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Abstract
It has been established that in cold climatic zones any increase in rainfall leads to a correspond-

ing decrease in biomass volume and in warm zones an increase in rainfall leads to an increase in

biomass value. Furthermore, in water-rich areas (900 millimeters [mm] per year), a rise in tem-

perature causes an increase of biomass values, whereas in arid areas (300 mm per year) it causes

reductions. These statements confirm previously recognized results that other researchers docu-

mented at both local and regional levels. For natural and planted tree stands, these patterns fol-

low suit, but in absolute terms plantation biomass shows annual increases in total biomass, roots,

stems, needles, and branches, of 16, 18, 11, 2, and 3%, respectively, compared to natural stands.

The percentage of change in the structure of biomass is related to the ratio of the two climatic

indices—temperature and rainfall. In particular, for the central part of European Russia, the Rus-

sian Far East, and northeastern China, which are characterized by mean annual temperatures in

January of –10 degrees Celsius (◦C) and mean annual precipitation of 500 mm, any temperature

increase of 1◦C at a constant level of precipitation increases biomass of stands aged 100 years in

total biomass, roots, stems, needles, and branches, by 2.2, 1.8, 2.5, 0.36, and 2.3%, respectively,

regardless of the origin of the stands. In the same regions and with pine stands of the same age,

a precipitation increase of 100 mm at an unchanged mean temperature reduces total biomass,

roots, stems, and needles by 5.8, 2.3, 6.5, and 0.3%, respectively, and increases branch biomass

by 0.3%. The development of such models for the basic forest-forming species grown in Eurasia

will make it possible to predict changes in the biological productivity of the forest cover of Eurasia

related to climate change.

K E Y W O R D S

additive biomass equations, annual mean precipitation, annual mean temperature, biological

productivity, biosphere role of forests, forest biomass, allometric model, two-needled pines

1 I N T RO D U C T I O N

In recent years, there has been an explosion in the development of

methods for evaluating forest biological productivity in relation to

what has been observed due to climate change from the 1960s through

the 1980s (Budyko, 1977; Laing & Binyamin, 2013), as predicted at the

end of the 19th century in the works of “the father of global warm-

ing,” Svante Arrhenius (1896). Because climate change affects natu-

ral zones in a localized manner, which was established as a result of a

long evolution of vegetation (Kosanic, Anderson, Harrison, Turkington,

& Bennie, 2018; Mäkipää, Villén-Peréz, Salemaa, & Heikkinen, 2015),

climatic change inevitably entails changes in vegetation productivity

(Fang, Wang, & Shao, 2016; Schaphoff, Reyer, Schepaschenko, Gerten,

& Shvidenko, 2016). To predict the impacts of climate change on forest

productivity, one must know the linkages between forest biomass and

climate indices (Stegen et al., 2011).

The most informative climate factors that determine forest produc-

tivity are temperature and precipitation. For the whole of the American

continents from Canada in the North to the South of Chile (from 55◦N

to 41◦S), it has been revealed that the biomasses of dry tropical and

temperate forest stands of varied species and morphological struc-

tures depend on mean annual precipitation (R2 =0.37–0.39). The index

of annual precipitation to mean annual temperature in humid tropical

forests is positive (R2 = 0.13), and in the forests with an excess of

hydration it is negative, although not statistically significant (R2 =0.02;

Stegen et al., 2011).

Environ Qual Manage. 2018;28:55–61. c© 2019 Wiley Periodicals, Inc. 55wileyonlinelibrary.com/journal/tqem
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EXHIBIT 1 Allocation of sample plots with biomass (t/ha) determinations in a number of 2,460 pine (subgenus Pinus) forest stands in the
territory of Eurasia [Color figure can be viewed at wileyonlinelibrary.com]

Using 1,340 sample plots established in six forest biomes for

basic forest-forming species in China, Ni, Zhang, and Scurlock (2001)

showed direct positive dependences of net primary production (NPP)

based on mean annual precipitation (R2 = 0.42–0.86) and, in a

somewhat less pronounced fashion, on mean annual temperature

(R2 = 0.31–0.60).

Analysis by Fang et al. (2016) of the variability of Korean cedar

NPP in the Changbai Mountains in China, which correlated with radial

growth over the past 50 years, showed that two-factor linear depen-

dence of the mentioned indices on the minimum temperature in April

and summer precipitation explains 28% of the total variability of NPP,

while this relationship with both indices was positive (Fang et al.,

2016).

A study of sensitivity to climate variables of allometric models

of aboveground and underground Larix sp. single-tree biomass in a

territory in China showed that an increase in mean annual tem-

perature by 1 degree Celsius (◦C) leads to an increase in above-

ground biomass of equal-sized trees of 0.87%, but a decrease in

underground biomass of 2.26%. However, an increase in average

annual precipitation at 100 millimeter (mm) reduces aboveground and

underground biomass by 1.52 and 1.09%, respectively (Zeng et al.,

2017).

Thus, numerous studies of stochastic dependencies of forest pro-

ductivity on temperature and precipitation have been carried out on

a regional level—although in most cases without providing indices

of stand age and morphology—and on global level, without taking

into account species composition. This has led to problems in deter-

mining the impact of climate change on the productivity of sin-

gle species (genera) in transcontinental gradients, as the available

information is sketchy and contradictory. Thus, actual impacts are

unknown.

EXHIBIT 2 The pattern of disaggregating three-step proportional
weighting additive model Designations Pt, Pr, Pa, Pc, Ps, Pf, Pb, Pw, and
Pbk are stand biomass, respectively: total, underground (roots),
aboveground, crown (needles and branches), stems above bark (wood
and bark), needles, branches, stem wood, and stem bark
correspondingly in tons per hectares (t/ha)

In this study, we first attempt to model changes using addi-

tive component composition of forest-stand biomass of two-needled

pines according to the annual mean temperature and precipitation of

Eurasian gradients, taking into account regional particularities of age

and stand morphology indices. Additivity of component composition

means that the total biomass of its components (e.g., stems, branches,

foliage, roots), derived from component equations, must be equal to

the result obtained using the common equation (Bi et al., 2010). The

database of stand biomass for forest-forming species in Eurasia is used

in the process of modeling (Usoltsev, 2013).

2 M AT E R I A L S A N D M E T H O D S

The database used in this study defines 2,460 sample plots with

forest stand biomass in tons per hectares (t/ha) (Exhibit 1). These
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EXHIBIT 4 The final form of the additive biomass model

Pt = 41.8764A−0.0947A0.0191(ln A)M 0.8283N 0.0072X −0.0347(Tm+40)−1.7081(Tm+40)0.0431(ln Tm+40)PRm−0.1754PRm−0.0555(ln PRm)(Tm+40)0.2542(ln PRm)

Step 1 Pa = 1
1+ 8.95E−07A1.2051 A−0.1328(ln A) M−0.1300 N0.0742 X−0.0168 (Tm+40)4.6666 (Tm+40)−0.1733(ln Tm+40) PRm0.8773 PRm0.0784(ln PRm) (Tm+40)−0.5627(ln PRm) × Pt

Pr = 1
1+ 1.12E+06 A−1.2051 A0.1328(ln A) M0.1300 N−0.0742 X0.0168 (Tm+40)−4.6666 (Tm+40)0.1733(ln Tm+40)PRm−0.8773 PRm−0.0784(ln PRm) (Tm+40)0.5627(ln PRm) × Pt

Step 2 Pc = 1
1+ 2.72E−07 A1.0200 A−0.0875(ln A) M0.3916 N0.0585 X0.0617 (Tm+40)1.8472 (Tm+40)0.1995(ln Tm+40) PRm2.9531 PRm−0.1157(ln PRm) (Tm+40)−0.4964(ln PRm) × Pa

Ps = 1
1+3.68E+06 A−1.0200 A0.0875(ln A)M−0.3916 N−0.0585 X−0.0617 (Tm+40)−1.8472 (Tm+40)−0.1995(ln Tm+40)PRm−2.9531 PRm0.1157(ln PRm) (Tm+40)0.4964(ln PRm) × Pa

Step 3a Pf = 1
1+ 0.4740 A0.1117 A0.0106(ln A) M0.1432 N−0.1183 X−0.0332 (Tm+40)−3.6237 (Tm+40)0.0165(ln Tm+40) PRm1.8230 PRm−0.3063(ln PRm) (Tm+40)0.6049(ln PRm) × Pc

Pb = 1
1+ 2.1097 A−0.1117 A−0.0106(ln A) M−0.1432 N0.1183 X0.0332 (Tm+40)3.6237 (Tm+40)−0.0165(ln Tm+40) PRm−1.8230 PRm0.3063(ln PRm) (Tm+40)−0.6049(ln PRm) × Pc

Step 3b Pw = 1
1+ 5.02E+20 A−0.1191 A0.0272(ln A) M−0.2688 N0.1802 X−0.0512 (Tm+40)−6.9154 (Tm+40)0.7484(ln Tm+40) PRm−12.1894 PRm0.8965(ln PRm) (Tm+40)0.3476(ln PRm) × Ps

Pbk = 1
1+ 1.99E−21 A0.1191 A−0.0272(ln A) M0.2688 N−0.1802 X0.0512 (Tm+40)6.9154 (Tm+40)−0.7484(ln Tm+40) PRm12.1894 PRm−0.8965(ln PRm) (Tm+40)−0.3476(ln PRm) × Ps

Notes: Pi = biomass of i-th component in tons per hectare (t/ha); i = index of biomass component: total (t), aboveground (a), roots (r), crowns (c), stems above
bark (s), needles (f), branches (b), stem wood (w), and stem bark (bk); A = stand age in years (years); M = stem volume in cubic meters per hectare (m3/ha);
N = tree density, 1000 per hectare (1000/ha); X = dummy variable: for natural pines X = 0 and for pine plantations X = 1; PRm = mean annual precipitation,
in millimeters (mm); Tm = January mean annual temperature in degrees Celsius (◦C). Because the January mean annual temperature in Northern Eurasia has
negative values, the corresponding independent variable is modified to the form (Tm + 40).

plots include 1,480 plots of natural forest and 980 of planted forests.

Subgenus Pinus sp. is present in 86% of the plots, including Scots pine

(Pinus sylvestris L.) and in smaller quantities by the following species:

P. tabuliformis Carr., P. densiflora S. et Z., P. nigra Arn., P. pinaster Aiton,

P. pithyusa (STEVEN) SILBA, and P. thunbergii Parl. Each sample plot, in

which the biomass of the forest stands was estimated, is positioned in

accordance to January mean annual temperature isolines and to mean

annual precipitation isolines, and the initial data matrix is compiled in

which the values of biomass components and of stand taxonomy char-

acteristics are mated with corresponding values of mean annual tem-

perature and precipitation. The matrix is then subjected to regression

analysis.

According to the structure of the disaggregated three-step model

(Dong, Zhang, & Li, 2015), its total biomass, estimated by the origi-

nal equation, is exploded into component equations according to the

scheme presented in Exhibit 2. The coefficients of the regression mod-

els for all three steps are evaluated simultaneously, which ensures

the additivity of the biomass components: the total, intermediate, and

initial ones (Dong et al., 2015).

3 R E S U LT S A N D D I S C U S S I O N

The original regression equations are designed as follows:

ln Pi = a0i + a1i (ln A) + a2i(ln A)2 + a3i (ln) + a4i (ln N) + a5i

+ a6i
[
ln (Tm + 40)

]
+ a7i

[
ln (Tm + 40)

]2 + +a8i (ln PRm)

+ a9i(ln PRm)2 + a10i[ln (Tm + 40)] ⋅ (ln PRm) (1)

where Pi , biomass of ith component (t/ha); A, stand age (years); M, stem

volume (m3/ha); N, tree density, (1000/ha); i, index of biomass compo-

nent: total (t), aboveground (a), roots (r), crowns (c), stems above bark

(s), needles (f), branches (b), stem wood (w) ,and stem bark (bk); X ,

dummy variable: for natural pines X = 0 and for pine plantations X = 1;

PRm, mean annual precipitation, (mm); Tm, January mean annual tem-

perature (◦C). Because January mean annual temperature in Northern

Eurasia has negative values, the corresponding independent variable is

modified to the form (Tm + 40).

Calculation of the coefficients of Equation (1) is performed using a

program of common regression analysis, and after correcting on log-

arithmic transformation according to Baskerville (1972), the coeffi-

cients are characterized by R2 in the range 0.430–0.967 (Exhibit 3).

All of the regression coefficients for numerical variables in Equation (1)

are significant at the level of probability P0.95.

The equations are given in an additive form in accordance with the

above-mentioned algorithm (Dong et al., 2015) in the sequence shown

in the diagram in Exhibit 2. The final form of the transcontinental addi-

tive model of component biomass composition of pine forests is shown

in the table in Exhibit 4.

However, when tabulating model (1), there is a problem, which is

that we can know and give only the value of stand age, mean annual

precipitation, and mean annual temperature. The remaining two

variables N, tree density, and M, stem volume, can be entered into

a table in the form of calculated values obtained by the system of

auxiliary recursive equations (Usoltsev et al., 2017). Such equations

have a common view:

N = f[A, X (Tm + 40) , PRm]. (2)

M = f[A, N, X, (Tm + 40) , PRm] (3)

Equations (2) and (3) are approximated using the original data

and are shown in the table in Exhibit 5. The results of sequential

tabulations of the equations shown in the tables in Exhibits 4 and 5

are unacceptably voluminous; the size of which exceeds the format

of a journal article. We took from it the values of component biomass

composition of natural pine forests aged 100 years and built graphics

showing their dependence upon temperature and precipitation, pre-

sented in Exhibit 6. As we can see from this exhibit, all of the biomass

components vary according to approximately one overall scheme,

but in different proportions. The dependence, common to all of the
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components: in cold climatic zones (Tm = –20◦C), any increase in rain-

fall leads to corresponding decrease in the biomass value, and in warm

zones (Tm = 10◦C), to an increase in biomass value. Correspondingly,

in water-rich areas (PRm = 900 mm), the rise in temperature causes

an increase of biomass values, and in arid areas (PRm = 300 mm),

in their reductions. These regularities were previously confirmed

by other authors on the local level (Glebov & Litvinenko, 1976) and

some regional levels (Molchanov, 1976; Polikarpov, & Chebakova,

1982).

For natural and planted stands, the mentioned patterns are the

same, but in absolute terms, plantation biomass is higher than nat-

ural stands, with the plantation biomass greater than natural for:

total, roots, stems, needles and branches, by 16, 18, 11, 2, and 3%,

respectively.

The biomass additive model obtained for two-needled pine stands

makes it possible to establish any quantitative changes in biomass

patterns—in connection with climate change, in particular—with Jan-

uary mean temperatures and mean annual precipitation. Percentage

changes in the structure of biomass is related to the ratio of the two

climatic indices. In particular, for the central part of European Russia,

the Russian Far East, and northeastern China, characterized by mean

annual temperature in January of –10◦C and mean annual precipita-

tion of 500 mm, any temperature increase of 1◦C at a constant level of

precipitation increases the biomass of stands aged 100 years by the fol-

lowing: total, roots, stems, needles, and branches by 2.2, 1.8, 2.5, 0.36,

and 2.3%, respectively, regardless of the origin of the stands. For the

same regions at the same age of pine stands, a precipitation increase

of 100 mm with an unchanged mean temperature reduces total, roots,

stems, and needles biomass by 5.8, 2.3, 6.5, and 0.3%, respectively, but

increases branch biomass by 0.3%.

4 C O N C L U S I O N

Thus, the first attempt to model changes in the additive component

composition of forest stand biomass of two-needled pines, accord-

ing to Eurasian gradients of the mean January temperature and

annual mean precipitation, is made, taking into account regional

particularities of age and stand morphology indices. Additivity of

component composition means that the total biomass of a tree's com-

ponents (e.g., stems, branches, foliage, roots), derived from component

equations, must be equal to the result obtained using the common

equation. In the process of modeling, the database of stand biomass

for forest-forming species in Eurasia is used (Usoltsev, 2013). It has

been established that in cold climatic zones any increase in rainfall

leads to a corresponding decrease in the biomass value and in warm

zones, to its increase. In water-rich areas, the rise in temperature

causes an increase of biomass values, and in arid areas, it leads to

their reductions. This finding has been confirmed by the work of other

authors from data they obtained at local and regional levels. The

development of such models for basic forest-forming species grown

in Eurasia will provide the possibility of predicting changes in the

biological productivity of forest cover of Eurasia related to climate

change.
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EXHIBIT 6 Dependence of natural pine forest biomass of Eurasia upon the January mean annual temperature (T) and precipitation (PR).
Designations: Pt, Ps, Pa, Pf, Pr, Pb—correspondingly biomass: total, stems, aboveground, needles, roots and branches, t/ha
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