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Abstract
Based on the generated database of 413 and 490 plots of biomass of Populus spp. and Betula 
spp. in Eurasia, statistically significant changes in the structure of forest stand biomass were 
found with shifts in January temperatures and average annual precipitation. When analyzing 
harvest data, the propeller-shaped biomass patterns in the gradients of average annual pre-
cipitation and average January temperatures are obtained, which are common for both de-
ciduous species. Correspondingly, Populus and Betula forests show a regularity common to 
the biomass components: in the cold zones the precipitation increase leads to the increase of 
biomass, and in the warm ones to their decrease. In wet areas, the increase of temperature 
causes the decrease of biomass, and in dry areas, it causes their increase. In accordance with 
the law of the limiting factor by Liebig-Shelford, it is shown that both an decrease in tempera-
ture in dry conditions and a increase in precipitation in a warm climate lead to a decrease in 
the biomass of trees.
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1. Introduction
Most of the environmental problems facing human 

society today can be solved on a global scale only, and 
the priorities of environmental research are shifting to 
the macro-scale level. Unfortunately, the climate sys-
tem of our planet has lost its stationarity, climate di-
sasters are becoming more frequent and strong, and 
climate scenarios are becoming unpredictable. It re-
mains to use the principle: »What will happen if...?«, 
describing possible scenarios of changes in the stand 
biomass, using spatial gradients of climatic variables. 
The climatically determined spatial gradients of the 
productivity of trees and stands can be applied to 
prognosticate its temporal shifts using the theory of 
space-for-time substitution (SfTS). It means using cur-
rent patterns and phenomena observed in spatial gra-
dients to understand and model the same patterns in 
prospective time gradients that are currently unob-
servable. Methods based on SfTS are used in different 
fields (Gaüzère et al. 2020). In particular, ecological 
time series are used to study the long-term nutrient 

cycle and plant succession (Johnson and Miyanishi 
2008). SfTS is used in biodiversity forecasting, and 
there are encouraging results in this regard (Pickett 
1989, Blois et al. 2013).

Allometric models of tree biomass are suggested 
commonly for estimating stand biomass. A study of 
the biases of generic models of tree biomass showed 
that their use in local geographical conditions leads to 
biases: in Pinus sp. from –92 to +94% (Usoltsev et al. 
2017b), in Abies spp. from –68 to +315% (Usoltsev et al. 
2017b), in Picea spp. from –86 to +311% (Usoltsev et al. 
2017c), and in Larix spp. from –52 to +95% (Usoltsev et 
al. 2017a). It has been suggested that these fluctuations 
are due to regional climatic conditions. The inclusion 
of values of territorial temperature and precipitation, 
as additional independent variables in allometric 
models of tree biomass, improved the accuracy of es-
timates (Zeng et al. 2017, Fu et al. 2017). In mentioned 
studies, the territorial differences in climate are ex-
trapolated to the predicted climate shifts over time in 
accordance with the principle of SfTS (Zeng et al. 2017, 
Fu et al. 2017).
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Due to current climate changes, priority is given 
to changing the biomass and NPP of forest ecosys-
tems under the influence of average temperatures 
and precipitation (Lieth 1974). Similar studies are 
performed at both a regional (Forrester et al. 2017, Fu 
et al. 2017, Zeng et al. 2017) and transcontinental 
(Usoltsev et al. 2018a, Usoltsev et al. 2019a, Usoltsev 
et al. 2019b, Usoltsev et al. 2019c) level. Studies of for-
est stand biomass at the transcontinental level, per-
formed for four coniferous species of Eurasia, showed 
that changes in their biomass due to temperatures 
and precipitation are species-specific, i.e. they differ 
between species both in the total and aboveground 
biomass, and in the component composition.

It seems relevant to investigate similar patterns 
for hardwoods. This article is devoted to the study of 
transcontinental climate-related trends in the struc-
ture of forest biomass formed by fast-growing spe-
cies of the genus Populus spp. in comparison with the 
genus Betula spp.

The genus Populus plays a disproportionately im-
portant role in promoting biodiversity and seques-
tering carbon. In Eurasia, it is presented with P. 
tremula L., P. alba Ledeb., P. nigra L., P. laurifolia Ledeb., 
P. pruinosa Schrenk, P. davidiana Dode, etc. It is illus-
trative of efforts to move beyond single-species con-
servation worldwide. The genus Populus is valued for 
many reasons, but one highlights their potential as 
key contributors to regional and global biodiversity 
(Rogers et al. 2020). The genus Betula spp. is included 
in Betulaceae family. This family has 120–150 species 
(Grimm and Renner 2013). The majority of species 
are present in northern zones and have a wide natu-
ral distribution area on the Eurasian continent, rang-
ing from the Atlantic to eastern Siberia. Birch is 
among ten common species in Russia. There are sev-
eral 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 (Hynynen et al. 2009).

The aim of this study is as follows:
⇒ �when using the examples of Populus spp. and 

Betula spp. stand biomass, to identify how their 
stand biomass structure is related to the values 
of territorial temperatures and precipitation at 
the transcontinental level

⇒ �when using the theory of SfTS, to apply the ob-
tained patterns to predict changes in biomass 
due to climate shifts in Eurasia.

2. Objects of Research
This article uses the following abbreviations:
A  	 stand age, years
D  	 stem diameter at breast height
H  	 tree biomass
V  	 stem volume, m3 per ha
N  	 tree density, 1000/ha
Tm	 mean January temperature, °C
PRm	mean annual precipitation, mm
Pi 	 biomass of i-th component, t per ha; involving:
Pa 	 aboveground
Pf 	 foliage
Pb 	 branches
Ps 	 stem over bark
Pr 	 roots
Pt 	 total.
To analyze geographical patterns of biomass dis-

tribution in Eurasian forests formed by stands of the 
genera Populus spp. and Betula spp., from the author's 
database in the amount of 8 thousand sample plots 

Table 1 Distribution of plots with Populus biomass estimates (t/ha) 
by species and countries

Species of Populus Country
Plot

quantity

Populus tremula L.
Russia, Ukraine

Kazakhstan
Estonia, Belarus

188

P. davidiana Dode China, Japan 129

P. trichocarpa Torr. & A.Gray ex 
Hook.

France, Austria
Belgium

Netherlands

37

P. laurifolia Ledeb. Russia 12

P. alba Ledeb.
Russia

Kazakhstan
10

Populus × euroamericana Ukraine 10

P. euphratica Olivier China 9

Populus hybrid Japan 8

P. deltoides W.Bartram ex 
Humphry Marshall

China 6

P. nigra L. Russia 2

Populus × bachelieri Solemacher Bulgaria 1

P. pruinose Schrenk Tajikistan 1

Total 413
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(Usoltsev 2020), the materials of 413 and 490 biomass 
estimates of Populus spp. and Betula spp., respectively, 
are involved (Tables 1 and 2). These biomass data are 
presented in different components (stems, branches, 
foliage, and roots). The distributions of sample plots 
with biomass data of these genera on the map-schemes 
of Eurasia are shown in Fig. 1. Statistics of database 
samples is shown in Table 3.

3. Methods
The use of evapotranspiration as a combined index 

in the assessment of tree production is futile, since it 

explains only 24% of its variance compared to 42%, 
which provides the relation to mean annual precipita-
tion, and compared to 31%, which provides the rela-
tion to mean annual temperature (Ni et al. 2001). 
Therefore, the use of temperature and precipitation 
indices taken from World Weather Maps (2007) is pref-
erable as the most informative climatic factors. We 
superimposed the input data of the biomass based on 
the known coordinates of the sample plots established, 
on the maps of January temperatures and average an-
nual precipitation distribution (World Weather Maps 
2007) and related them with the isolines of the men-
tioned indices on the maps.

Against the background of long-term climatic 
shifts for decades, the prevailing influence is acquired 
by winter temperatures (Toromani and Bojaxhi 2010, 
Bijak 2010, Morley et al. 2017), having in mind that 
winter temperatures in the Northern hemisphere in-
creased faster than summer ones during the 20th cen-
tury (Emanuel et al. 1985, Folland et al. 2001, Laing 
and Binyamin 2013, Felton et al. 2016). This phenom-
enon may be associated with the shift of the earth's 
magnetic pole towards Siberia (Olsen and Mandea 
2007).

Therefore, our preference is for using the mean 
January (as the coldest month) temperature as one of 
the climatic variables. Morley et al. (2017) have sum-
marized as follows: »We found that winter tempera-
tures were particularly useful for explaining inter-
annual variation in species distribution and biomass, 
although the direction and magnitude of the response 
varied among species from strongly negative, to little 
response, to strongly positive. Across species, the re-
sponse to winter temperature varied greatly, with 
much of this variation being explained by thermal 
preference« (P. 2590). In terms of regression analysis, 
a weak temporal trend of summer temperatures com-
pared to a steep trend of winter ones means a smaller 

Table 2 Distribution of plots with Betula spp. biomass estimates 
(t/ha) by species and countries

Species of Betula Country
Number of 
sampling 

sites

Betula pendula Roth.

B. pubescens Ehrh.

Russia, Ukraine, Kazakhstan

Great Britain, Belarus, 
Azerbaijan

Finland, Japan, Sweden

Mongolia, Lithuania, Belgium

Norway, France, Denmark

(Greenland)

340

B. utilis D.Don China 127

B. tortuosa Ldb. Russia 9

B. platyphylla Suk. China, Russia, Japan 6

B. ermanii Cham. China, Japan 4

B. maximowicziana Rgl. Japan 4

Total 490

Fig. 1 Allocation of sample plots with biomass (t/ha) estimates in a number of 413 of Populus (a) and 490 of Betula (b) forest stands on the 
territory of Eurasia
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regression slope and a worse ratio of residual variance 
to the total variance explained by this regression. 
Therefore, our study used the winter temperature.

We included in the regression equations not only 
climate variables, but also mass-forming stand param-
eters as independent variables. The initial structure of 
the model included the main stand parameters – age, 
stem volume, tree density, mean diameter and mean 
height. Mean diameter as correlated with tree density 
and mean height as correlated with age, were exclud-
ed in the process of the regression analysis as not sta-
tistically significant. The cross-products (synergism) 
(lnA)·(lnN) were introduced in the model to account 
for the decrease in the tree density with age and their 
effect on the stand biomass.

In contrast to the previously published model of 
Populus biomass in temperature and precipitation gra-
dients (Usoltsev et al. 2020), in this study, we have 
included an additional climate variable in the biomass 
models that takes into account the combined effect of 
temperature and precipitation, in the form of cross-
products [ln(Tm+50)]·(lnPRm). The distribution of 
temperatures and precipitation on the territory of Eur-

asia does not occur according to geographical coordi-
nates, but is characterized by a large variability in the 
ratio of climatic variables in different regions (Lapenis 
et al. 2005, Usoltsev 2014). Accordingly, the stand bio-
mass in critical situations will be minimized both by 
the shortage or excess in temperatures, as well as both 
by the shortage or excess of precipitation, in full com-
pliance with the law of the limiting factor by Liebig-
Shelford (Odum 1971). The minimum and maximum 
values of biomass will be determined, all other things 
being equal, by the corresponding limiting and opti-
mal combinations of climatic variables. Such a pattern 
is described by a propeller-shaped surface, the ana-
lytical description of which includes not only tem-
perature and precipitation, but also synergism 
[ln(Tm+50)]·(lnPRm) (Usoltsev et al. 2018a, Usoltsev et 
al. 2019a, Usoltsev et al. 2019b, Usoltsev et al. 2019c).

The technique of multiple regression analysis 
(http://www.statgraphics.com/for more information) 
according to three blocks of recursive equations is 
used: two blocks of mass-forming indices N and V and 
single block of biomass Pi (arrows show the sequence 
of calculations)

Table 3 Statistics of database samples for the genera Populus spp. and Betula spp.in Eurasia

Statistic

designation*

Indices analyzed

A N/1000 D H V Pf Pb Ps Pa Pr Pr/Pa

Populus L.

Mean 38 5.1 13.9 14.8 176.3 3.6 14.4 78.4 98.0 30.4 0.33

Min 2 0.1 0.3 1.0 1.5 0.15 0.31 0.37 0.83 1.0 0.12

Max 222 150 38.3 31.0 772.0 10.7 50.6 331.4 377.6 116.0 0.7

SD 24.3 14.8 9.0 7.1 123.2 1.9 9.7 54.2 62.3 16.6 0.09

CV, % 64.7 291.7 64.9 47.9 69.9 53.0 67.5 69.2 63.6 54.6 29.2

n 413 413 413 413 413 413 413 413 413 196 194

Betula L.

Mean 44 16.1 13.5 14.8 167.8 3.3 12.9 86.9 104.2 26.6 0.27

Min 2 0.08 0.5 0.4 0.34 0.02 0.08 0.17 0.27 0.38 0.06

Max 240 2163 48.2 30.3 500.0 14.8 51.2 239.0 280.2 87.1 1.4

SD 27.8 113.7 7.8 6.8 103.6 1.8 8.7 54.3 61.5 13.6 0.14

CV, % 63.7 705.7 57.8 45.8 61.7 54.9 67.8 62.5 59.0 51.0 51.8

n 490 490 490 490 490 490 490 490 490 188 184

* Min = minimum, Max = maximum, SD = standard deviation, CV = coefficient of variation
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→lnN = f {lnA, ln(Tm+50), lnPRm, [ln(Tm+50)]·(lnPRm)} →
→lnV = f [lnA, lnN, (lnA) (lnN), ln(Tm+50), lnPRm, 
[ln(Tm+50)] (lnPRm)} →
→lnPi = f {lnA, lnV, lnN, (lnA) (lnN), ln(Tm+50), ln-
PRm, [ln(Tm+50)] (lnPRm)}	 (1)

4. Results and Discussion
The calculated Eq. 1 for stand biomass are present-

ed in Table 4. Most of the variables are significant at 
the level of probability of P95 as shown in the above 
table. The proportions of the contribution of indepen-
dent variables to the explanation of the variance of the 
dependent variables in Eq. 1 are shown in Table 5. We 
can see that mass-forming stand parameters explain 
on average about 89 and 86% of the variability of all 
biomass components in Populus and Betula, respec-
tively, including 66 and 69% of the contribution from 
the stem volume. Climate variables explain only about 
11 and 14% of the total biomass variability in Populus 
and Betula, respectively.

The Eq. 1 is tabulated in the sequence illustrated 
by arrows. We took from the results of tabulating the 
values of the component composition of biomass of 
Populus and Betula forests for the age of 50 years and 
built 3D-graphs of their dependence upon tempera-
ture and precipitation (Fig. 2 and Fig. 3).

We can see that, as a result of the introduction of 
synergy in the structure of the model (1), theoretical 
values of aspen and birch component biomass (be-
sides branches biomass) have a common propeller-
like configuration. It should be taken in mind that 
these propeller-shaped patterns, shown in Fig. 2 and 
Fig. 3, are an integral variant of sequential superposi-
tion of chain-linked regularities for the tree density, 
then for the volume stock, and finally for the compo-
nent composition of biomass, i.e. the combined effect 
of both the temporal and morphological structure of 
stands, the geographical factor mediated by tempera-
ture and precipitation gradients being also taken into 
account.

Populus and Betula forests show a regularity com-
mon to all the components: in the cold zones  

Table 4 Characteristic of equations (Eq. 1) for forest stands of the genera Populus spp. and Betula spp. in Eurasia

ln(Y)(1) а0
(2) lnA lnV lnN (lnA)·(lnN) ln(Tm+50) lnPRm [ln(Tm+50)]·(lnPRm) adjR2(3) SE(4)

Populus

ln(N) –43.3267 –1.2821 – – – 12.6004 9.0994 –2.3803 0.627 0.78

ln(V) –50.0362 0.2005 – –0.5218 0.1119 15.0504 8.8788 –2.4424 0.420 0.55

ln(Pt) –8.6206 –0.0266 0.7473 –0.3944 0.1242 2.2732 1.4947 –0.3531 0.905 0.15

ln(Pa) –1.5513 0.1609 0.8081 –0.0132 0.0191 0.2174 0.1643 –0.0185 0.933 0.16

ln(Pr) –16.5031 0.0646 0.6402 –0.3064 0.1094 3.8113 2.5545 –0.5898 0.673 0.31

ln(Ps) –3.5544 0.1812 0.8778 –0.0347 0.0336 0.6100 0.3837 –0.0825 0.946 0.16

ln(Pf) –11.7855 0.1128 0.3782 0.1761 –0.0131 1.9379 1.8206 –0.3409 0.480 0.33

ln(Pb) 6.9828 0.1818 0.5483 –0.1436 0.0224 –2.2058 –1.4421 0.4097 0.621 0.40

Betula

ln(N) –14.3298 –1.7556 – – – 4.9674 4.1686 –0.9833 0.715 0.75

ln(V) –26.8621 0.7441 – –0.4407 0.1195 8.0501 4.4803 –1.2297 0.707 0.47

ln(Pt) 1.4864 –0.0459 0.8448 –0.1550 0.0380 0.0336 –0.1811 0.0117 0.940 0.14

ln(Pa) 2.0881 –0.0263 0.9323 0.0140 –0.0110 –0.5446 –0.3178 0.0818 0.973 0.13

ln(Pr) –4.0860 0.0883 0.5914 –0.1821 0.0554 1.5260 0.4457 –0.1905 0.630 0.36

ln(Ps) 0.5362 –0.0665 1.0035 –0.0647 0.0121 –0.3218 –0.0801 0.0322 0.979 0.13

ln(Pf) –29.6226 0.0321 0.5605 0.2644 –0.0287 8.2177 4.3173 –1.2789 0.423 0.42

ln(Pb) 21.1054 0.1267 0.6788 0.0814 –0.0510 –5.4827 –3.8714 0.9525 0.798 0.34
1 Dependent variables; 2 The constant corrected for logarithmic retransformation by: Baskerville (1972); (3)adjR2 – Determination coefficient adjusted for the 
number of variables; (4) SE – Standard error of the equations
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(Tm=–40°C), the precipitation increase from 300 to 900 
mm leads to the increase of biomass, with the excep-
tion of branches, and in the warm ones (Tm=10°C) to 
their decrease. In wet areas (РRm=900 mm), the in-
crease of temperature from –40 to 0°C causes the de-
crease of biomass, and in dry areas (РRm=300 mm), it 
causes their increase, with the exception of branches 
(Fig. 2 and Fig. 3). The question of why the biomass of 
branches in both species goes beyond the limits of a 
common pattern is still to be answered.

Our results confirmed the extended concept of 
limiting factors (Liebig 1840, Shelford 1913, Molchanov 
1971) on the example of climatic gradients of biomass 
of the genera Populus and Betula spp. within Eurasia, 
i.e. we quantified the reaction of the biomass structure 
of stands to the deficit or excess of heat in conditions 
of sufficient moisture supply and to the deficit or 
excess of moisture in conditions of sufficient air 
temperature. In warm regions (Tm=10°C), the biomass 
of stands is limited by excess moisture (РRm=900 
mm), and in cold regions (Tm=–40°C) – by its deficit 
(РRm=300 mm).

However, the law of limiting factors works well in 
stationary conditions. With a rapid change in limiting 
factors (for example, air temperature or precipitation), 
forest ecosystems are in a transitional state, in which 
some factors that were still not significant may come 
to the fore, and the end result may be determined by 
other limiting factors (Odum 1971, Du et al. 2019). This 
may also be likely due to the small contribution of 
climate variables to the explanation of biomass vari-
ability compared to the temporal and morphological 
indices of stands (Table 2).

The pattern obtained for the genera Populus and 
Betula spp. are opposite to the previously obtained pat-
terns for evergreen subgenus Pinus sp. (Usoltsev et al. 
2018a). The explanation of this paradoxical phenom-
enon was sought with the known contradiction by the 
different winter physiology of evergreen and decidu-
ous species. It was stated that in zonal gradient from 
the northern temperate to the subequatorial belt, foli-
age efficiency of deciduous species decreases, while 
that of the evergreen spruce and pine increases in the 
same direction. One of the possible causes of these 

Table 5 Contribution of independent variables of equations (1) to the explanation of variance of dependent variables, %

ln(Y)(1)
Independent variables**

lnA(I) lnV(II) lnN(III) (lnA)·(lnN) (IV) I+II+III+IV ln(Tm+M) (V) lnPRm (VI) [ln(Tm+M)]·(lnPRm) (VII) V+VI+VII

Populus

ln(Pt) 1.2 66.7 9.6 11.0 88.5 3.7 4.2 3.6 11.5

ln(Pa) 11.3 82.7 0.8 4.1 98.9 0.4 0.5 0.2 1.1

ln(Pr) 2.8 55.7 10.0 12.6 81.1 6.0 7.0 5.9 18.9

ln(Ps) 11.9 77.2 1.9 6.3 97.3 0.9 1.0 0.8 2.7

ln(Pf) 10.8 52.9 15.3 3.9 82.9 4.6 7.4 5.1 17.1

ln(Pb) 14.4 58.3 9.3 5.0 87.0 3.9 4.4 4.7 13.0

X±σ(1) 8.7±5.4 65.6±12.2 7.8±5.5 7.2±3.7 89.3±7.4 3.3±2.2 4.1±2.9 3.4±2.4 10.7±7.4

Betula

ln(Pt) 2.9 84.7 6.0 5.4 99.0 0.1 0.7 0.2 1.0

ln(Pa) 1.7 90.4 1.1 3.0 96.2 1.3 1.3 1.2 3.8

ln(Pr) 6.4 66.2 8.9 9.9 91.4 3.8 1.8 3.0 8.6

ln(Ps) 3.8 87.3 4.6 2.9 98.6 0.7 0.3 0.4 1.4

ln(Pf) 1.5 38.6 15.0 5.5 60.6 13.8 12.3 13.3 39.4

ln(Pb) 5.9 48.1 4.7 10.1 68.8 9.6 11.4 10.2 31.2

X±σ(1) 3.7±2.1 69.2±21.9 6.7±4.8 6.1±3.2 85.8±16.7 4.9±5.6 4.6±5.6 4.7±5.6 14.2±16.7

(1) X±σ – mean ± standard deviation; Designations of independent variables see in characteristics of equations (1)
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Fig. 3 Dependence of Betula forest biomass of Eurasia upon the mean January temperature (Tm) and mean annual precipitation (PRm)

Fig. 2 Dependence of Populus forest biomass of Eurasia upon the mean January temperature (Tm) and mean annual precipitation (PRm)
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The patterns stated are opposite to the previously 
obtained regularities for evergreen subgenus Pinus L. 
An attempt is made to explain this contradiction by 
the different winter physiology of evergreen and de-
ciduous species and by different reaction to the length-
ening of the foliated period due to climate change.

The results obtained can be useful in the manage-
ment of biosphere functions of forests, which is impor-
tant in the implementation of climate stabilization 
measures, as well as in the validation of the results of 
simulation experiments to assess the carbon-deposi-
tion capacity of forests. They also provide a prelimi-
nary idea of possible shifts in forest biological produc-
tivity indicators under the influence of climate change.
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