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Abstract. Human society faces problems of a global scale today, as a result of which the priorities of 

environmental research are shifting to the macro level, and ecology has entered the era of "big data". The 

authors have created a database of 1,717 model trees of Betula spp. with measured indicators of diameter 

at breast height (DBH), tree height, age, and aboveground biomass growing in the territory of Eurasia. 

Regression models for aboveground biomass components are calculated, including the dendrological 

indices mentioned, and two climate indicators as independent variables. Based on the theory of space-for-

time substitution, the obtained patterns of changes in aboveground biomass in the territorial climatic 

gradients of Eurasia are used to predict changes in biomass due to climate shifts. In accordance with the 

law of the limiting factor by Liebig, it is established that in sufficiently moisture-rich climatic zones, an 

increase in temperature by 1°C with a constant amount of precipitation causes an increase in biomass, and 

in water-deficient zones — its decrease. In warm climatic zones, a decrease in precipitation by 100 mm at 

a constant average January temperature causes a decrease in biomass, and in cold climatic zones — its 

increase. 
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Introduction 

Most of the environmental problems that human society faces today can only be solved 

on a global scale, and the priorities of environmental research are shifting to the macro 

level. Ecology has entered the era of "big data", "big science", and "big theories" (Niu et 

al., 2020). In the context of global climate shifts, understanding the development of forest 

ecosystems in terms of their ability to absorb atmospheric carbon is of increasing interest. 

In localized gradients of natural zones formed as a result of long-term vegetation 

evolution, changes in the biological productivity of vegetation cover occur (Kosanic et 

al., 2018; DeLeo et al., 2020). 

These climatically determined spatial gradients of the productivity of trees and stands 

can be used to predict its changes in time under the influence of expected climate shifts 

based on the theory of space-for-time substitution. This term means using current patterns 

observed in spatial gradients to understand and model the same patterns in prospective 

time gradients that are currently unobservable (Blois et al., 2013). Methods based on 

space-for-time substitution are used in different fields; in particular, for the study of long-

term nutrient cycling and plant succession (Johnson and Miyanishi, 2008) or for the 

prediction of biodiversity (Fitzpatrick et al., 2011), and there are encouraging results in 

this regard (Pickett, 1989; Blois et al., 2013). 

A comparative analysis of the accuracy of various methods for determining the 

biological productivity of tree species has shown that models performed at a tree level 

give a lower error in estimating biomass per unit area compared to models performed at 

a stand level (Zeng et al., 2018). Allometric models of tree biomass are particularly 

relevant when assessing biomass in stands of mixed species composition (Shuman et al., 

2011). 

In Australian conditions ranging from dry ecotopes to tropical rainforests, simple 

allometric models of aboveground biomass for a combination of Eucalyptus and closely 

related species explained 84-95% of the total biomass variation. However, the 

effectiveness of the model improved only very slightly when such indicators as tree 

height, basic wood density, and climate variables were included in the model as 

independent variables. The loss of forecasting efficiency was <1% if generalized models 

were used instead of species-specific models. The use of generic multi-species models 

did not significantly distort the biomass forecast in 92% of the 53 tested species. In 

addition, the overall efficiency of predicting biomass at the stand level was 99%, and the 

average absolute prediction error was only 13% (Paul et al., 2016). In Tanzania's dry-to-

wet conditions, the generic allometric model of aboveground biomass explained 95% of 

its variation. However, for a more accurate assessment of the biomass, it is recommended 

to calculate models taking into account the growing conditions (Mugasha et al., 2012). 

The inclusion of territorial values of temperature and precipitation as additional 

independent variables in allometric models of tree biomass improved the accuracy of 

estimates and made it possible to predict changes in biomass in Chinese forests during 

climate shifts (Zeng et al., 2017; Fu et al., 2017). Warming by 1°C has been shown to 

increase the aboveground biomass of a tree by 0.9 % and to decrease the root biomass by 

2.3%; an increase in precipitation by 100 mm causes the decrease in aboveground and 

underground biomass by 1.5 and 1.1%, respectively (Zeng et al., 2017). In these studies, 

the territorial differences in climate are extrapolated to the predicted climate shifts over 

time in accordance with the principle of space-for-time substitution (Zeng et al., 2017; Fu 

et al., 2017). However, such models are presented as single studies on regional levels (Lei 

et al., 2016; Forrester et al., 2017; Zeng et al., 2017; Fu et al., 2017). 
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It is known that the production of plant biomass is limited by a factor that is in 

minimum or excess in relation to its needs according to the principle of limiting factor 

(Liebig, 1840). At the polar limit of birch distribution in Siberia, the limiting factor is 

temperature, but as we move south, the heat deficit decreases and the role of moisture 

deficiency increases. At the same time, the change of the limiting factor occurs in the 

subzone of the middle taiga (Fonti, 2020). 

In this study, we intend to: (a) identify the most efficient structure of the allometric 

model of biomass on the example of Betula spp. in Eurasia, (b) identify how the 

aboveground biomass of trees is related not only to the dendrometric indicators of trees, 

but also to the territorial average values of temperatures and precipitation at a 

transcontinental level, (c) to establish whether the effect of the law of the limiting factor 

is manifested when modeling changes in the biomass of trees of forest-forming species 

on the territory of Eurasia in relation to geographically determined changes in 

temperatures and precipitation; and (d) to show to what extent the constructed climate-

conditioned models of biomass, sensitive to temperature and precipitation in territorial 

gradients, can be used to predict its changes in temporal gradients based on the principle 

of space-time substitution. 

The genus Betula spp. is included in Betulaceae family. This family has 120-150 

species (Grimm and Renner, 2013). Majority of species are present in northern climatic 

zones and have a wide natural distribution area on the Eurasian continent, ranging from 

the Atlantic to Pacific coasts. Birch is among ten common species in Russia. There are 

several species in the common birch category from the section Albae Rgl.: silver birch 

(B. pendula Roth.), downy birch (B. pubescens Ehrh.), mountain birch (B. tortuosa Ldb.), 

Japanese white birch or Siberian silver birch (B. platyphylla Suk.) (Hynynen et al., 2009). 

Materials and Methods 

To solve these problems, the database on the biomass of forest-forming species of 

Eurasia in the amount of 15,200 trees (Usoltsev, 2020) is used. From it, 1,717 sample 

trees of Betula spp. were selected with measured values of the DBH, tree age and height 

and components of aboveground biomass (Table 1). The genus Betula spp. is represented 

by some vicarage species, mainly B. pubescens Ehrh., B. pendula Roth, and in smaller 

numbers by B. maximowicziana Regel, B. ermanii Cham., B. platyphylla Suk., B. costata 

Trautv., and B. dahurica Pall.). 

 
Table 1. Statistics of sample trees of Betula spp. 

Designation of 

statistics (а) 

Indices analyzed(b) 

A D H Pf Pb Ps Pa 

Mean 40 13.4 14.6 2.56 15.6 87.9 106.2 

Min 3 0.2 0.7 0.003 0.003 0.02 0.03 

Max 195 48.0 34.5 29.5 230.2 739.5 950.2 

SD 21.8 8.1 6.2 3.3 27.7 113.9 141.3 

CV, % 54.5 60.0 42.5 129.6 177.7 129.6 133.1 

n 1716.0 1716.0 1715.0 1713.0 1715.0 1717.0 1712.0 

(a) Mean, Min and Max are the average, minimum, and maximum values, respectively; SD is standard 

deviation; CV is coefficient of variation; n is the number of observations. 
(b) A is tree age, yrs; D is stem diameter at breast height (DBH), cm; Н is tree height, m; Pf, Pb, Ps and 

Pa are the biomass of foliage, branches, stem with bark and aboveground biomass in dry condition, kg 
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The joint analysis of different species is caused by the impossibility of growing the 

same tree species throughout Eurasia, as a result of which their areas within the genus are 

confined to certain ecoregions. When entering the transcontinental level of research, we 

are faced with the obvious fact that no species grows throughout the continent, precisely 

because of regional differences in climate. Moving from refugia under the influence of 

geological processes and climate changes, a particular species adapted to changing 

environmental conditions, forming a series of vicariant species within a genus 

(Tolmachev, 1962). In other words, differences in traits between species evolved as 

adaptations to different climates (Laughlin et al., 2021). This gives grounds for analyzing 

the response of birch trees to changes in climatic characteristics to create one climate-

dependent unity within the entire genus Betula spp., since the differences in the 

ecophysiological traits of different species, for example, B. pendula vs. B. platyphylla vs. 

B. costata are derived from regional climatic features. 

The available data of the geographical coordinates of the sample trees are plotted on 

the maps of the average January temperature 

(https://store.mapsofworld.com/image/cache/data/map_2014/currents-and-temperature-

jan-enlarge-900x700.jpg) and the average annual precipitation 

(http://www.mapmost.com/world-precipitation-map/free-world-precipitation-map/) 

(World Weather Maps, 2007) (Fig. 1) and are combined with dendrometric indicators of 

sample trees. In our case, the schematic map of the isolines of mean January temperature, 

rather than that of the mean annual temperature, was used. With an inter-annual time step, 

the predominant influence of summer temperature is quite normal (Zubairov et al., 2018). 

However, against the background of long-term climatic shifts for decades, the prevailing 

influence is acquired by winter temperatures (Bijak, 2010; Toromani and Bojaxhi, 2010; 

Morley et al., 2016). In terms of regression analysis, a weak temporal trend of summer 

temperatures compared to a steep trend of winter ones, means a smaller regression slope 

and a worse ratio of residual variance to the total variance explained by this regression. 

Obviously, taking the mean winter temperature as one of the independent variables, we 

get a more reliable dependence having the higher predictive ability. 

 

  

Figure 1. Allocation of the empirical data of 1,717 sample trees on the maps of the average 

January temperature, °C (a) and average annual precipitation, mm (b) (World Weather Maps, 

2007) 

 

 

The choice of winter temperature also has a bioecological background. It is known that 

each environmental factor has an optimal range of its effects in which it is most effective 

and beyond which this effect decreases or even has an overwhelming result (Tranquillini, 

1955; Burian, 1970; Liepa, 1980; Cárdenas-Pérez et al., 2022). In our case, the winter 
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temperature, in particular, the long-term temperature of January, has the most effective 

effect on the tree bioomass of forests. 

The above-mentioned, previously published models of tree and stand biomass 

sensitive to climate change were performed at the regional levels and were adapted to 

regional climatic features (Lei et al., 2016; Forrester et al., 2017; Fu et al., 2017; Zeng et 

al., 2017). Due to regional allocation, none of them can be extrapolated to the 

transcontinental level. They give the visions of the local trends of biomass in connection 

with the local climate and may even be opposite in sign. Therefore, their totality cannot 

give the performance of what awaits biota and forest cover in particular at the global level. 

Our database, which provides initial information on the biomass of trees of forest-

forming species of Eurasia (Usoltsev, 2020), makes it possible to show, if not global, then 

at least trans-continental expectations of upcoming changes in tree biomass under the 

influence of possible climatic shifts at the continental level. Today we have databases on 

tree biomass for Eurasia (Falster et al., 2015; Schepaschenko et al., 2017; Usoltsev, 2020), 

which have many disadvantages, which limits the possibilities of developing empirical 

predictive models based on them. In particular, due to the lack of data for some regions, 

these gaps have to be covered by an interpolation technique in the modeling of biomass. 

We also mean the limited explanatory possibilities of multiple regression analysis, as 

a result of which we consistently extract from the total variance of biomass, first of all, 

the variance that is most explained by the main dendrometric and climatic variables. The 

residual variance includes both unaccounted factors as well as methodological 

uncertainties and trivial calculation errors of the harvest data. Naturally, it is impossible 

to extract and explain the variability of biomass from such a residual dispersion, due, for 

example, to the unevenness of precipitation by month during the year. As a consequence, 

we cannot use such models to predict the impact of extreme events (droughts, floods, etc.) 

on the biomass of trees. Process-based models seem to be more suitable for this purpose 

(Sato et al., 2010). 

Usually, when analyzing the productivity of trees or stands, the influence of a single 

factor is estimated: either temperature or precipitation (Lieth, 1975; Reich et al., 2014; 

Russell et al., 2015; Fonti, 2020; Frauendorf et al., 2020; Devi et al., 2020). Estimating 

biomass by a single climatic factor can lead to contradictory results, since the combined 

effect of temperatures and precipitation is not taken into account. The presence of the 

Eurasian database in the maximum ranges of temperatures and precipitation allowed us 

to assess the combined impact of temperatures and precipitation on the biomass of trees. 

The ecologists who are engaged in extracting a climatic signal from the chronologies 

of tree rings may ask how the temperature of January affects the biomass of a tree when 

the tree is in winter "hibernation" and why the temperature of June or July, characteristic 

of the period of active growth, is not accepted? In the context of our research, there is no 

answer to such the question, since it indicates a substitution of the concept, in this case, 

the concept of temperature. We install the position of the sample plots with 

geographically distributed biomass data on the map of geographically distributed winter 

temperatures (Fig. 1) having the aim their conjugate analysis. The current territorial 

(geographical) distribution of temperatures and precipitation has been formed over 

millennia, and at the same time, the territorial biodiversity of vegetation cover has been 

formed in accordance with it (Mohan et al., 2009), including the division of a particular 

genus into species (Tolmachev, 1962), and this biodiversity determines the structural and 

functional traits of plant biomass. Since the average January and average annual 

temperatures are correlated to some extent, the named conjugation of the biomass could 
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be performed both with the average annual and with the average January temperature. We 

chose the latter for the above reasons. 

The change of the limiting factor for birch growth as it moves from north to south was 

mentioned above (Fonti, 2020). In this phenomenon we did not mean climatic indicators 

in the form of geographically distributed temperatures and precipitation, as in our study, 

but meteorological data of temperatures and precipitation of specific years and months. 

Accordingly, our analysis of the factors limiting biomass does not include January 

temperature meteorological data or average annual precipitation meteorological data, but 

long-term geographically distributed temperatures and precipitation, the impact of which 

on biomass is extrapolated to the assumed temporal gradients of temperatures and 

precipitation through space-for-time substitution. However, there is the other opinion that 

is an alternative to the principle of a single limiting factor. Drawing an analogy with the 

distribution of resources in the economy, A. Bloom and co-authors (1985) believe that 

plants distribute the resources available for growth in such a way that the limiting effect 

is approximately the same from all resources, and not from the only one of them. 

Optimization of the allometric model structure 

Based on the analysis of literature sources, the following variants of the allometric 

model are subjected to comparative analysis: 

 

 lnPi = a0 + a1 lnD (Eq.1) 

 

 lnPi = a0 + a1 lnD + a2 lnH (Eq.2) 

 

 lnPi = a0+a1ln(D2H) (Eq.3) 

 

 lnPi = a0 +a1 lnA +a2 lnD + a3 lnH (Eq.4) 

 

 lnPi = a0 + a1 lnD + a2 lnH + a3 (lnD)(lnH) (Eq.5) 

 

 lnPi = a0 + a1 lnA +a2 lnD + a3 lnH + a4 (lnD)(lnH) (Eq.6) 

 

where Pi is biomass of i-th component of a tree, kg. 

Results and Discussion 

The initial data on the biomass of trees, the characteristics of which are given in 

Table 1, are processed by the method of multiple regression analysis according to the 

structure of models (1)-(6). The results of the regression analysis are summarized in 

Table 2. The biomass models shown in Table 2 are valid within the actual ranges of age, 

stem diameter, and tree height shown in Table 1. 

Based on the results of comparative regression analysis, the explanatory power of 

models (5) and (6) for all components of biomass is higher than that of models (1), (2), 

(3) and (4). The age of a tree, although as an important independent variable in explaining 

the variability of tree biomass (Qiu et al., 2018), was not statistically significant in this 

case at p < 0.05. In addition, this dendrometric indicator is difficult to measure in tree 

inventory on large areas compared to the stem diameter and tree height. Therefore, we 

have involved the model (5) in the procedure of further analysis. 
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Table 2. Results of calculation of equations (1)-(6) 

(a)The intercept hereafter is adjusted according to logarithmic transformation by Baskerville (1972); 
(b)adjR2 is the coefficient of determination, adjusted for the number of variables; (c)SE is the standard error 

of the equation; (d) these regression coefficients are not reliable at the level of p = 0.05 

 

 

Designing the model of aboveground biomass sensitive to climate variables 

We propose a model of aboveground biomass at the continental level, combining 

dendrometric indicators of trees (model (5)) and climate variables as independent 

variables: 

 

 
lnPi =a0+a1(lnD)+a2(lnН)+a3(lnD)(lnН)+ 

+a4[ln(T+50)]+a4(lnPR)+a5[ln(T+50)]·(lnPR) 
(Eq.7) 

 

 
Dependent variables 

lnPf lnPb lnPs lnPa Model number 

a0
(a) -4.0299 -4.2627 -2.3081 -2.0307 

(1) 
lnD 1.8216 2.4603 2.4248 2.3929 

adjR2(b) 0.822 0.902 0.962 0.964 

SE 0.627 0.597 0.358 0.343 

a0
(a) -4.0957 -4.4841 -3.5953 -3.1239 

(2) 

lnD 1.7809 2.3215 1.6368 1.7314 

lnН 0.0629(d) 0.2146 1.2170 1.0217 

adjR2(b) 0.822 0.903 0.988 0.983 

SE 0.626 0.594 0.202 0.236 

a0
(a) -4.6581 -5.1000 -3.3270 -3.0184 

(3) 
ln(D2H) 0.6795 0.9171 0.9216 0.9061 

adjR2(b) 0.806 0.889 0.985 0.981 

SE 0.661 0.639 0.221 0.246 

a0
(a) -3.8661 -4.6041 -3.7678 -3.2592 

(4) 

lnA -0.1366 0.0684(d) 0.0996 0.0780 

lnD 1.8318 2.2901 1.5956 1.6981 

lnН 0.1133(d) 0.1963 1.1851 0.9978 

adjR2(b) 0.823 0.903 0.988 0.983 

SE 0.624 0.594 0.198 0.234 

a0
(a) -3.1241 -2.8226 -2.7602 -2.0973 

(5) 

lnD 1.2015 1.3250 1.1392 1.1196 

lnН -0.3935 -0.5683 0.8256 0.5406 

(lnD)(lnН) 0.2429 0.4168 0.2085 0.2560 

adjR2(b) 0.830 0.918 0.992 0.989 

SE 0.611 0.547 0.165 0.188 

a0
(a) -2.6896 -2.7559 -2.8711 -2.1360 

(6) 

lnA -0.2015 -0.0320(d) 0.0503 0.0172(d) 

lnD 1.2223 1.3248 1.1317 1.1154 

lnН -0.3656 -0.5600 0.8211 0.5407 

(lnD)(lnН) 0.2665 0.4206 0.2027 0.2541 

adjR2(b) 0.833 0.918 0.992 0.989 

SE 0.606 0.547 0.164 0.188 
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where Т is mean January temperature, °C; PR is mean annual precipitation, mm; 

[ln(T+40)]·(lnPR) is a combined variable that characterizes the common effect of 

temperature and precipitation. The regression coefficients for all biomass components in 

model (7) are significant at p < 0.001. Since the mean January temperature in high 

latitudes has a negative value, for its logarithmic transformation in model (7), it is 

modified as (T+50). The results of the calculation of the models (7) are shown in Table 3. 

 
Table 3. Model calculation results (7) 

ln(Y)(1) а0
(2) lnD lnH 

(lnD)× 

(lnН) 
ln(T+50) lnPR 

[ln(T+50)]× 

(lnPR) 
adjR2(4) SE(5) 

ln(Pf) 28.7262 1.2510 -0.4746 0.2452 -7.7748 -5.3644 1.3163 0.847 0.580 

ln(Pb) 95.4290 1.3795 -0.6457 0.4143 -27.4814 -15.7630 4.4051 0.925 0.522 

ln(Ps) 17.8565 1.1561 0.7954 0.2090 -5.7867 -3.3436 0.9385 0.992 0.162 

ln(Pa) 30.6312 1.1461 0.4957 0.2563 -9.1593 -5.3031 1.4839 0.990 0.181 

 

 

The geometric interpretation of models (7) is obtained by substituting in (7) the 

average values of D and H taken from Table 1 (Figure 2). As we can see in Figure 2, the 

dependence of all components of the aboveground biomass of equal-sized birch trees on 

temperatures and precipitation is described by 3D-surfaces of a propeller-shaped form. In 

cold regions, as precipitation increases, the biomass decreases, but as it moves to warm 

regions, it is characterized by the opposite trend. As the temperature increases in humid 

regions, the biomass increases, but as the transition to dry conditions begins to decrease. 

 

Figure 2. Calculated changes in aboveground birch biomass of trees (D=13.4 cm; H=14.6 m) 

according to the model (7) due to the mean January temperature (T) and mean annual 

precipitation (PR). The designations of the components of the biomass hereafter: a, b, c, d are 

foliage, branches, stems over bark, and aboveground biomass respectively, kg 
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Predicting Betula spp. biomass change related to climate shifts on the base of the 

principle of space-for-time substitution  

Let us consider the described patterns in a different perspective, implementing the 

concept of space-time substitution and the principle "What will be happened, if...?". In 

other words, we will find out how the tree biomass will react if, with constant territorial 

temperature and precipitation gradients, we assume a temporal temperature change of 1°C 

or annual precipitation of 100 mm. Taking the first derivatives of the two-factor surfaces 

presented in Figure 2, we obtained the regularities of changes in the biomass at the given 

increments of temperature and precipitation. 

Figure 3 shows the change in tree biomass (Δ, %) with a temperature increase by 1°C 

in different climatic zones (territorial gradients) characterized by different temperature 

and precipitation ratios. It is assumed that precipitation changes only geographically, and 

the temperature as a result of the expected climate change increases by 1°C at different 

territorial temperature levels, designated as -30Δ...+5Δ. For all components of biomass, 

a general pattern of the Eurasian scale is obtained: in moisture-rich climatic zones, an 

increase in temperature with a constant amount of precipitation causes its increase (red 

areas of the surfaces in Figure 3), and in the moisture-deficit zones its decrease (blue 

areas of the surfaces in Figure 3). 

 

Figure 3. Possible changes in the biomass of trees with the increase in January temperature by 

1°C due to the expected climate change at different territorial levels of temperature and 

precipitation. 1 – the plane corresponding to the zero change in biomass at the expected 

temperature increase by 1°C; 2 – the line of differentiation of positive and negative changes in 

biomass at the expected temperature increase by 1°C 
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Figure 4 shows the change in tree biomass (Δ, %) with the decrease in annual 

precipitation by 100 mm in different climatic zones. At the same time, it is assumed that 

the January temperature changes only geographically, and precipitation as a result of 

climate change decreases by 100 mm at different territorial precipitation levels, 

designated as -400Δ...-900Δ. A general transcontinental pattern has been established for 

the biomass of branches, stem, and aboveground: in warm climatic zones, a decrease in 

precipitation by 100 mm at a constant average January temperature causes a decrease in 

the biomass of stems and aboveground (blue area of surfaces), and in cold climatic zones 

– its increase (red area of surfaces) (Figure 4b,c,d). For foliage biomass, the entire 3D 

surface is represented by the red zone (Figure 4a), which means that when precipitation 

decreases by 100 mm in all climatic zones, the foliage biomass increases. But during the 

transition from cold to warm climatic conditions, the value of this increase decreases, and 

in the warmest zones (January temperature is 5°C), this reduction in the increment of 

biomass approaches zero, but does not go to "minus". Thus, the patterns of changes in the 

biomass of foliage with shifts in temperature and precipitation are somewhat different 

from the changes in the biomass of other components. The reason may be a more 

pronounced residual variance in the foliage biomass model due to the fact that 

interspecific variation in foliage biomass is due not only to climatic factors, but also to 

the environmental "noise" unaccounted. 

 

Figure 4. Possible changes in the biomass of trees with a decrease in precipitation due to the 

expected climate change at different territorial levels of temperature and precipitation. 1 – the 

plane corresponding to the zero change in biomass with the expected decrease in precipitation 

by 100 mm; 2 – the line of differentiation of positive (red) and negative (blue) changes in 

biomass with the expected decrease in precipitation by 100 mm 

 

 

Thus, both the lack of heat and moisture, and their excess, are manifested as factors 

limiting the biomass of trees of the genus Betula sp. at the transcontinental level. 
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Today, the results of modeling the responses of forest biomass to global changes in 

temperature and precipitation are contradictory and characterized by uncertainty in the 

forecasts of climate-driven dynamics of forest cover (Marcolla et al., 2020). One of the 

most significant is the contradiction of two possible scenarios. On the one hand, an 

increase in primary production due to the potential enrichment of the atmosphere with 

CO2 and its reclamation effect on vegetation. On the other hand, its decrease due to loss 

of stability with a sharp reduction in the adaptive time lag (Santini et al., 2014; Sperry et 

al., 2019; Berdugo et al., 2020). The largest reserves of biomass in the zone of moderately 

moist forests, depersonalized by species composition and morphological structure of 

stands, were found at moderately low temperatures and moderately abundant 

precipitation (Keith et al., 2009). Positive dependences of aboveground biomass on 

average annual precipitation have been established for the total American continent from 

Canada in the north to the south of Chile. With the average annual temperature, the 

relationship of this indicator in humid tropical forests is positive, and in forests of 

excessive moisture is negative, but statistically insignificant. In general, climatic 

indicators explain the weak, and in many cases statistically insignificant share of the 

variability of the biomass of stands (Stegen et al., 2011). In some habitats, elevated 

temperatures can lead to stress from water deficiency and, consequently, to a decrease in 

biomass (Wilmking et al., 2004). 

We cannot compare the results obtained by us with the available results of biomass 

forecasting based on simulation models. According to their forecasts, changes in the 

carbon pool by the end of this century range from -106 to +201 Pg (billion tons). Various 

scenarios of the Dynamic Global Vegetation Model (LPJ-DGVM) show significant 

uncertainty about the future carbon storage in terrestrial biota. Thus, even the sign of a 

change in the carbon pool on the planet is reliably unknown, and we do not fully know 

whether the biota of the planet is a source or storage of carbon (Schaphoff et al., 2006). 

Our results on changes in aboveground tree biomass in two climatic gradients confirm 

the patterns previously established by Russian researchers at the local and regional levels. 

A similar pattern was observed earlier at the local level in the swamp forests of the Tomsk 

region in Siberia, when at maximum amounts of temperatures above 10 °C, equal to 

2200 °C, with an increase in precipitation from 400 to 600 mm, the radial growth of stems 

increases by 30-50%, and at minimum amounts of temperatures (1600 °C) with an 

increase in precipitation in the same range, the radial growth decreases by 4-9%. 

Accordingly, at a precipitation level of 400 mm with an increase in the sum of 

temperatures from 1600 to 2200 °C, the radial growth decreases by 14-20%, and at a 

precipitation level of 600 mm in the same temperature range, it increases by 14-33% 

(Glebov and Litvinenko, 1976). According to the results obtained by Molchanov (1976), 

in the conditions of the North of Eurasia, the air temperature has the greatest influence on 

the growth of the annual ring, and in the conditions of the southern forest-steppe, 

precipitation plays the dominant role. A similar propeller-like pattern, sensitive to climate 

change, was previously identified for the biomass of pine stands (Usoltsev et al., 2019). 

These patterns correspond to Liebig's principle of limiting factors (Liebig, 1840). 

However, Liebig's law of a limiting factor works well in stationary conditions. With rapid 

changes in limiting factors (for example, air temperature or precipitation), forest 

ecosystems are in a transitional (non-stationary) state, in which some factors that have 

not yet been significant may come to the fore, and the final result may be determined by 

other limiting factors (Odum, 1971). 
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We used the existing changes in the tree biomass in the territorial climate gradients to 

predict its possible changes in the assumed temporal gradients of temperature and 

precipitation. However, the fundamental assumption that the spatial relationship between 

climate and biomass can be used to predict the temporal trajectories of biological 

productivity in a changing climate remains largely untested (Veloz et al., 2012). The 

success of applying the theory of space-for-time substitution in plant ecology depends on 

the extent to which the ecological conditions that determine the properties of plants in 

territorial gradients correspond to the future ecological conditions that determine the 

properties of plants in the temporal gradient (Bjorkman et al., 2018; Bergstrom et al., 

2021). Nevertheless, when there is no other way to study ecosystem processes in 

perspective, the method of spatial-for-time substitution is still quite an acceptable 

alternative. 

Conclusion 

On the basis of the database on the aboveground biomass of 1,717 Betula spp. trees 

growing on the territory of Eurasia, formed by the authors, a regression model was 

developed that includes both denrometric indicators of trees and territorial long-term data 

on temperature and precipitation as independent variables. The obtained trans-Eurasian 

regularities are used to predict changes in biomass due to climate shifts based on the 

theory of space-for-time substitution. The regularities of the Eurasian scale are obtained: 

in sufficiently moisture-rich climatic zones, an increase in temperature by 1°C with a 

constant amount of precipitation causes an increase in aboveground biomass, and in 

water-deficient zones its decrease; in warm climatic zones, a decrease in precipitation by 

100 mm with a constant average January temperature causes a decrease in aboveground 

biomass, and in cold climatic zones its increase. 
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