasites on developmental stability of plants at the moment appears to be understudied. There are different opinions on this matter; for example, Gelashvili et al. point out the effect of bacterial, fungal, and viral diseases on FA of the birch, while emphasizing that what is significant is not the fact of the disease, but the extent to which the tree is weakened [51]. Some authors have observed that the damage caused by insect pests correlates with an increased FA level of the tree [52,54,85,86,87]. At the current stage of research, we cannot argue with certainty that in the case of damage by pests, the increase in FA level reflects the destabilization of ontogeny; it is possible that this is a consequence of mechanical damage to the leaf.



It is noteworthy that during the PCA, a part of the previously examined parameters, significant within the limits of separate samples, did not show a significant factor load for the entire array of data as a whole. These include the tree age and the leaf size. In that regard, we should point out that in the course of the preliminary study, we noted their potential influence on FA of the silver birch, but our main goal in the present work was to study the influence of climatic and other external natural factors, so the main volume of the material was collected from the trees of reproductive age, and the size of the leaves collected was average for the species. It is also possible that the contribution of these factors to FA magnitude is only minor compared to more significant environmental factors.



It should be noted that the trends of the impact of climate on developmental stability of Betula pendula found in this study are not necessarily observed throughout its geographic range. In some previous studies, a comparison of FA of the birch from the European and Asian parts of its range showed that, firstly, the stress-inducing effect of climatic factors had less of an impact than anthropogenic factors [36,39], and secondly, when comparing more remote sites, the leading climatic factor was the duration of the growing season and the total precipitation [36,39]. The data we obtained previously do not contradict the results of the present study: the duration of the growing season was one of the leading factors affecting developmental stability of the birch in all three studies, and the role of the total precipitation is unequal due to the differences in the sites selected. In the first studies, we compared the influence of the moderate climate of the European part of the range with the continental climate of Central Siberia and the sharply continental climate of the north-east of Siberia. Their comparison showed the significance of the precipitation factor, while in this study, all the sites are characterized by a sharply continental climate with little precipitation (even region 2, Aldan, which we describe as relatively humid, is characterized by significantly lower precipitation than the European part of the Betula pendula range). It can be assumed that in this case, the minor differences in precipitation do not reach the threshold level, while changes in FA, being indicative of the developmental homeostasis, are threshold-level in nature [1,2,4,88,89].





4. Conclusions


Developmental stability and, consequently, the FA level of woody plant lamina in natural biotopes varies in a wide range. An increased FA level in the silver birch is characteristic of senile plants and young shoots developing from the radical buds of old plants; this is a reflection of the weakened state of the individuals from these intrapopulation groups. An increased FA level in senile plants and young shoots from radical buds at the final stages of their ontogeny presumably is associated with a general decrease in vitality with age. We noted a manifestation of intraindividual variability in manifestations of the leaf FA: in the same plant, this parameter can vary during summer and depend on the lamina size; these intraindividual differences are a reflection of the development of the organ, but are not indicative of disturbances in developmental stability of the individual.



The following factors were found to be of significance: climate, biotopic conditions, latitude, and elevation of the terrain above the sea level. An increase in FA level was observed in the ecological periphery of the range (northern or montane), in conditions of insufficient lighting or excessive soil moisture, and on poor rocky soils. In conditions of the sharply continental climate of the north-east of Siberia, developmental stability of deciduous trees was affected the most by the duration of the growing period, the sum of effective temperatures of above +5 °C, and the conditions of the warm season. The temperature conditions of spring had a slightly lesser effect. We assume that on the scale of the Betula pendula range, more favorable conditions of moderate climate are manifested primarily in more abundant precipitation, which leads to the FA of the leaf there being usually lower than in regions with a sharply continental climate, which indicates a lower stress level and, as a result, a higher developmental stability of the species. The data obtained demonstrate the high influence of natural stress-inducing factors on the stability of the individual development of plants.
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Figure 1. Regions where material was collected on the territory of Yakutia. For the region key, see Table 1. 
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Figure 2. Scheme of the birch leaf characteristics used for assessment of fluctuating asymmetry. 
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Figure 3. Similarity between the studied regions in a complex of 23 climatic parameters. Euclidean distance. 
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Figure 4. Dependency of the FA level in Betula pendula on tree age and leaf size. (a) Summarized data on Yakutia (n = 13,000). Age groups: 1, young shoots developing from adventitious buds; 2, prereproductive trees; 3, middle-age reproductive trees; 4, old reproductive trees; 5, senile trees. (b) Middle-age trees, one ecotope in region 10 (n = 300). (c) Comparison of different leaf sizes in different age groups, one ecotope, region 3 (n = 600). Note: red font indicates statistically significant differences; Tukey test. IFA, integrated fluctuating asymmetry. 
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Figure 5. FA level in Betula pendula in different months. Region 2, middle-age trees (n = 300). Note: red font indicates statistically significant differences; Tukey test. 
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Figure 6. FA level in Betula pendula in different biotopes. (a) Summarized data. Biotopes: 1, single trees in the meadows; 2, birch forests; 3, undergrowth in mixed forests dominated by the larch; 4, old sites of forest fires; 5, rocky hill slopes; 6, northern and mountain sparse forests. (b) Middle taiga, biotopes with different crown density (CD). (c) Red font indicates statistically significant differences; Tukey test. 
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Figure 7. Biotopic differences in FA level of woody plants of Yakutia; (a) Betula pendula, region 1; (b) Alnus fruticosa, region 2. 
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Figure 8. Dependence of FA level in Betula pendula on lighting conditions. Combined sample, reproductive-age plants, medium-sized leaves (n = 11,000). Lighting: 1, high; 2, moderate; 3, low; 4, very low. 
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Figure 9. PCA results, ecotope ordination along the significant factors, Factor 1 and Factor 2. Note: Red outlines denote the periphery of the range; 35–38, region 5, mountains; 87–89, region 11, north; dark blue outlines, South Yakutia, regions 1, 2, 3; dark green outlines, regions 4, 6–10, different biotopes. 
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Table 1. Regions of the study and the volume of the examined material.
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Number

	
Region **

	
Average Temperature, °C

	
Geographical Coordinates *

	
Material




	
Latitude, North

	
Longitude, East

	
Elevation, AMSL, m

	
Sites/Leaves Amount






	
1

	
Lensk

	
−5.29

	
60.72

	
114.8

	
241

	
14/1400




	
2

	
Aldan

	
−5.53

	
58.6

	
125.3

	
679

	
10/1000




	
3

	
Olekminsk

	
−5.85

	
60.4

	
120.4

	
230

	
7/700




	
4

	
Mirny

	
−6.82

	
62.53

	
114.04

	
352

	
11/1100




	
5

	
Nerungri

	
−6.94

	
56.83

	
124.86

	
858

	
4/400




	
6

	
Amga

	
−9.97

	
60.9

	
131.9

	
146

	
12/1200




	
7

	
Vilyuisk

	
−8.02

	
63.77

	
121.6

	
123

	
10/1000




	
8

	
Verkhnevilyuisk

	
−8.06

	
63.45

	
120.2

	
115

	
24/2400




	
9

	
Markha

	
−8.20

	
63.28

	
118.3

	
119

	
14/1400




	
10

	
Yakutsk

	
−8.84

	
62.0

	
129.6

	
230

	
21/2100




	
11

	
Udachny

	
−9.57

	
66.73

	
112.43

	
501

	
3/300




	
Total

	

	
130/13,000








Notes: * Geographical coordinates of the weather stations are quoted using the data of http://www.pogodaiklimat.ru/ (accessed on 15 April 2020) [69]. ** Region 1, South-Western Yakutia; Regions 2, 3, 5, Southern Yakutia; Regions 4, 7, 8, 9, Western Yakutia; Regions 6, 10, Central Yakutia; Region 11, North-Western Yakutia.
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Table 2. FA levels of middle-age and young trees of Betula pendula growing in different regions of Yakutia 1.
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Region 2

	
Amount of Sites

	
IFA 3




	
n

	
M ± m






	
1

	
12

	
1200

	
0.043 ± 0.0019




	
2

	
9

	
900

	
0.041 ± 0.0017 *




	
4

	
11

	
1100

	
0.046 ± 0.0007




	
5

	
3

	
300

	
0.050 ± 0.0019




	
6

	
5

	
500

	
0.047 ± 0.0016




	
7

	
24

	
2400

	
0.044 ± 0.0010




	
8

	
24

	
2400

	
0.042 ± 0.0010 *




	
9

	
14

	
1400

	
0.046 ± 0.0010




	
10

	
11

	
1100

	
0.046 ± 0.0005




	
11

	
3

	
300

	
0.051 ± 0.0018 *








Notes: 1 In all samples, medium-size leaves that were undamaged by pests were used. 2 Data on the trees of this category from region 3 could not be gathered. 3 IFA, integral fluctuating asymmetry; n, leaves amount; M, arithmetic mean; m, standard error. * Tukey test p < 0.05 for the pairs “regions 2–11” and “regions 8–11”.
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Table 3. PCA results, ecotope load by basic ecological factors.
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Parameters

	
Components




	
I

	
II






	
IFA

	
0.200

	
−0.715 **




	
Biotope

	
−0.281

	
−0.772 **




	
Soil moisture

	
−0.239

	
−0.148




	
Lighting

	
0.105

	
−0.704 **




	
Tree age

	
0.212

	
−0.250




	
Leafe size

	
0.0442

	
0.031




	
SAT-5

	
0.767 **

	
0.194




	
Duration of vegetative period (from +5 °C)

	
0.833 **

	
0.141




	
Spring climate inclemency

	
−0.930 **

	
0.139




	
Winter climate inclemency

	
−0.631

	
−0.029




	
Summer climate inclemency

	
−0.951 **

	
0.168




	
General climate inclemency

	
−0.847 **

	
0.044




	
LEG

	
−0.849 **

	
−0.066




	
Total variance

	
0.394

	
0.138








Note: Loads > 0.700 are given; ** significance p < 0.01 and above.
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