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Abstract

Forest ecosystems, as sinks of atmospheric carbon, play an important role in reducing CO2 emissions and preventing annual
temperatures from rising. On the other hand, climate change entails changes in the structure and functions of all the biota,
including forest cover. Therefore, we attempted to model Betula spp. ecosystem biomass and annual net primary production
(NPP) (t ha-1) using the data from 650 forest stands for biomass, 245 for NPP and biomass, as well as climate data on the
Trans-Eurasian hydrothermal gradients. The model involves regional peculiarities of age and morphology of the forests. It is
found that the reaction of birch biomass and NPP structure on temperature and precipitation corresponds to the principle of
limiting factors by Liebig-Shelford but in different proportions for different species. Since the minimum values of biomass and
NPP occur in regions with minimum precipitation and minimum temperature, these two factors are limiting in terms of biomass
and NPP of birches. The same phenomenon is typical for firs, partly typical for spruces and very differ for larches and pines.
The development of such models for basic forest-forming species grown in Eurasia will give possibility to predict any changes
in the biological productivity of forest cover of Eurasia in relation to climate change.

Abstract

Forest ecosystems, as sinks of atmospheric carbon, play an important role in reducing CO2 emissions and
preventing annual temperatures from rising. On the other hand, climate change entails changes in the
structure and functions of all the biota, including forest cover. Therefore, we attempted to model Betula
spp. ecosystem biomass and annual net primary production (NPP) (t ha-1) using the data from 650 forest
stands for biomass, 245 for NPP and biomass, as well as climate data on the Trans-Eurasian hydrothermal
gradients. The model involves regional peculiarities of age and morphology of the forests. It is found that the
reaction of birch biomass and NPP structure on temperature and precipitation corresponds to the principle
of limiting factors by Liebig-Shelford but in different proportions for different species. Since the minimum
values of biomass and NPP occur in regions with minimum precipitation and minimum temperature, these
two factors are limiting in terms of biomass and NPP of birches. The same phenomenon is typical for
firs, partly typical for spruces and very differ for larches and pines. The development of such models for
basic forest-forming species grown in Eurasia will give possibility to predict any changes in the biological
productivity of forest cover of Eurasia in relation to climate change.

Key words : Betula spp. forests, forest biomass, biological productivity, net primary production, regression
equations, mean January temperature, annual mean precipitation, the principle of limiting factors by Liebig-
Shelford.

At the United Nations climate summit in Paris in December 2015, 196 countries committed themselves to re-
ducing CO2 emissions and preventing annual average temperatures from rising by more than 2°C by the end
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of the century. Forest ecosystems, as sinks of atmospheric carbon, play an important role in this perspective.
In relation to global climate change, the scientific society needs to know quantitative information of forest
biological productivity not only in statics but also in dynamics. But the latter is very problematic today.
R.A. Houghton et al. (2009) write in “Geophysical Research Letters”: “Our knowledge of the distribution and
amount of terrestrial biomass is based almost entirely on ground measurements over an extremely small,
and possibly biased sample, with many regions still unmeasured. Our understanding of changes in terrestri-
al biomass is even more rudimentary”. Some analysis of methodically conditioned uncertainties related to
experimental obtaining these data on sample plots is performed (Usoltsev, 2007b).

The net primary productivity (NPP) of a forest ecosystem is defined as the rate at which solar energy
is absorbed by the forest cover during photosynthesis (Odum, 1975), and it is determined by the same
ecological independent variables as its biomass. In this time, it is very important to know a ratio of NPP
to forest biomass, especially in terms of climate change. Nevertheless, H.E. Keeling and O.L. Phillips (2007)
write: “Dynamic global vegetation model simulations imply that any increase in forest productivity driven
by climate change will result in increases in biomass and therefore carbon storage. However, few studies have
explored the strength and form of the relationship between forest productivity and biomass, whether in space
or time”. And there is a problem with forest biomass too: “An understanding of the relationship between
forest biomass and climate is needed to predict the impacts of climate change on carbon stores. Biomass
patterns have been characterized at geographically or climatically restricted scales, making it unclear if
biomass is limited by climate in any general way at continental to global scales. . . Biomass is not strongly
limited by climate in most forests so that forest biomass may not predictably respond to changes in mean
climate” (Stegen et al., 2011).

Despite these uncertainties, it is now clearly established that temperature and precipitation are the most
informative climatic factors that determine not only the radial growth of tree stems (Kharuk et al., 2015; He
et al., 2019), but also forest stand NPP (Ni et al., 2001; Fang et al., 2016). The use of evapotranspiration as a
combined index in the assessment of NPP is futile, since it explains only 24% of the NPP variability compared
to 42%, which provides the relation to mean annual precipitation, and compared to 31%, which provides the
relation to mean annual temperature (Ni et al., 2001). Numerous studies of stochastic relationships of stand
NPP with temperature and precipitation have been carried out at a regional level without accounting for
stand age and morphology (Ni et al., 2001; Fang et al., 2016), and at a global level without accounting for
stand age and morphology and even without taking in mind tree species composition (Lieth, 1974; Nemani
et al., 2003; Anderson et al., 2006; Huston & Wolverton, 2009).

The influence of temperature and precipitation on the NPP change of tree species with accounting for stand
age, morphology, and species composition has been studied at global or trans-continental level very seldom
and in relation to coniferous species only (Usoltsev et al., 2019a). Hence, the purpose of this study was
to develop a model of NPP change in birch (Betula spp.) stands as a reaction to change of mean January
temperatures and sum of annual precipitation along to the Trans-Eurasian gradients.

Birch (Betula spp.) is a genus comprising about 120 species belonging to the Betulaceae C.A. Agardh. family,
40 of which are presented in Russia. There are several species in the common birch category from the section
Albae Rgl.: European 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.), etc. (Usoltsev, 2019).

The database compiled by V.A. Usoltsev (2010, 2013) makes it possible to perform this analysis of NPP
(eventually for carbon sinks) at the trans-continental level. In the presence of the wide range of variation of
hydrothermal indices in Eurasia, it seems promising to relate the NPP structure of birch stands described by a
system of equations to two hydrothermal indices – mean January temperature and mean annual precipitation.

Materials and methods

The database on biomass of forest-forming species of Eurasia (Usoltsev, 2010, 2013) consisting of data
published by a large number of authors was used in the modeling process of this study. From this database,
650 sampling sites with the biomass data of birch forest stands were selected. In most cases, sample trees
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were taken in a number from 5 to 10 copies on each of sample plots. Then samples were taken from each
biomass component to determine the dry matter content (and for wood and bark of stems also to determine
the basic density) and after drying the samples at the temperature of 80-1000 C, the results were recalculated
for the whole tree. The quantity of each biomass component per 1 ha was determined by regression method.
Nevertheless, some sampling procedures for estimating biomass of tree components differed between the
studies, since they were performed by representatives of different scientific fields in forestry. The NPP in
most cases was determined: of stems - by the ratio of its annual growth and volume, of roots - by the
proportion of aboveground biomass and roots, of branches as a quotient of the division of branch biomass
by crown age (Usoltsev, 2007a).

Not all biomass components are equally presented in the database: if the mass of stems above bark, branches
and needles are determined on the all 650 plots, then the mass of the stem bark on 275, the mass of roots
on 310 and the mass of understorey (the sum of grasses, brushes and ingrowth) on 320 plots. Data on birch
biomass are distributed in Eurasia as follows: Western and Central Europe - 93, Russia - 360, Kazakhstan
-58, China -130 and Japan - 9 definitions. Data on birch NPP and biomass are distributed in Eurasia as
follows: Western and Central Europe - 22, Russia - 80, Kazakhstan -13, China -127 and Japan - 3 definitions
(Table 1).

Table 1. List of harvest biomass and NPP data in Betula spp. used for biomass and NPP modeling

The matrix of biomass data representing individual components and forest stand characteristics was conju-
gated with the values of mean January temperature (Fig. 1 ) and precipitation (Fig. 2 ) taken from World
Weather Maps (2007).

Figure 1. Distribution of 650 sample plots, where Betula trees have been harvested,
on the map of the mean January temperature, °C (World Weather Maps, 2007;htt-
ps://store.mapsofworld.com/image/cache/data/map_2014/currents-and-temperature-jan-enlarge-
900x700.jpg).

Figure 2. Distribution of 650 sample plots, where Betula trees have been harvested, on the map of the
mean annual precipitation, mm (World Weather Maps, 2007;http://www.mapmost.com/world-precipitation-
map/free-world-precipitation-map/).

It is generally known that the efficiency of environmental object modelling depends on the level of implemen-
tation of a meaningful analysis of empirical data, i.e. on the level of studying the change of impact factors
over time and space. In relation to a single factor, this principle means identifying the most informative
(active) range of its effects (Liepa, 1980) to find the optimal range within which the selected factor, ambi-
guous in its informativity, would explain the largest proportion of variability of the resulting variable. In our
case, the schematic map of the isolines of mean January temperature, rather than that of the mean annual
temperature, was used, as climate warming is most pronounced in the cold half of the year (Laing & Binya-
min, 2013; Felton et al., 2016). Obviously, taking the mean winter temperature as one of the independent
variables, we get a more reliable dependence having the higher predictive ability.

Besides, to ensure the maximum stability of the model, each of the selected factors (independent variables)
should be presented in the maximum range of its variation (Usoltsev, 2004). In our example, mean January
temperatures range from -40°C in the forest-tundra of the North–Eastern Siberia to +10°C in the subtropics
of China, and mean annual precipitation from 190 mm in the permafrost regions of North-Eastern Siberia
and the steppe zone of Eurasia to 1,140 mm in the territory of China.

When choosing the structure of the regression model, we adhered to the concept that there is only one definite
variant of stand biomass and NPP structure corresponding to a given structure of a stand age and morphology
(Usoltsev, 2007b). Since different biomass components are presented in the available databases in different
ratios, the dependencies of the less represented component on the more represented one are calculated, for
example, the total NPP on the aboveground one (Gower et al., 2001), or studying and modeling different
root: shoot ratios (Levy et al., 2004; Wang et al., 2008).
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As it was shown in Table 1, the NPP and biomass data of birches is almost three times smaller compared to
their biomass only. Therefore, we included in our model the dependence of NPP on biomass. Since we need
to disclose the influence of climate variables on the NPP: biomass ratio, we need to eliminate as much as
possible the biases caused by regional features of the age and morphological structure of birch stands. The
influence of climate variables affects not only the biomass : NPP ratio, but also the morphological structure
of stands (number of trees per ha, site index, volume stock), and this influence of morphological structure
is consistently superimposed on the biomass : NPP ratio, as well as the biologically conditioned influence
of the stand age (Gower et al., 1996; Magnani et al., 2000). To implement such an algorithm, we applied
the method of recursive relations (Draper & Smith, 1966), i.e. a chain of equations in which a dependent
variable of a previous equation is included in a subsequent equation as one of its independent variables.
The regression coefficients of multiple regression equations (1), (2), (3) and (4) are calculated using the
Statgraphics software (see http://www.statgraphics.com/for more information).

Results

This sequence is represented by the common model to be calculated:

N = exp {8,2323-1,6448(lnA)-1,1071[ln(Tm+50)]+0,3929(lnPRm); adjR2 = 0,631; SE = 2,25 (1)

|

V= exp {-0,0174+0,8703(lnA)-0,3795(lnN )+0,1259(lnA)(lnN )+0,4301[ln(Tm+50)]+ +0,0281(lnPRm); adjR2 = 0,615; SE = 1,68 (2)

|

Pi = exp {a0+a1(lnA)+a2(lnV )+a3(lnN ) +a4(lnA)(lnN )+a5[ln(Tm+50)]+a6(lnPRm)} (3)

|

Zi = exp {a0+a1(lnA)+a2(lnPi) +a3[ln(Tm+50)]+a4(lnPRm)} (4)

In equations (1)-(4): Pi – biomass ofi -th component, t/hа; Zi – annual NPP ofi -th component, t/hа;
А – stand age, yrs; V – stem volume, m3/hа; N – tree density, 1000/hа;i – index of biomass component:
total wood storey (t), understorey including the sum of brushes, undergrowth, and living grass cover (u),
aboveground wood storey (a), underground wood storey, or roots (r), stem over the bark (s), foliage (f), and
branches (b);РRm – mean annual precipitation, мм; Тm – mean January temperature, °С. Because mean
January temperature in northern part of Eurasia has negative values, corresponding independent variable is
modified to the form (Тm +50).

The initial structure of the model included the main mass-forming indices of stands – 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 excluded in the process of the regression analysis as not statistically significant.
The synergism (lnA )·(lnN ) was introduced in the model to account for the decrease in the tree density
with age and its effect on the stand biomass. The final structure of the model included only those mass-
forming indices that were statistically significant for all biomass components. After correcting on logarithmic
transformation by G.L. Baskerville (1972), the calculated equations (3) and (4) for the different components
of the phytocenosis biomass and NPP are presented in Tables 2 and 3. All the regression coefficients for
numerical variables in equations (1)-(4) are significant at the level of probability P0.95 or higher, and the
equations are adequate to harvest data.
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The results of tabulating the model in the sequence of equations (1), (2), (3) and (4) present the rather
cumbersome table. We took from it the values of the component composition of biomass and NPP of birch
forests for the age of 50 years and built 3D-graphs of their dependence upon temperature and precipitation
(Figs. 3 and 4).

Discussion

It is well known the Liebig’s law of the minimum (1840), according to which a growth rate depends on the
factor that is at the minimum in relation to its needs. Although J. Liebig, followed by J. Esslen (1905), had
shown that a limiting factor can be not only a lack, but also an excess of such factors as light, heat and
moisture (a lot of ”good” is also ”not good”), nevertheless, he focused his attention mainly on the effect of
the minimum of chemicals (oxygen, phosphorus, boron, etc.), and as a result of that, this phenomenon was
established in science as the law (principle) of the minimum by Liebig.

The idea of the limiting influence of the maximum on a par with the minimum was developed by V. Shelford
(1913), who extended the limiting principle to any environmental factors and became known as the author
of Shelford’s law of tolerance. W.P. Taylor (1934) followed the same concept. Later A.A. Molchanov (1971)
interpreted the limiting principle in relation to forest ecosystems as an ”extended concept of limiting factors”,
according to which ”any state approaching or exceeding the limit of resistance for any organism and groups of
interest can be considered as a limiting factor” (p. 271). Recently, this phenomenon has become widespread
as the principle of limiting factors by Liebig-Shelford (Rozenberg et al., 2016).

The reaction of birch biomass (Fig. 3) and NPP (Fig. 4) structure on temperature and precipitation corre-
sponds to the principle by Liebig-Shelford: since the minimum values of biomass and NPP occur in regions
with minimum precipitation (200 mm) and minimum temperature (-40°C), these two factors are limiting in
relation to biomass and NPP, and the same phenomenon is typical for firs (Usoltsev et al., 2019b).

Table 2. Characteristics of biomass equations (3)

a adjR2 – determination coefficient adjusted for the number of variables;

b SE – standard error of the equation in the original dimension Pi (t/ha).

Table 3. Characteristics of NPP equations (4)

Figure 3. Dependence of birch phytocenoses biomass of Eurasia upon the mean January temperature (Tm
) and mean annual precipitation (PRm ). Designations: Pt, Pu, Pr, Ps, Pf, Pb are respectively biomass of:
total wood storey (a ), understorey (b ), underground storey (roots) (c ), stems (wood and bark) (d ), foliage
(e ) and branches (f), t/ha.

Figure 4. Dependence of birch phytocenoses NPP of Eurasia upon the mean January temperature (Tm )
and mean annual precipitation (PRm ). Designations see Fig. 3.

Reaction of spruces (Usoltsev et al., 2019c) to the climate variables is similar to the response of birches only
in part: if in warm regions (+10°C) with increasing precipitation, the productivity of spruce stands increases,
then in cold regions it is minimal regardless of the level of precipitation, i.e. the limiting factor for spruce
productivity is only the temperature.

Another character of differences of birch biomass and NPP is with two-needled pine ones (Usoltsev et al.,
2019a): in the conditions of warm shortage with sufficient moisture supply (Northern Siberia’ regions), an air
temperature increase leads to an increase in the productivity of stands of pines, but an increase in precipi-
tation leads to its decrease. In conditions of moisture deficiency with sufficient warm supply (steppe part of
Central Asia), the temperature increase causes a decrease in productivity, and the increase in precipitation,
on the contrary, its increase. This demonstrates the confirmation of the limiting factor principle: in conditions
of a lack of moisture or heat, any increase in precipitation or temperature exacerbates the limitation, and
biomass decreases, and vice versa.
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Genus Larix spp. as an unique deciduous tree in the evergreen world (Gower & Richards, 1990) is consistent
with birches, spruces and firs on the reaction of biomass and NPP to temperature, but due to precipitation,
the biomass of all its components decreases (Usoltsev et al., 2019d; Usoltsev et al., 2020). Thus, for larch
biomass and NPP, limiting factors are lack of heat and excess of moisture.

All these differences can be explained by species-specific hydrothermal optima of birches, pines, spruces,
larches and firs. S. Gower and J. Richards (1990) considered the widespread occurrence of deciduous larches
in the evergreen world of conifers as a paradox and “an intriguing puzzle given the concept that the evergreen
habit is more advantageous in harsh environment”, for example, on permafrost sites. T. Givnish (2002), in
his analysis of adaptation features of coniferous and deciduous species, expands the field of paradoxes and
considers even the triple paradox involving dominance by: “(1) evergreens in highly seasonal, boreal forests,
(2) deciduous larch in many nutrient-poor peatlands, and (3) evergreen leaf-exchangers in nutrient-poor
subtropical forests, even though they shed their leaves just as frequently as deciduous species”. To these
paradoxes one can add the contradictory relations of assimilation biomass and stem growth in European
Russia and in the Siberian northern taiga, revealed for the total forest cover (Lapenis et al. 2005) as well
as the contradictions of zonal foliage efficiency in coniferous and deciduous species (Usoltsev, 2017). The
contradictions revealed by us in adaptation abilities of birches, larch, pines, spruces and firs together with
the mentioned paradoxes confirm the known thesis according to which the solution of each new problem and
the corresponding removal of the associated uncertainty generates several new problems and uncertainties.

In order to understand possible impacts of climate change on biological productivity of forest cover and to
obtain sufficiently adequate simulation results of this relationship, it is necessary to provide experimental
data on productivity and climate variables in the widest possible range of their variation, i.e. at global or
continental levels. In a recent work (Zeller et al. 2018), geographical coordinates of sample plots, as well as
annual precipitation and temperature were included in the model of forest productivity for the territories
of Germany and the United States along with main defining independent variables, and the results were
somewhat uncertain. We assume that the evidence of the authors is contradictory because: (1) climate
variables are correlated with geographical coordinates of sample plots in this model, and (2) the ranges of
variability of climate variables within a country were too small to obtain stable patterns. To avoid such
uncertain results, a transcontinental level of analysis was chosen in our study, and geographical coordinates
were not included among independent variables.

In this relation, the question may arise why modelling was performed at a level of Betula spp. genus, and
not for individual birch species. In the world affected by climate change, large-scale analyses are needed as
they can provide us with general trends. The spatial distribution of individual Betula species in Eurasia is
rather scattered and complementary, which disables a large-scale analysis of individual species based on the
available empirical data. In plant horology, this distribution is known as species substitution, or replacing of
species, which occurs in the cases of paleo-geographically protracted dissociation of once continuous plant
habitat (Hultén 1937; Tolmachev 1962) or due to the climatologically caused morphogenesis (Chernyshev
1974).

A disadvantage of the database used in this study is the uneven spatial distribution and different represen-
tation of sampling sites and individual species over Eurasia (Figs. 1 and 2; Table 1). Since in the regression
analysis of biomass data we used the least squares method, estimates of biomass in ecoregions with a mini-
mum number of sampling sites (subarctic area) may be biased due to the greater ”information weight” of
ecoregions with the largest number of sampling sites (European Russia and the Ukraine). Methodological
uncertainties causing biases in biomass amounts in individual tree parts may also affect the accuracy of the
estimates. This applies primarily to the underground biomass. The analysis of the world data of underground
tree biomass has showed that due to the imperfection of methods to estimate fine root biomass, the total
underground biomass of stands may be underestimated two to five times (Usoltsev 2018).

To this we can add two more uncertainties:

1) The patterns of biomass amount change under assumed changed climatic conditions (Figs. 3 and 4) are

6
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hypothetical. They reflect long-term adaptive responses of forest stands to regional climatic conditions and
do not take into account rapid trends of current environmental changes, which place serious constraints on
the ability of forests to adapt to new climatic conditions (Alcamo et al., 2007). The law of limiting factors
works well in stationary conditions. With a rapid change in limiting factors (such as air temperature or
precipitation), forest ecosystems are in a transitional (non-stationary) state, in which some factors that were
still not significant may come to the fore, and a final result may be determined by other limiting factors
(Odum, 1975).

2) The presented patterns are related to birch forests, which are either pure or with a slight admixture of
other tree species. However, birch usually grows in mixed stands with aspen (Usoltsev, 1974). There is a lot
of evidence that mixed stands are more resistant to stress caused by abiotic factors and are more productive
than pure stands (Liang et al., 2016). However, a recent study of NPP of aboveground biomass from forests
in Spain and Canada over a wide range of biodiversity index values as well as of mean temperature and
moisture conditions led to a paradoxical conclusion (Paquette et al., 2018). The authors found that in pure
forest stands (where biodiversity index is zero), NPP reacts to temperature rise of 1-2°C in different climatic
zones in different ways: it grows in temperate forests, remains stable in boreal forests and declines in the
Mediterranean forests. However, as the biodiversity index increases, these trends gradually transform into a
unified negative trend, common for all zones (Paquette et al., 2018). This result indicates that the revealed
trajectories of changes in biomass and NPP of pure (or almost pure) forest communities may not hold
under the conditions of variable climate: in forests with an increased biodiversity index, the patterns can be
significantly modified and even reversed.

Taking into account the stated methodological and conceptual uncertainties, the results presented in this
study should be considered as preliminary ones. They can be modified if the biomass database will be enlarged
by additional data, mainly site-specific and stand-specific characteristics as well as by more advanced and
correct methodologies.

Conclusion

Thus, the first attempt of modeling changes in component composition of biomass and NPP of birch commu-
nities on the Trans-Eurasian hydrothermal gradients, involving regional peculiarities of age and morphology
of the forests, is fulfilled. It is found that the reaction of birch biomass and NPP structure on temperature
and precipitation corresponds to the principle by Liebig-Shelford: since the minimum values of biomass and
NPP occur in regions with minimum precipitation (200 mm) and minimum temperature (-40°C), these two
factors are limiting in relation to biomass and NPP, and the same phenomenon is typical for firs but differ
for larches, pines and spruces. The development of such models for basic forest-forming species grown in
Eurasia will give possibility to predict any changes in the biological productivity of forest cover of Eurasia
in relation to climate change.
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Species of Betula Country Number of sampling sites
Biomass Biomass Biomass
Betula pendula Roth. B.
pubescens Ehrh.

Russia, Ukraine, Kazakhstan,
Great Britain, Belarus,
Azerbaijan, Finland, Japan,
Sweden, Mongolia, Lithuania,
Belgium, Norway, France,
Denmark (Greenland)

500

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 Total 650
NPP and biomass NPP and biomass NPP and biomass
B. pendula Roth. B. pubescens
Ehrh.

Russia, Kazakhstan, Great
Britain, Belarus, Finland, Sweden,
Lithuania, Belgium, France

115

B. utilis D.Don China 127
B. maximowicziana Rgl. Japan 3
Total Total 245

Table 2. Characteristics of biomass equations (3)

Biomass components Regression coefficients of equations (3) Regression coefficients of equations (3) Regression coefficients of equations (3) Regression coefficients of equations (3) Regression coefficients of equations (3) Regression coefficients of equations (3) Regression coefficients of equations (3) adjR2 a SEb

Pt 5.8057 A -0.0345 V 0.7813 N -0.3137 A 0.0795 lnN (Tm+50 ) -0.0481 PRm -0.0798 0.943 1.18
Pu 0.0052 A 0.3668 V -0.0474 N -0.2501 A 0.0694 lnN (Tm+50 ) 0.6425 PRm 0.5034 0.121 2.33
Pa 1.2499 A -0.0106 V 0.9028 N -0.0162 A -0.0008 lnN (Tm+50 ) 0.0099 PRm -0.0276 0.975 1.14
Pr 4.9132 A 0.0929 V 0.5196 N -0.4772 A 0.1279 lnN (Tm+50 ) -0.0780 PRm -0.1387 0.633 1.50
Ps 0.8408 A -0.0553 V 0.9929 N -0.0804 A 0.0196 lnN (Tm+50 ) -0.0630 PRm 0.0016 0.980 1.14
Pf 0.1388 A 0.0251 V 0.5438 N 0.2360 A -0.0355 lnN (Tm+50 ) 0.3562 PRm -0.1479 0.486 1.57
Pb 0.6307 A 0.1424 V 0.6278 N 0.0190 A -0.0366 lnN (Tm+50 ) 0.3591 PRm -0.3073 0.780 1.45

a adjR2 – determination coefficient adjusted for the number of variables;

b SE – standard error of the equation in the original dimension Pi (t/ha).

Table 3. Characteristics of NPP equations (4)

NPP components Regression coefficients of equations (4) Regression coefficients of equations (4) Regression coefficients of equations (4) Regression coefficients of equations (4) Regression coefficients of equations (4) adjR2 SE
Zt 0.0966 A -0.5699 Pt 0.9245 (Tm+50 ) 0.0335 PRm 0.3674 0.930 1.21
Zu 0.1954 A -0.1913 Pu 0.8918 (Tm+50 ) 0.1201 PRm 0.1819 0.652 1.53
Za 0.4222 A -0.5698 Pa 0.7890 (Tm+50 ) 0.1422 PRm 0.1713 0.820 1.34
Zr 0.1895 A -0.7422 Pr 0.9875 (Tm+50 ) 0.0462 PRm 0.2296 0.916 1.24
Zs 0.0971 A -0.8745 Ps 0.9038 (Tm+50 ) 0.3478 PRm 0.2786 0.859 1.40
Zf 0.9294 A -0.0431 Pf 0.9832 (Tm+50 ) -0.0379 PRm 0.0555 0.954 1.17
Zb 0.0792 A -0.8302 Pb 0.7365 (Tm+50 ) 0.2133 PRm 0.4576 0.704 1.47
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