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Additive biomass models for Quercus spp. single-trees sensitive 
to temperature and precipitation in Eurasia
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. The analysis of the biomass of oak (genus Quercus spp.) trees on the aboveground component composition based on re-
gression equations having the additive biomass structure is fulfilled. Two trends of changes in the tree biomass structure are revealed: 
due to the mean January temperature and due to the mean annual precipitation. It was shown for the first time that both trends are 
mutually determined: the intensity of biomass trend in relation to the temperature is changing when depending on the level of pre-
cipitation, and the intensity of biomass trend in relation to precipitation level is changing during to a transition from the cold zone 
to the warm one and vice versa.

oak trees, tree biomass, allometric models, additive biomass equations, mean January temperature, mean annual pre-
cipitation.

Information about forest tree biomass can easily be derived 
through allometric equations, as it is done for example for 
biomass stock per ha, especially in many-species forests 
(Dahlberg et al., 2004; Zeng et al., 2018; Usoltsev et al., 
2019a), for greenhouse gas reporting (de Miguel et al., 
2014), for analysis of national forest inventories data, 

2017), as well as in gas-exchange, nutrient and energy flow 
studying, forest growth and biomass allocation models  

All above mentioned equations are usually internally 
contradictory, they are not harmonized by the biomass 
structure, i.e. they do not provide the additivity of com-
ponent composition, according to which the total biomass 
of components (stems, branches, needles, roots) obtained 
by “component” equations would be equal to the value 

1970). The additivity methods can be divided into aggrega-
tive (Parresol, 2001) and disaggregative (Dong et al., 2015) 
approaches. It was recently showed that having in mind 
the result correctness, both approaches differ only slight-
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of regional allometric models of tree biomass sensitive to 
climate variables has shown both negative (Forrester et al., 
2017) and positive (Zeng et al., 2017) results. The influ-
ence of climatic changes on the biomass of a particular 
tree species in the format of additive models according to 
transcontinental hydrothermal gradients was not been stud-
ied, with some single exceptions (Usoltsev et al., 2019a, b).

In the present study, the first attempt is made to simu-
late the changes in the additive component composition 
of tree aboveground biomass in oak forests on Trans-Eur-
asian hydrothermal gradients. In the simulation we used 
the database of the biomass of 530 sample trees (genus 
Quercus spp.), the distribution of sample plots of which 
in the territory of Eurasia is shown in Figure 1 (Usoltsev, 
2016; Lakida et al., 2017).

Of the above-mentioned two databases (Usoltsev, 2016; 
Lakida et al., 2017) containing data on biomass and den-
drometric parameters, 530 trees were selected for the ana- 
lysis, including 8 species-vicariants of the genus Quercus 
spp. Their distribution by regions, tree species and mensu-
ration indices is presented in Table 1. 

Each sample plot on which tree biomass estimating 
was performed is positioned relatively to the isolines of the 
mean January temperature (Fig. 2) and relatively to the 

isolines of mean annual precipitation (Fig. 3). The matrix 
of harvest data was compiled, in which the biomass com-
ponent values and mensuration tree parameters were re-
lated with the corresponding values of mean January tem-
perature and precipitation, then included in the regression 
analysis procedure.

It is known that a stem diameter is a main predictor 
that most explains the variation of tree biomass, and their 
relationship as the most common and biologically deter-
mined is described by the allometric function. Allometry 
determines how tree shape and function scale with each 
other, related through size. Allometric relationships help 
scale processes from the individual to the global scale and 
constitute a core component of vegetation models. Allo-
metric relationships have been expected to emerge from 
optimization theory, yet they do not suitably predict empir-
ical data (Fischer et al., 2019). On the allometry basis, sev-
eral theories are proposed: the pipe model (Huber, 1925, 
1927; Shinozaki et al., 1964a, b), the functional equilib- 
rium model (Davidson, 1969), the fractal model (West et al., 
1999), the metabolic scaling theory (when scaling expo-
nent is constant) (West et al., 1997), the theory of adaptive 
mass distribution (when scaling exponent changes dynami-
cally with size) (Poorter et al., 2015) and some of their 
modifications (Enquist & Niklas, 2001, 2002). However, 
when calculating allometric models of tree biomass there 
is always a residual variance, reflecting, in particular, the 
discrepancy between the annual dynamics of the crown 

 
Figure 1. Distribution of sample plots with biomass measurements (kg) of 530 oak sample trees on the territory of Eurasia 
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Table 1. Distribution of the 530 oak sample trees by countries, regions, tree species and mensuration indices

Regions genus Quercus numberdiameter, cm

Czech Republic, Switzerland  Q. robur L. 13÷104 4.0÷69.7 16

Bulgaria

Q. rubra L., 
Q. robur subsp. pedunculiflora  

, 
Q. petraea (Mat.) Liebl., 
Q. frainetto Ten.

17÷70 1.5÷29.5 49

Hungary Q. petraea (Mat.) Liebl. 68 15.8÷23.8 9

The Ukraine Q. robur L. 6÷128 2.5÷50.5 370

European part of  Russia Q. robur L. 12÷130 1.1÷46.9 66

Russian Far East Q. mongolica Fisch. ex Ledeb. 56÷166 9.5÷34.5 7

Japan  Q. serrata Murray, 
Q. mongolica Fisch. ex Ledeb. 4÷40 1.1÷16.5 13

Weather Maps, 2007)

Figure 3. Distribution of biomass harvest data of 530 oak sample trees on the map of the mean annual precipitation, mm (World 
Weather Maps, 2007)
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mass, especially of the foliage, and the relative conserva-
tism of a stem diameter, as an accumulator of its annual 
increments (Usoltsev, 1988), as well as differences of age 
status, soil and climatic conditions.

Total tree height is not always available in field meas-
urements, and it may sometimes be better not to involve 
it in biomass estimation procedure (Williams & Schreuder, 
2000). In this study, the task is to extract the climatic com-
ponent from the residual dispersion of a model obtained 
during to calculation of tree biomass by stem diameter. 
To the share of climatic factors was predominant in this 
“information noise”, it is necessary to take into account 
in the model in addition to the diameter, also the tree age, 
which is a factor largely determining the structure of tree 
biomass (Nikitin, 1965). 

A negative relationship between the crown biomass 
of equal-sized trees and their age in forest stands is well 
known. Thus, the crown mass of the tree with a diameter 
of 12 cm at the age of 15 years exceeds that at the age 
of 35 years at the birch by 1.5-2.0 times, and at the aspen – 
by 2.4-4.4 times (Usoltsev, 1972) due to the age shift of the 
cenotic position of equal-sized trees: at the age of 15 years 
such tree is the leader, and at the age of 35 years it is the 
depressed tree, a candidate for dying. The influence of age 
on stem biomass in comparison with other components 
is minimal due to the relative stability of the stem shape: 
with the same stem shape and the corresponding volume, 
its biomass changes with age mainly due to age-related 
changes in the basic density related to a decrease in the 
proportion of sapwood having a reduced dry matter content 
compared to the heartwood (Usoltsev, 1988). Tree age, all 
other conditions being equal, also affects the mass of roots 

We have in our database only 47 trees having both 
aboveground biomass and root one, represented by Cen-
tral Europe, European part of Russia and Japan. Because 
of small root experimental data, we do not involve the bio-

mass of roots into our additive biomass system. Root bio-
mass data are high labour-consuming, and therefore they 
determined by researchers not at all sample plots, often 
without specifying the method of their estimation. 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 trees 
and stands may be underestimated two to five times (Usol- 
tsev, 2018). 

We limited ourselves to the calculation of the coeffi-
cient of determination and the standard error. We have not 
calculated additional characteristics of the equation ade-
quacy, such as the mean prediction error, the relative mean 
prediction error, the mean absolute error, and the relative 
mean absolute error, since they all are derived from the 
determination coefficient.

The disaggregation method of two-step proportional 
weighing, based on the principle “from general to par-
ticular” is developed as an alternative to the independent 
(without additivity) fitting approach. It has been imple-
mented in two versions: as a sequential (Zheng et al., 2015) 
and parallel (Zhang et al., 2016) disaggregating additive 
systems of equations for aboveground biomass (Fig. 4). 
According to the structure of the disaggregation model 
of a two-step additive equation system (Zheng et al., 2015), 
the aboveground biomass Pa, estimated by an initial equa-
tion, is divided into biomass components by means of pro-
portional weighting the corresponding component initial 
equations (see: Dong et al., 2015; Usoltsev et al., 2019a, b).

The coefficients of the regression equations of all two 
steps are evaluated simultaneously, that ensures the addi-
tivity of the biomass of all components (Dong et al., 2015). 
Since the regression coefficients in the designed model 
were calculated on the log-transformed data, a correspond-
ing correction is introduced in the equations to eliminate 
the displacements caused by the logarithmic transforma-
tion of the variables (Baskerville, 1972).

Figure 4. The pattern of the disaggregating two-step proportional weighting additive model of sequential (left) and parallel (right) 
schemes. The schemes show relationship between each biomass component, where lines from left to right indicate disag-
gregation and from right to left indicate summation (Zheng et al., 2015; Zhang et al., 2016)
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We adhered to the concept that there is only one defi-
nite variant of stand (and tree) biomass structure corre-
sponding to a given structure of taxonometric parame-
ters (morphological structure) of a tree stand, determined 
by local forest growth conditions (Usoltsev, 2007). If 
in some region we find a forest stand of the same mor-
phological structure, then the structure of its biomass 
is likely to be the same, provided there were no anthro-
pogenous and other abiotic influences. But as the range 
of expansion of woody species (genus), this compliance 
will be increasingly violated as a result of increasing the 
diversity of forest growth conditions. This change in the 
diversity of forest environment has geographical causes 
and in the regression multiple model is expressed by an 
increase in residual dispersion (“information noise”). In 
terms of biogeography, the increase of variability of this 
residual variance as a consequence of increasing diver-
sity of forest environment, is most likely due to climate 
variables, such as temperature and precipitation, which 
are included in our models as additional independent 
variables.

Based on the above, the following structure of the regres-
sion model is suggested:

lnPi = a0i + a1i (lnA) + a2i (lnD) + a3i (lnD)2 + 
+ a4i [ln(T+20)] + a5i (lnPR) + a6i [ln(T + 20)](lnPR),  (1)

where Pi is biomass in dry condition of i-th compo-
nent, kg; A is tree age, yrs; D is stem diameter at breast 
height, cm; i is the index of biomass component: above- 

ground (a), crown (c), foliage (f), branches (b), stem 
above bark (s), stem wood (w) and stem bark (bk);  

 R is mean annual 
precipitation, mm. 

According to the theory of adaptive mass distribution, 
the scaling exponent (or exponent at the stem diameter 
in the allometric model) is not a constant, and in log-log 
coordinates the relationship has the nonlinear form (Poort-
er et al., 2015). To account for this nonlinearity, the stem 
diameter in the model (1) is introduced in the form of a sec-
ond-order logarithmic polynomial:

                        lnPi = f [(lnD), (lnD)2].                       (2)

Since the mean January temperature in the north-
ern part of Eurasia has negative values, the correspond-
ing independent variable is modified to the form (T+20) 
to be subjected to logarithmic procedure. The schematic 
map of the isolines of mean January temperature, rather 
than the mean annual temperature, is used, since climate 
warming is most pronounced in the cold half of the year 
(Golubyatnikov & Denisenko, 2009; Laing & Binyamin, 
2013; Felton et al., 2016). In this regard, a similar paral-
lel trend of another level is interesting: according to the 
report of National Oceanic and Atmospheric Adminis-
tration (2017), warming in the Arctic is twice as fast as 
in other parts of the Earth, and “the Arctic is on the front 
lines of climate change” (https://www.noaa.gov/explainers/
changing-arctic-greener-warmer-and-increasingly-accessi-
ble-region) (Blunden et al., 2018).

Characteristic of equations (1) is obtained by regres-
sion analysis, and after correcting on logarithmic trans-
formation by Baskerville (1972) and anti-log transforming 
is given in Table 2.

Table 2. Characteristics of equations (1)

co
m

po
ne

nt

adjR2* SE*

Pa 3.49E-09  0.1098 D 1.9591 D 0.0823(lnD) (T+20)5.6803 PR 2.6737 (T+20)-0.8555(lnPR) 0.989 1.22

Pc 2.10E-11  -0.3144 D 1.7957 D 0.1310 (lnD) (T+20)6.5197 PR 3.5835 (T+20)-1.0249(lnPR) 0.911 1.71

Ps 3.32E-08  0.2115 D 1.9960 D 0.0733 (lnD) (T+20)4.8111 PR 2.2139 (T+20)-0.7165(lnPR) 0.987 1.25

Pf 9.41E-07  -0.5925 D 1.6748 D 0.0862 (lnD) (T+20)4.3379 PR 1.8895 (T+20)-0.6925(lnPR) 0.871 1.67

Pb 3.47E-13  -0.1857 D 2.0212 D 0.0966 (lnD) (T+20)6.9935 PR 4.0371 (T+20)-1.0841(lnPR) 0.901 1.84

Pw 4.00E-08  0.3001 D 2.2722 D 0.01875(lnD) (T+20)4.4532 PR 2.0392 (T+20)-0.6545(lnPR) 0.984 1.28

Pbk 2.17E-13  0.1331 D 1.3506 D 0.1655 (lnD) (T+20)8.7348 PR 3.9457 (T+20)-1.3086(lnPR) 0.960 1.40

* adjR2 – coefficient of determination adjusted for the number of parameters; SE – equation standard error.
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All regression coefficients of equations (1) are char-

better [including at variables (lnD) and (lnD)2], and the 
resulting equations are adequate to the original values pre-
sented in the available database. Unlike of our previous 
result on larch tree biomass (Usoltsev et al., 2019a), where 
the combined effect of temperature and precipitation was 

takt is from 0.08 
to 1.33, which is below the standard value t05 = 1.96), this 
model includes synergism [ln(T+20)](lnPR), which is sig-
nificant (takt is from 2.04 to 6.49, which is higher than 
the standard value t05 = 1.96) for all biomass components. 
When using a 3D-interpretation, this means a “propeller-
shaped” surface of biomass in dependence upon tempera-
ture and precipitation, which was previously confirmed by 
the example of tree biomass of two-needled pines (Usolt-
sev et al., 2019b).  

The designed initial equations (1) are then modified to 
the additive form according to the early published algo-
rithm (see: Dong et al., 2015; Usoltsev et al., 2019a, b), 
structure of which is shown in Figure 4 (left), and the final 
form of the transcontinental additive model of the compo-
nent composition of oak tree biomass is shown in Table 3. 

Next, it is necessary to find out whether the additive 
model obtained is enough adequate and how its character-
istics relate to the adequacy of initial equations. To do this, 
the first and the second models are tabulated on the empiri-
cal measurement data and the calculated values of biomass 
are compared with the empirical ones using the coefficient 
of determination. The comparison results shown in Figure 
5, indicate that the adequacy of the two systems of equa-
tions are close to each other.

Due to the high complexity of obtaining the age of trees 
in comparison with the stem diameter measuring, one use 
specially designed equation or table that reflects the rela-
tionship of the tree age with the stem diameter. To this end, 
the equation (3) is calculated:

A = exp{-1.6598 + 0.6774(lnD) + 
+ 2.2621[ln(T+20)] + 0.9003(lnPR)-0.4865[ln(T + 20)] 

     (lnPR)}; adjR2 = 0.747; SE = 1.42.     (3)

Using the result of tabulating eq. (1) by the given val-
ues A, D, T and PR, 3D-dependences of biomass compo-
nents on temperature T and precipitation PR for trees aged 
100 years with D = 24 cm and H = 22 m were designed 
(Fig. 6).

To estimate climate-related changes in the total biologi-
cal productivity of oak stands, the above equations, calcu-
lated only for aboveground tree biomass, are not sufficient. 
Because of the small experimental data of root biomass, we 
calculated the roots-to-shoot ratio in dependence upon the 
defining variables, having in mind the available 47 data.  
Of the morphology-caused variables, only age is statisti-
cally significant, and the following equation is obtained

Pr/Pa = exp{-21.6606-0.8536(lnA)-2.7020[ln(T+20)] + 
+ 4.7564(lnPR)}; 

      adjR2 =0.856; SE = 1.20,      (4) 

where Pr is tree root biomass, kg. Equation (4) may be used 
in a rough estimation of underground biomass on tree and 
forest levels. 

P  = 3.49E-09  0.1098 D 1.9591 D 0.0823 (lnD) (T+20) 5.6803 PR 2.6737 (T+20) -0.8555(lnPR)

Step 1

Pc =
1

× Pa1303.6  0.5259 D 0.2003 D -0.0577(lnD) (T+20) -1.70867 PR -1.3696(T+20) -0.3084(lnPR)

Ps =
1

× Pa0.0008 -0.5259 D -0.2003 D 0.0577(lnD) (T+20) 1.70867 PR 1.3696(T+20) 0.3084(lnPR)

Pf =
1

× Pc30.038  0.4068 D 0.3464 D 0.0104(lnD) (T+20) 2.6556 PR 2.1476(T+20) -0.33916(lnPR)

Pb =
1

× Pc0.0333  -0.4068 D -0.3464 D -0.0104(lnD) (T+20) -2.6556 PR -2.1476(T+20) 0.33916(lnPR)

Step 2b

Pw =
1

× Ps230.8  -0.1669 D -0.9216 D 0.1468(lnD) (T+20) 4.2816 PR 1.9065(T+20) -0.6541(lnPR)

Pbk =
1

× Ps0.0043  0.1669 D 0.9216 D -0.1468(lnD) (T+20) -4.2816 PR -1.9065(T+20) 0.6541(lnPR)
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Figure 5. The ratio of the harvest biomass and its values obtained by calculating the initial (a) and additive (b) models of the oak 
tree biomass

iFigure 6. Dependence of oak tree biomass upon the January mean temperature ( ) and precipitation ( R). Designations: Pa, Ps, Pf, 
and Pb are correspondingly biomass: aboveground, stems, foliage, and branches, kg 
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The obtained models of oak tree biomass make them 
possible to establish quantitative changes in the structure 
of tree biomass due to climatic changes, in particular, the 
mean temperature of January and mean annual precipita-
tion. The percentage change in the structure of biomass 
is associated with the ratio of these two climatic variables. 

In Figure 7 it is shown the change in the tree biomass 

ecoregions, characterized by different values of tempera-
ture and precipitation. It is assumed that climate change 
does not affect precipitation, which changes only geo-
graphically (by regions), and the temperature as a result 

-
ferent territorial (zonal) temperature levels, designated as 

of all the biomass components in moderate dry areas 
(PR = 400 mm) and decrease in water-rich areas (PR =  

temperature zones of Eurasia. 
In Figure 8 it is shown the change of tree biomass  

-
eas characterized by different values of temperature and 

climate change at different territorial levels of temperature and precipitation. Symbols a, s, f and b on the ordinate axes 
mean the change (± %) of biomass of aboveground, stems, foliage and branches, respectively, with the temperature increase 

precipitation. It is assumed that the January temperature 
changes only geographically, and precipitation as a result 
of the expected climate change increases by 100 mm at 
different territorial levels of precipitation, designated as 

-
crease of the all biomass components with an increase 
in annual precipitation by 100 mm in all temperature zones 
of Eurasia and in all regions that differ in precipitation, 
with exception of foliage biomass that is decreasing in the 

 

Analysis of the 3D-surfaces in Figure 6 allows us to draw 
some nontrivial conclusions. As we can see there, all of the 
biomass components vary according to approximately one 
overall scheme, but in different proportions. The depend-
ence, common to all of the components: in cold climatic 
zones (T = –15 C), any increase in rainfall leads to cor-
responding increase in the biomass value, and in moder-



37Additive biomass models for Quercus spp. single-trees sensitive to temperature and precipitation in Eurasia

ate warm zones (T = 0 C), leads to a decrease in foliage 
biomass value, to a slight decrease in branch biomass and 
remains unchanged in the aboveground and stem biomass. 

Correspondingly, in water-rich areas (PR = 900 mm), 
the rise in temperature causes a decrease of biomass val-
ues, and in moderate dry areas (PR = 400 mm), in their 
increase. This pattern is opposite to the previously con-
structed analogous models for the aboveground biomass 
of two-needled pines (Usoltsev et al., 2019b) and larches 

the smaller ranges of temperature and precipitation in the 
areas occupied by oak stands, compared with pine and es-
pecially with larch ones, as well as due to biological fea-
tures of coniferous and deciduous species. The regularities 
for pines and larches were previously confirmed by other 
authors on the local level (Glebov & Litvinenko, 1976) 
and some regional levels (Molchanov, 1976; Polikarpov 
& Chebakova, 1982).

Using the data of above- and underground biomass 
of 600 sample trees of eight larch species (genus Larix 
spp.) growing throughout China, the allometric model in-

cluding the stem diameter and height as independent vari-
ables, was developed. After introduction into the allomet-
ric model the indices of the mean annual temperature and 
precipitation, as additional independent variables, it was 

increase in the aboveground biomass of equal-sized trees 
by 0.9% and to a decrease in the underground one by 2.3%, 
and an increase in precipitation by 100 mm causes a de-
crease in the above- and underground phytomass by 1.5 
and 1.1%, respectively (Zeng et al., 2017). Our results con-
firm the data by Zeng et al. (2017) related to the change 
in the aboveground biomass of larch trees with the increase 

of low precipitations. With the increase in precipitation by 
-

sion, namely an increase rather than a decrease in above-
ground tree biomass. As had been mentioned above, this 
contradiction may be due to the smaller ranges of tem-
perature and precipitation in the areas occupied by oak 
stands, as well as due to biological features of coniferous 
and deciduous species.

Figure 8. Change of tree biomass with (+) (surface 1) and (-) (surface 2) when precipitation increasing by 100 mm due to the expected 
-

nate axes represent the change (± %) of aboveground, stems, needles and branches biomass, respectively, with precipitation 
increase by 100 mm and at the constant mean temperatures of January
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In another study devoted to European forests (Forrester 
et al., 2017), there was no statistically significant effect 
of temperature and precipitation on the tree biomass of the 
most components. The reasons may be the following: 
a small range of temperature and precipitation variations 
within Europe, a study of species groups instead of a single 
species, the introduction of too many variables and their 
combined effects into the model, and the use of meta-data 
instead of harvest biomass indices.

The study of the regional variability of the allometric 
models of aboveground biomass of trees of Masson pine 
in southern China showed that diameter at breast height, 
together with the long-term average of growing season 
temperature, total growing season precipitation, mean 
temperature of wettest quarter, and precipitation of wettest 
quarter, had significant effects on values of aboveground 
biomass. Excessive precipitation during the growing sea-
son and high mean temperature in the wettest quarter re-
duced the aboveground biomass, while a warm growing 
season and abundant precipitation in the wettest quarter 
increased it (Fu et al., 2017). Thus, the reaction of pine 
biomass to the increase in precipitation in the subtropi-
cal conditions of China in the wettest quarter is negative, 
and in the wettest quarter at extremely high temperatures 
is positive. A similar differentiated reaction of biomass and 
net primary production to temperature and precipitation 
was shown earlier on the example of stands of two-nee-
dled pines in Eurasia (Usoltsev et al., 2019c). Apparently, 
any response of forests to climate change is species-spe-
cific and reflects the biological and ecological specificities 
of each tree species.

Our model obtained and the patterns shown are hy-
pothetical: they reflect the long-term adaptive responses 
of forest stands to regional climatic conditions and do not 
take into account the rapid trends of current environmen-
tal changes, which place serious constraints on the ability 
of forests to adapt to new climatic conditions (Alcamo et al., 
2007). Although modelling at the global level shows that 
the productivity of forest cover is mainly determined by 
temperature, other factors (salt stress, length of vegetative 
period, imbalance between air and soil temperatures, frost 
drought) limit the productivity to a much larger extent than 
just temperature. Besides, some experiments show clearly 
that the water status affects stomata opening and closing 
in very much degree, and our understanding of the adapta-
tion to water shortage is still patchy (Schulze et al., 2005). 

Thus, we have made the first attempt to simulate changes 
in the component composition of the aboveground biomass 
of oak trees by trans-Eurasian hydrothermal gradients, that 
revealed the presence of non-trivial regularities. The analy-

sis of the aboveground biomass of oak trees on the basis 
of the component composition, using regression model 
method, showed changes in the structure of the biomass 
of trees, both in connection with the average temperature 
of January and average annual precipitation, namely: the 
intensity of changes in biomass due to temperature varies 
depending on the level of site moisture, and the intensity 
of changes in biomass due to the level of moisture changes 
during the transition from cold to warm temperature belts. 
The adequacy of the obtained regularities is determined by 
the level of variability 87-99% explained by the proposed 
regression models.

The obtained model of oak tree biomass make it pos-
sible to establish quantitative changes in the biomass 
structure due to climatic changes, in particular, the mean 
temperature of January and mean annual precipitation. 
The proposed additive model, adapted for use in the for-
est area of Eurasia, is designed for a more accurate as-
sessment of the carbon-depositing ability of oak forests. 
However, this is a solution to the problem only in the first 
approximation, because it is based on a limited amount 
of harvest data.

-
linear biomass equations: a likelihood-based approach. 
Forest Science 62: 129-140. (https://doi.org/10.5849/
forsci.15-126).

Alcamo J., Moreno J.M., Nováky B., Bindi M., Corobov 
R., Devoy R.J.N, Giannakopoulos C., Martin E., Oles-
en J.E. & Shvidenko A., 2007, Europe: impacts, adapta-
tion and vulnerability. Contribution of Working Group 
II to the Fourth Assessment Report of the Intergov-
ernmental Panel on Climate Change, [in:] M.L Parry.,  
O.F. Canziani, J.P. Palutikof, P.J. van der Linden, C.E. 
Hanson (eds.) Climate change. Cambridge University 
Press, Cambridge: 541-580.

Baskerville G.L., 1972, Use of logarithmic regression 
in the estimation of plant biomass. Canadian Journal 
of Forest Research 2: 49-53.

Blunden J., Arndt D.S. & Hartfield G. (eds.), 2018, State 
of the Climate in 2017. Bulletin of the American Me-
teorological Society 99(8): Si–S332. (https://doi.org/1
0.1175/2018BAMSStateoftheClimate.1).

C.P., 2004, Modelling biomass and leaf area index 
in a sub-arctic Scandinavian mountain area. Scandina-
vian Journal of Forest Research 19: 60-71. (https://doi.
org/10.1080/02827580310019266).

Davidson R.L., 1969, Effect of root/leaf temperature dif-
ferentials on root/shoot ratios in some pasture grasses 
and clover. Annals of Botany (N.S.) 33(131): 561-569.



39Additive biomass models for Quercus spp. single-trees sensitive to temperature and precipitation in Eurasia

de Miguel S., Mehtätalo L. & Durkaya A., 2014, Devel-
oping generalized, calibratable, mixed-effects meta-
models for large-scale biomass prediction. Canadian 
Journal of Forest Research 44: 648-656. (https://doi.
org/10.1139/cjfr-2013-0385).

Dong L., Zhang L. & Li F., 2015, A three-step propor- 
tional weighting system of nonlinear biomass 
equations. Forest Science 61: 35-45. (https://doi.
org/10.5849/forsci.13-193).

-
tions across tree-dominated communities. Nature 410: 
655-660. (https://doi.org/10.1038/35070500).

for patterns of biomass partitioning in seed plants. 
Science 295: 1517-1520. (https://doi.org/10.1126/sci-
ence.1066360).

Felton A., Nilsson U., Sonesson J., Felton A.M., Roberge 
J.-M., Ranius T., Ahlström M., Bergh J., Bjorkman 
C., Boberg J., Drössler L., Fahlvik N., Gong P., Hol-

H., Lundmark T., Niklasson M., Nordin A., Pettersson 
-

ing monocultures with mixed-species stands: Ecosys-
tem service implications of two production forest al-
ternatives in Sweden. Ambio 45(Suppl. 2): 124-139. 
(https://doi.org/10.1007/s13280-015-0749-2).

Fischer F.J., Marechaux I. & Chave J., 2019, Improv-
ing plant allometry by fusing forest models and re-
mote sensing. New Phytologist 21 March. (https://doi.
org/10.1111/nph.15810).

Forrester D.I., Tachauer I.H.H., Annighoefer P., Barbeito 

G., Zlatanov T., Chakraborty T., Saha S. &, Sileshi 
G.W., 2017, Generalized biomass and leaf area al-
lometric equations for European tree species incor-
porating stand structure, tree age and climate. Forest 
Ecology and Management 396: 160-175. (https://doi.
org/10.1016/j.foreco.2017.04.011).

Fu L., Lei X., Hu Z., Zeng W., Tang Sh., Marshall P., 
Cao L., Song X., Yu L. & Liang J., 2017, Integrat-
ing regional climate change into allometric equa-
tions for estimating tree aboveground biomass 
of Masson pine in China. Annals of Forest Science 
74 (42): 1-15. (https://doi.org/10.1007/s13595-017- 
0636-z).

of tree ring width in relation to meteorological indi-
ces in different types of wetland forests. Lesovedenie 
4: 56-62 [in Russian].

of climatic changes on the vegetation of European 
Russia. News of Russian Academy of Sciences. Geo-
graphic series 2: 57-68 [in Russian].

Huber B., 1925, Die physiologische Leistungsfähigkeit des 
Wasserleitungssystems der Pflanze. Berichte der Deut-
schen Botanischen Gesellschaft 43: 410-418.

Huber B., 1927, Aus der Biologie der Baumkrone. Mittei-
lungen der Deutschen Den-drologischen Gesellschaft 
38: 60-64. 

Moscow [in Russian].
-

mass components by regression analysis. The Forestry 
Chronicle 46 (5): 402-404. (https://doi.org/10.5558/
tfc46402-5).

Laing J. & Binyamin J., 2013, Climate change effect on 
winter temperature and precipitation of Yellowknife, 
Northwest Territories, Canada from 1943 to 2011. 
American Journal of Climate Change 2: 275-283. 
(https://doi.org/10.4236/ajcc.2013.24027).

Matushevich L.M., Lashchenko A.G., Bala O.P., Ma-

 
-

ciduous forest stands of the Ukraine: phytomass and 

Shevchenkovskiy, 483 pp. [in Ukrainian].
Marklund L., 1987, Biomass functions for Norway spruce 

(Picea abies -
ment of Forest Survey, SLU, Umea, 127 pp. 

of weather forecasts. Moscow: Nauka Publishing, 168 
pp. [in Russian].

-
zyaistvo [Forest Management] 5: 25-29 [in Russian].

Parresol B.R., 2001, Additivity of nonlinear biomass 
equations. Canadian Journal of Forest Research 31:  
865-878. (https://doi.org/10.1139/cjfr-31-5-865).

Polikarpov N.P. & Chebakova N.M., 1982, Evaluation 
of biological productivity of forest species on the eco-
logical basis, [in:] Formation of young-growth stands 
of coniferous species. Nauka Publishing, Novosibirsk: 
25-54 [in Russian].

P.B. & Sack L., 2015, How does biomass allocation 
-

sis for 1200 plant species from five continents. New 
Phytologist 208(3): 736-749. (https://doi.org/10.1111/
nph.13571).

-
berichterstattung: Neue Funktionen zur Schätzung der 
oberirdischen Biomasse am Einzelbaum. Forstarchiv 
88 (2): 31-38. (https://doi.org/10.4432/0300-4112- 
88-31).



40 Vladimir A. Usoltsev, Walery Zukow, Anna A. Osmirko, Ivan S. Tsepordey, Viktor P. Chasovskikh

New York, 702 pp.

A quantitative analysis of plant form – the pipe model 
theory. 1. Basic analysis. Japanese Journal of Ecology 
14(3): 97-105. 

A quantitative analysis of plant form – the pipe model 
theory. 2. Further evidence of the theory and its appli-
cation in forest ecology. Japanese Journal of Ecology 
14(4): 133-139.

-
-

biomass. Nauka Publ., Novosibirsk, 253 pp. [in Rus-
sian]. (http://elar.usfeu.ru/handle/123456789/3352). 

uncertainties in estimating the income component of the 
forest carbon cycle. Russian Journal of Ecology 38(1): 
11-10. (https://doi.org/10.1134/S1067413607010018).

weight tables. Ural State Forest Engineering Univer-
sity, Yekaterinburg, 336 pp. (http://elar.usfeu.ru/han-
dle/123456789/5696).

Eko-Potencial 4(24): 24-77 [in Russian]. (http://elar.
usfeu.ru/bitstream/123456789/8024/1/eko4-18-04.pdf).

for Larix spp. single-trees sensitive to temperature and 
precipitation in Eurasia. Ecological Questions 30(2): 
57-67. (http://dx.doi.org/10.12775/EQ.2019.012).

Tree biomass of two-needled pines in Eurasia: additive 
models in climatic gradients. Sibirskij Lesnoj Zurnal 1: 
44-56 [in Russian with English abstract]. (https://doi.
org/10.15372/SJFS20190104).

-

and net primary production with the focus on additive 
models sensitive to climate variables for two-needled 
pines in Eurasia. Journal of Climate Change 5(1):  
41-49. (https://doi.org/10.3233/JCC190005).

-
tent set of additive biomass functions for eight tree spe-
cies in Germany fit by nonlinear seemingly unrelated 
regression. Annals of Forest Science 75: 49 . (https://
doi.org/10.1007/s13595-018-0728-4).

West G.B., Brown J.H. & Enquist B.J., 1997, A gen-
eral model for the origin of allometric scaling laws 
in biology. Science 276(5309): 122-126. (https://doi.
org/10.1126/science.276.5309.122).

West G.B., Brown J.H. & Enguist B.J., 1999, A gen-
eral model for the structure and allometry of plant 
vascular system. Nature 400: 664-667. (https://doi.
org/10.1038/23251).

Williams M.S. & Schreuder H.T., 2000, Guidelines for 
choosing volume equations in the presence of measure-
ment error in height. Canadian Journal of Forest Re-
search 30: 306-310. (https://doi.org/10.1139/x99-215).

World Weather Maps, 2007, URL. (https://www.mapsof-
world.com/referrals/weather).

Zeng W.S., Chen X.Y., Pu Y. & Yang X.Y., 2018, Com-
parison of different methods for estimating forest bio-
mass and carbon storage based on National Forest In-
ventory data. Forest Research 31(1): 66-71 [in Chinese 
with English abstract]. (https://doi.org/10.13275/cnki.
lykxyj.2017). 

Zeng W.S., Duo H.R., Lei X.D., Chen X.Y., Wang X.J., 
Pu Y. & Zou W.T., 2017, Individual tree biomass equa-
tions and growth models sensitive to climate variables 
for Larix spp. in China. European Journal of Forest 
Research 136(20): 233-249. (https://doi.org/10.1007/
s10342-017-1024-9).

Zhang C., Peng D.-L., Huang G.-S. & Zeng W.-S., 2016, 
Developing aboveground biomass equations both com-
patible with tree volume equations and additive systems 
for single-trees in poplar plantations in Jiangsu Prov-
ince, China. Forests 7(2): 32. (https://doi.org/10.3390/
f7020032).

Zheng C., Mason E.G., Jia L., Wei S., Sun C. & Duan J., 
2015, A single-tree additive biomass model of Quercus 
variabilis Blume forests in North China. Trees 29(3): 
705-716. (https://doi.org/10.1007/s00468-014-1148-1).

Zianis D., Muukkonen P., Makipaa R. & Mencuccini M., 
2005, Biomass and stem volume equations for tree spe-
cies in Europe. Silva Fennica Monograph 1-2: 5-63. 
(https://silvafennica.fi/pdf/smf004.pdf).



Ecological Questions 30 (2019) 4: 41–47 http://dx.doi.org/10.12775/EQ.2019.026

Elements distribution in soil and plants  
of an old copper slag dump in the Middle Urals, Russia

*

Zavaritsky Institute of Geology and Geochemistry, Ural Branch of Russian Academy of Sciences,  
 

*e-mail: afalinakate@gmail.com 

Received: 17 April 2019 / Accepted: 8 November 2019

The elements concentration in soil and accumulation in plants growing spontaneously on an old copper slag dump were 
studied. The research object was a landfill site of the Polevskoy copper smelter (Middle Ural, Russia), which is about 200 years old. 
We investigated composite samples, consisting of soil blocks (20 x 20 cm) with growing plants. Samples were selected on a transect 
of 4-5 m at equal intervals. The composite sample was divided into slag fractions: stone, gravel, fine soil (particles smaller than 1 mm); 
plant fractions: moss and roots, stems and leaves. The microelement analysis of the samples was carried out at an analytical center 
of the Institute of Geology and Geochemistry, Ural Branch of RAS. The analyses were performed by inductively coupled plasma 
mass-spectrometry using Elan-9000 ICP mass-spectrometer. The formation of technogenic soil with a thickness of 10-15 cm on the 
dump of cast copper slag has begun two hundred years ago. Fine soil constitutes more than one third of the technogenic soil mass 
and acts as a sorption geochemical barrier. Fine soil accumulates elements mobilized from slag. The concentration of most elements 
in fine soil is 1-2 orders of magnitude higher than their concentration in slag stone. Pb, Cd, Bi are particularly effectively retained 
in fine soil: their content is 700-1000 times higher than in slag stone. In the conditions of unlimited supply of elements released from 
slag, plant reaches the upper threshold of accumulation. The aboveground plant parts compared to litter (roots and moss) have a lower 
concentration of all elements, but they show the stronger ability to accumulate selenium.

: industrial dump, heavy metals, technogenic soil, anthropogenic ecosystems, elements distribution.

Extraction and processing of minerals leads to soil degra-
dation, natural ecosystems and landscapes destruction, riv-
ers and groundwater pollution, the industrial waste dumps 
formation (Chibrik et al., 2011; Mensah et al., 2015). 

Mining and mineral processing wastes occupy vast ar-
eas around the world, disfigures the environment and are 
pollution sources. Soil and vegetation restoration in man-
made landscapes occurs in two variants: reclamation and 
spontaneous revegetation. Studies of spontaneous reveg-
etation are necessary for the development of man-made 
territories biological reclamation. The result of success-

ful biological reclamation is a sustainable, productive and 
economically valuable ecosystems (Chibrik et al., 2011; 

Spontaneous revegetation of dumps occurs in most  
cases are extremely slow and with specific features of the 
soil and plants restoration, which depend on the dumps 
nature. It should be remembered that plants are able to con-
centrate certain elements in quantities that are dangerous 
when included in food chains. Therefore, it is necessary to 
evaluation the chemical composition of plants growing on 
dumps (Remon et al., 2005).

Industrial dumps are numerous and diverse. The basis 
of Russian classification (Tarchevsky, 1970) is the dumps 
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origin (mining industry dumps, processing dumps or  
other), and the remaining features (age, shape, height, me-
chanical composition of the surface substrate, acidity, the 
recycling possibility) are explanatory and can be used to 
characterize all types of dumps.

The features of the soil formation process are quite well 
considered for the ash dumps of thermal power stations 

-
stantinov et al., 2018) and mining waste (Sourkova et al., 
2005; Bragina & Gerasimova, 2014; Santini & Banning, 
2016; Dvurechensky et al., 2018), but significantly worse 
for the metallurgy slag dumps. We have found interest-
ing studies of Polish scientists about old pyrometallurgical 

mineralogical and chemical composition of slags, and the 
authors attempt to assess the elements migration into soils, 
river sediments and surface waters.

-
ied for the ash dumps (Makhnev et al., 2002; Glazyrina 
et al., 2016; Chibrik et al., 2018) and dumps of different 

-
zyrina et al., 2016; Lukina et al., 2017), including copper 
ore (Zheleva et al., 2012; Avensio et al., 2013).

The Ural is a historically developed industrial region, 
one of the most powerful in Russia. The mining industry 
has been intensively developing since the beginning of the 
20th century. The region is characterized by the presence 
of large areas of old industrial dumps, where for many 
decades the natural restoration of soil and vegetation took 
place. Therefore, the Urals are an excellent research site 
for research spontaneous revegetation of industrial dumps 
(Makhnev et al., 2002; Glazyrina et al., 2016; Lukina et al., 
2017; Chibrik et al., 2018), and studying the structure and 

properties of technogenic soils (Makhonina, 2003). How-
ever, many questions about the restoration and transforma-
tion of vegetation and soil on industrial dumps, especially 
metallurgical slags, have remained little studied. Single 
studies about assess the soils and vegetation geochemical 
transformation in the copper industry dumps (Pasynkova, 
1997) are found.

Some studies state that old copper smelting slags are 
often more dangerous for the environment than modern 
production wastes, since they were placed uncontrollably, 
in direct contact with the soil, surface water and ground-
water. Old copper smelting slags also contain more po-
tentially toxic elements than modern slags exposed to 
more technological and advanced smelting processes 
(Piatak et al., 2004;  
2013).

In connection with the above researches of the chemical 
composition of technogenic soil and plants in one of the 
oldest copper slag dumps in the Urals are great interest. 
The our research purpose was to study of the elements 
distribution in soil and plants growing spontaneously on 
the old Polevsky copper smelter dump. Similar studies for 
this facility have not been conducted.

Polevskoy copper smelter is one of the oldest copper smelt-
ers and iron smelters in the Urals. It was located on the 
Dumnaya mountain on the bank of the Polevaya river, 
a tributary of the Chusovaya river, 52 kilometers south-
west of Yekaterinburg (Fig. 1). The coordinates of the study 

-

Figure 1. Map of the research area with its location in Russia
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ate continental. Snow cover is established in November 
and lasts until April. The depth of soil freezing is 1.25 m. 
The prevailing winds are westerly and southwesterly. The 
study area belongs to the Middle Ural taiga region (accord-
ing to the list of forest growing zones and forest regions 
of the Russian Federation), and to the border of forest 
growing district identified according to the classification  

taiga forest district of the Trans-Ural hilly foothill prov-
ince. In the area of   the Polevskoy town the primary forests 
were not preserved, clear cutting was carried out. Derived 
mixed forests grow.

Polevskoy copper smelter was founded in 1724 and 
worked until 1930. The oxidation zone of skarn deposit 
was processed as ore. The technology of producing cop-
per is a mine smelting method. The dump as a result of the 
activity of Polevskoy copper smelter was formed and has 
survived to the present day as a steep hill, which is a con-
tinuation of the northwestern slope of Dumnaya mountain. 

mixed forest with a predominance of birch grows on top 
of the mountain.

The research object is the Polevskoy copper smelter 
dump, on which technogenic soil and plants spontaneous-
ly growing were formed. The dump is about two hundred 

-
ky (1970) the research object refers to bulk medium height 
(about 10 meters) dumps of the processing industry. 

The copper smelting slag of the studied dump is rep-
resented by angular black fragments of various sizes with 
a porous inhomogeneous structure. Oxidation processes 
are characteristic of the slags; brown iron hydroxides de-
velop along cleavage planes and the upper porous part. The 
composition of the copper smelting slag includes: man-
made silicate glass, pyroxene, magnetite and minerals re-
lated to ferrites (Makarov et al., 2018).

We laid the sample plot on a relatively flat terrassoid 
section of the foot of the northwestern steep slope of the 
copper smelting dump. The technogenic soil profile was 
10-15 cm and looked like a layer of mostly fine-grained 
material, which covers coarse-grained crushed stone of the 

slag. The soil has ensured the development of mixed grass 
vegetation. The plant roots develop within the dense moss 
cover and together form a litter.

Soil blocks (20 x 20 cm) together with growing plants 
on a transect of 4-5 m were selected at equal intervals for 
the our research purpose. The transect was laid along the 
foot of the dump on a relatively flat section. The main 
environmental gradients (altitude, humidity, lighting) are 
the same. The composite sample included four plots 20 x 
20 cm. Soil was collected up to the parent rock (slag). The 
thickness of the soil profile was 10-15 cm. Plant stems with 
leaves were cut at the root. The material of the composite 
sample was divided into natural fractions (soil, plants) and 
according to the size of copper slag fragments, then air-
dried and weighed (Table 1).

Each fraction of the composite sample was analysed 
in the chemical laboratory of the Zavaritsky Institute 
of Geology and Geochemistry of the Ural Branch of the 
Russian Academy of Sciences. The microelements com-
position of the samples was determined by inductively 
coupled plasma mass-spectrometry using Elan-9000 ICP 
mass-spectrometer. The sample preparation was performed 
by acid decomposition, followed by autoclave mineraliza-
tion in the microwave oven The obtained element concen-
trations agree with available reference values to a tolerance 
of about 15%.

Man-made ecosystems are very different from natural ones 
primarily by the lack of a developed soil profile, morpho-
logical parameters and properties of the substrate, the 
structure and productivity of the plant community, and the 
circulation of matter and energy (Makhonina, 2003; Sibirin 
et al., 2012).

The investigated technogenic soil of the old Polevskoy 
copper smelter dump mainly consist of slag particles less 
than 1 mm. The abundance of fine soil at the dump base 
may indicate that subsidence of the fine fraction to the 

Table 1. Mass of fractions of the composite sample collected at the old copper slag dump (Middle Ural, Russia)

Stone Slag particles over 5 mm 32.63%

Gravel Slag particles 1–5 mm 21.98%

Fine soil Slag particles smaller than 1 mm 37.55%

Litter (plant roots and moss) - 1.43%

Plant stems and leaves - 6.41%
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deeper horizons of slag rubble, partial flushing, and accu-
mulation at the foot of the dump slope occurred.

The results of the elemental analysis of the investigat-
ed composite sample are presented in Table 2. The chemi-
cal composition of the large fraction of the soil sample 
(slag particles over 5 mm) should be taken as the aver-
age composition of the soil-forming slag. Mainly all the 

signs of accumulation already at the first stage of the 
stone disintegration  – in gravel. The most elements con-
tent in gravel is noticeably higher than in stone of slag. 
The maximum accumulation of all elements occurs in the 
fine soil (slag particles less than 1 mm). We explain the 
abnormally high content of elements by the fact that the 
part of the dissolved slag components were washed down 
along the the slope and sorbed by fine soil from the solu-

tion at the foot of the dump slope. The content of depos-
ited Pb, Cd and Bi is especially high, their content in the 
fine soil is 700-1000 times higher than in stone of slag. 
The smallest differences in the elements concentrations 
contained in stone and fine soil of old copper slag dump 
were found for Zn, Sb, As, Cu, Hg, B and Ca; they con-
centrations are 100-200 times larger in the fine soil than 
in the stone.

We used the maximum permissible concentration of to-
tal forms of elements (MPC) and concentration coefficient 
relative to the MPC (Table 3) for ecotoxicological assess-
ment of technogenic soil. Concentration coefficient rela-
tive to the MPC is equal to the ratio of the element con-
tent in the soil to its maximum permissible concentrations. 
Maximum permissible concentrations of dangerous chemi-
cal elements are regulated in Russia by state documents for 

Table 2. The distribution of chemical elements (total, mg/kg) by fractions of the composite sample of the old copper slag dump 
(Middle Ural, Russia)

Element Stone 

B 7.19 10.0 1,031 24.3 6.33 

Mg 8,347 12,159 351,666 9,838 674 

Al 11,271 10,619 765,271 26,779 853 

P 1,840 2,215 78,628 1,691 656 

2,167 3,661 197,295 5,060 3,632 

Ca 3,158 5,989 568,731 15,688 4,620 

116 84.1 2210 44.4 1.19 

Cr 830 754 11,145 187 3.33 

Mn 6,038 5,178 101,630 1,924 55.0 

Co 46.4 66.3 2,282 33.6 0.984 

Ni 220 507 19,035 233 4.79 

Cu 201 243 21,391 497 18.0 

Zn 37.6 78.0 9,137 163 53.8 

As 9.62 14.0 999 11.6 0.555 

Se 20.0 - 984 49.9 206 

Mo 2.03 1.86 67.1 1.47 0.394 

Cd 0.062 0.217 56.1 1.43 0.393 

Sb 1.08 1.79 170 2.66 0.178 

Hg 1.05 1.37 118 2.14 0.396 

Pb 13.4 103 14,623 140 13.0 

Bi 0.038 0.104 27.4 0.449 0.089
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environmental objects: for soil this is GN 2.1.7.2041-06 
(GN, 2006). 

The concentrations of As, Mn, Cu, Ni exceeded the 
maximum permissible concentration of elements in all 
mineral fractions of technogenic soil (stone, gravel, fine 
soil). The most significant excess concentrations for heavy 
metals were in the fine soil. Concentrations of As, Pb, Cu, 
Ni were 499, 457, 389, 224 times of the maximum permis-
sible concentration (Table 3), respectively.

Plants absorb almost all chemical elements from the 
environment. Some elements are necessary for metabolic 
processes, however, in high concentrations they become 
toxic for plants, other elements, such as Pb, Cd, are toxic 
even in low concentrations (Baker, 1981). The mechanisms 
of plant resistance are manifested in different directions: 
some species are able to accumulate high concentrations 
of heavy metals, but are tolerant to them; others plants 
seek to reduce their intake by maximizing the use of bar-
rier functions. The first barrier level is the roots, where the 
largest amount of heavy metals is retained, the next is the 
stems and leaves, and finally, the last barrier is the or-
gans and parts of plants responsible for reproductive func-
tions (most often seeds and fruits, as well as root and tuber 
crops) (Ilyin & Syso, 2001).

For the studied soil litter (mosses and plant roots), most 

are in concentrations higher than in stone of slag dump, 

but lower than in fine soil. Probably, the upper thresh-
old of accumulation of these elements in the plant roots 
and mosses is reached. Despite the abundance of avail-
able forms of metals, their further entry into the plants 

Mo) is found in mosses and plant roots in lower concen-
trations relative to the stone of slag dump, which reflects 
their lower accumulation threshold. Perhaps the explana-
tion of the identified features in the elements distribution 
is simplified. The elements migration from soil to plants 
is a complex and multifactorial process. Analysis of scien-
tific articles showed that a significant positive correlation 
exists between the metal concentration in soils and some 
plant species, however for other plant species, for example 
such as Silene paradoxa, does not exist (Pignattelli et al.,  
2012).

Aboveground parts of plants have a lower accumula-
tion threshold for all components compared to the litter. 
However, the content of such chalcophilic elements as Se, 
Zn, Cd and Bi in plant stems and leaves exceeds that in the 
stone of the old copper slag dump. The peculiarity of the 
aboveground parts of plants is the accumulation of sele-
nium.

Potassium and calcium are important elements for veg-
etation, their concentrations in the plant stems are com-

dump. However, the concentrations of Mg and P in the 

Table 3. The ecological assessment of technogenic soil using the element concentration coefficient relative to the maximum permis-
sible concentration

Element
 

Stone 

150.0 0.770 0.560 14.7

Mn 1,500 4.03 3.45 67.8

100+1,000 5.59 4.78 94.4

As 2.0 4.81 6.99 499

Sb 4.5 0.239 0.399 37.9

Hg 2.1 0.501 0.652 56.5

Pb 32.0 0.420 3.23 457

Pb+Hg 20.0+1.0 0.690 4.99 702

Cu* 55 3.65 4.42 389

Zn* 100 0.376 0.780 91.4

Ni* 85 2.59 5.97 224

* – The approximate values are given in the earlier government document on the regulation of the content of elements in the soil.
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plant stems are significantly less than in slag, despite the 
recognized high biophilicity.

  We calculated the biological absorption coefficients 
to assess the degree of accumulation of heavy metals by 
plants. Biological absorption coefficient is the ratio of the 
content of an element in a plant to the total content of this 

series of accumulation were compiled. For different parts 
of the plant sample, an increase in the biological absorption 
coefficients is as follows:

1. Plant roots and moss:
 

The biological absorption coefficients are greatest for 
selenium (0.051), aluminum (0.035), calcium (0.028) and 
magnesium (0.028). 

2. Plant stems and leaves:
 

The highest biological absorption coefficients in plant 
stems and leaves was found for selenium (0.21), potassium 
(0.018), calcium (0.08) and phosphorus (0.08).

For two hundred years, the technogenic soil with a capacity 
of 10-15 cm was formed on the old copper slag dump. Fine 
soil is more than a third of the mass of technogenic soil and 
is a sorption geochemical barrier. Fine soil accumulates the 
elements mobilized from slag. The concentration of most 
elements in the fine soil by 1-2 orders of magnitude higher 
than the concentration in the stone of slag. Pb, Cd, Bi are 
especially effectively retained in the fine soil: their content 
is 700-1000 times higher than in slag stone. Concentrations 
of As, Pb, Cu, Ni were 499, 457, 389, 224 times of the 
maximum permissible concentration.

The plants growing spontaneously on an old copper 
slag dump has an upper threshold of accumulation in the 
conditions of a large stock of elements migrating from 
slag. Litter (plant roots and moss) deposit almost the entire 
range of elements of copper smelting slag. The biological 
absorption coefficients (from fine soil) are greatest for se-
lenium (0.051) and aluminum (0.035). The plant stems and 
leaves in comparison with the litter have a lower concen-
tration of all elements, but they show the stronger ability 
to accumulate selenium (biological absorption coefficient 
is 0.21). 
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signment of the Zavaritsky Institute of Geology and Geo-
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pure Scots pine and white birch stands, 12 and 34 sample plots are established, respectively, on which 42 and 56 model trees are taken, 
respectively, by stem diameter. The pollution gradient is expressed by the toxicity index suggested with a relative index of the content 
in the litter of three “technogenic” metals Cu, Pb and Fe. Regression analysis of the dependence of biomass and NPP of trees and 
stands from toxicity index is performed. There is a log-log-linear pattern of reduction of biomass and annual NPP of spruce-fir forest 
stands with increasing toxicity index in the direction to the source of pollution, but for the biomass of trees in the same gradient no 
consistent pattern is detected. The dry matter content (DMC) in all biomass components depends on the toxicity index and species at 
a statistically significant level: due to the increase in the toxicity index, it decreases in wood and bark, and increases in foliage and 
branches. At the same toxicity index, DMC in the branches and stem wood more in birch, but in the bark and foliage – in pine. In the 
wood and bark of a stem, this index is also related to the position in a stem: in the wood it decreases, and in the bark it increases 
in the direction from the bottom up.

Scots pine, white birch, air pollution, copper smelter, model trees, sample plots, toxicity index, regression analysis.

An integral indicator reflecting the natural and anthropo-
genic impact on forest ecosystems is their biological pro-
ductivity. Assessment of biological productivity, or carbon-
depositing capacity of forests is now reaching the global 
level, and its increase is one of the main factors of climate 
stabilization, but “our understanding of changes in ter-
restrial biomass remains rudimentary” (Houghton et al., 
2009). 

This uncertainty is increasingly exacerbated by an air 
pollution factor. It is found that even a slight decrease 
in the biological productivity of forests under the influence 
of pollution has substantial negative impact on carbon-
depositing function of forest cover (Savva & Berlinger, 
2010), which reduces the “assimilation” resource forest 
cover and the opportunity to obtain benefits to the market 

It is necessary to study the influence of atmospheric 
pollution on changes in the structure of biomass and net 
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primary production (NPP) of forest ecosystems in gradients 
of industrial pollution. The lack of such information is one 
of the most important reasons that make it difficult to build 
an overall picture of the transformation of biota under the 

The vast expanses of the background environment of the 
Urals, combined with the presence of large long-term sources 
of air pollution, provide a unique opportunity to engage 
in experimental work with entire ecosystems at the level 
of territorial complexes. In the Urals one of the most in-
tensive sources of toxic emissions is the copper production, 

-

Because of the strong anthropogenic pollution on the territo-

destroyed: vegetation and soil humus are missing and an 
extensive technogenic wasteland is formed (Fig. 1). 

Figure 1. Locations of sample plot establishing in the northeast 

Many publications describe vegetation reactions to 

et al., 1989; Stepanov et al., 1992; Chernenkova, 2002; 

et al., 2011). It was found that radial growth of pine is re-
duced by 2 times on the gradient of pollution at distances 

there is a violation of the growth correlation with climatic 

also decreases as the sources of pollution are approached 
in white birch in the Central Urals (Makhnev et al., 1990), 
in Latvian Scots pine (Liepa et al., 1986) and in Siberian 
fir in Central Siberia (Pavlov, 2006).

As a result of studying the influence of atmospheric 

of needles, the number of resin passages on the cross-sec-
tion of needles of Scots pine, it was found that the apical 

length in Scotch pine (Agikov, 2012), and the area of the 

integral index of heavy metal content increases most sig-
nificantly in leaves and to a lesser extent in bark and wood 

It is stated the increase of crown defoliation in Scots 
-

increase of tree crown transparency as they approach pol-
lution sources in different regions (Sidaravicius, 1987; Yar- 
mishko, 1990; Brassel & Schwyzer, 1992; Nizametdinov, 
2009), but, at the same time, the density of needles on tree 
shoots is increasing (Augustaitis, 1989; Yarmishko, 1997; 
Zarubina, 2011). These two opposite trends overlap, and as 
a result, as we approach the source of pollution, there is no 
significant decrease in the biomass of trees, as was shown 
by the example of spruce and fir in the pollution gradient 
in the Central Urals (Usoltsev et al., 2011, 2012). How-
ever, at the stand level, all researchers of biomass struc-
ture of different species in pollution gradients came to an 
unambiguous conclusion about biomass decrease as it ap-
proaches the source of pollution (Lukina & Nikonov, 1991; 
Stepanov et al., 1992; Yusupov et al., 1997; Chernenkova, 
2002; Martynyuk, 2011; Usoltsev et al., 2012).

The purpose of this study is to establish patterns 
of changes in the structure of biomass and NPP of trees 
and stands of Scots pine and white birch in connection with 
an increase in the toxicity index in the pollution gradient at 

1910. The main emission ingredients are sulfur dioxide 
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(91% by weight among gaseous pollutants) and dust par-
ticles with adsorbed toxic elements (Cu, Pb, Zn, Cd, Fe, 
Ni, etc.). The volume of emissions for the entire period 
of plant operation amounted to more than 15 million tons 
(Usoltsev et al., 2012). 

The studies were carried out in two pollution gradi-
ents in predominantly pure birch and pine stands northeast 

1). 12 and 34 sample plots are established, in Scots pine 
(Table 1) and white birch (Table 2) stands respectively. The 
methods of work on the sample plots were described earlier 
(Usoltsev et al., 2011, 2012).

A total of 42 sample trees for pine and 56 ones for birch 
were taken. The number of disks sawn from the stems to 
determine the qualitative indices of wood and bark is fol-
lowing: 126 for pine and 168 for birch; the number of defi-
nitions of qualitative indices of the crown at the samples 
of foliage and branches (crown skeleton): 102 pine and 
56 birch. To determine the biomass and NPP of regenera-

tions and brushes, 169 and 515 sample trees of pine and 
birch are taken, respectively. Shares of the regenerations, 
brushes and grasses in the understory biomass and NPP 
in different pollution zones are shown in Table 3.

To estimate the stability of ecosystems, to predict their 
response to pollutants, to find the maximum permissible 
loads, it is necessary to build “dose – effect” relation-

-

1995). It was revealed that the content of heavy metals 
in the humus layer of the soil changes in the pollution 

2015). Therefore, as an indicator of the “dose” we have 
adopted the toxicity index (index2), calculated from the 
concentration of mobile forms of the three most “man-
made” metals (Cu, Pb and Fe) deposited in the forest litter, 
i.e. those metals that have the highest exceedances above 
the minimum level at the three dirtiest sites and the lowest 

Table 1.  Tree species composition* and taxation characteristics and harvest data** of stand aboveground biomass on 12 sample plots 

Pollution D, Species 
composition A H DBH N G V Ps Pb Pf Pa Pu Zs Zb Zf Za Zu

Impact
4.2 7Ps3Bp 80 20.6 26.9 392 15.97 179 84.1 11.9 3.65 99.6 0.12 1.05 0.446 1.30 2.82 0.112

5.5 9Ps1Bp 80 19.9 31.1 422 27.97 323 154.2 22.2 6.97 182.2 0.33 1.94 0.774 1.66 4.4 0.312

Buffer

5.8 10Ps 80 21.2 31.1 504 34.46 485 199,0 16.9 9.21 214.9 1.08 1.84 0.64 1.41 3.96 0.418

6.6 8Ps1Bp1Pt 80 19.8 28.4 440 26.33 368 164.3 15.4 6.63 179.7 1.08 1.57 0.602 1.61 3.83 0.418

7.3 10Ps 80 20.4 27.6 640 35.74 468 196,0 17,0 8.31 214.8 1.08 1.86 0.675 1.54 4.15 0.418

8.3 8Ps1Bp1Ls 80 19.5 23.8 560 25.64 275 123,0 12.5 5.00 140.9 1.21 1.37 0.507 1.43 3.25 0.503

8.8 7Ps3Bp 80 18.6 27.8 437 24.6 322 151.5 16.2 4.46 171.2 1.21 1.36 0.618 2.10 3.91 0.503

9.5 7Ps3Bp 80 18.6 28.4 434 27.23 401 175.8 22.1 4.46 202.7 1.10 1.56 0.774 2.63 4.75 0.610

13.3 10Ps 80 20.4 27.6 549 30.64 373 177.3 16.7 8.63 203.5 1.08 2.39 0.59 1.80 4.79 0.726

13.8 10Ps 80 20.6 27.7 591 32.48 386 183.9 17.3 9.10 211.1 1.08 2.47 0.613 1.80 4.91 0.726

14.5 9Ps1Bp 70 19.5 25.3 989 43.69 512 234.3 21.9 10.1 268.0 1.08 3.25 0.853 2.29 6.49 0.726

Back-
ground 32.0 8Ps2Bp 80 20.3 28.5 600 35.0 492 196.7 17.6 6.70 219.8 1.25 2.98 0.85 2.21 5.97 0.573

*Species designations: Ps – Pinus sylvestris L., Bp – Betula pendula Roth., Pt – Populus tremula L., Ls – Larix sibirica L.
** Stand designations: D is distance from pollution source, km; A is stand age, yrs; H and DBH are mean height and mean di-
ameter at breast height correspondingly, in m and cm; N is tree number per ha; G is basal area, m2 per ha; V is volume stock,  
m3 per ha; Pi and Zi are biomass and annual NPP, t per ha; i is the index of biomass component: stem with bark (s), branches (b), 
foliage (f), aboveground (a), and understory (u).
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exceedances at the three sites furthest from the emission 
source. In contrast to sulfur, they are stronger adsorbed by 
depositing environments, and they are easier to measure 

1995).
In this case, index2 is calculated for concentrations 

of mobile forms of Cu, Pb and Fe in forest litter according 
to the following formula 

           (1) 

where, k is a number of elements (in our case – three); Xij 
is concentration of i-th element on j-th site; Xi min is mini-
mum concentration of i-th element on all sites.

To assess the impact of pollution on the structure of tree 
biomass, the allometric equations are calculated, having 
the form

   pi = exp [a0+ a1ln(DBH) +a2(X) +a3ln(I)],   (2)

where pi is biomass of i-th component, kg; DBH is stem 
diameter at breast height, cm; I is toxicity index (index2); 
X – binary variable, equal 1 for pine and 0 for birch. The 
calculation of (2) for aboveground biomass, stems, foliage 
and branches, showed the following coefficients of deter-
mination, correspondingly: 0.981, 0.972, 0.861 and 0.951. 

for the constant a2 was 10.6, 9.9, 12.1 and 18.1 respec-

tively. This means that the difference of allometric depend-
ences of biomass components upon DBH in pine and birch 
is highly reliable (at the level of probability P999). 

But for the constant a3 the significance level was 1.1, 
0.9, 1.1 and 0.4 respectively, which is significantly less 
than the critical value t05 = 2. This means that the biomass 
structure of equal-sized trees of both species remains un-
changed throughout the pollution gradient. As it was men-
tioned above, this phenomenon may be explained with 
joining two contrary trends, i.e. firstly, increasing foliage 
density on twigs and, secondly, increasing crown transpar-
ency when approaching pollution source. Thus, these two 
contrary trends overlap and the total trend is absent. 

This also means that ignoring of previously obtained 
experimental data of tree biomass and seeking new experi-
mental data to calculate “modern” allometric equations, 
supposedly more appropriate to the changed environmental 
conditions (Xing et al., 2005), is completely unfounded. 

Similar equations are calculated for the annual growth 
of tree biomass. The obtained equations for each sample 
plot are further used to calculate biomass and NPP per 
1 ha, which are then analyzed in relation to the toxicity  
index.

A standard regression analysis procedure was used to 
approximate “dose – effect” relationships. The dependen-
cies were analyzed

    Pi = exp [a0 + a1 lnI + a2(X × lnI)],                              (3)

    Zi = exp [a0 + a1 lnI + a2(X × lnI)].                              (4)

Designations in (3) and (4) see in Table 1. All regres-
sion coefficients of the independent variables of the cal-
culated equations are significant at the probability level 

Table 3. Shares of the regenerations, brushes and grasses in the understory biomass and NPP in different pollution zones

Regenera-tion Grass Total Regeneration Grass Total

Pine stands

Impact 4 2 94 100 0.5 0.2 99.3 100

Buffer 22 34 44 100 4 6 90 100

Background 16 43 41 100 3 7 90 100

Birch stands

Impact 32 48 20 100 15 22 63 100

Buffer 20 34 46 100 4 6 90 100

 Background 19 24 57 100 3 3 94 100
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of 0.95 and above. When calculating equations (3) and 
(4), the taxation characteristics of pine and birch stands 
were consistently included as additional independent vari-
ables. However, in most cases their influence on biomass 
and NPP of forest stands in the pollution gradient was not 
statistically reliable. The characteristics of the final equa-
tions is given in Table 4 and their graphical interpretation 
in Figure 2.

If no significant impact on the aboveground biomass 
and its annual NPP of pine and birch in the gradient of pol-

level such an impact was significant. This means that the 
change in biological productivity of stands in the pollution 
gradient is influenced not by the structure of biomass and 
NPP of their constituent trees, but by the taxation structure 
of stands.

A previously published paper (Usoltsev et al., 2012) 
the dependence of biomass and NPP of trees and stands 
was investigated in the same pollution gradient on the 

source of pollution. The first output was like this: if an 

and annual NPP of pine and birch trees in the gradient 
was no significant, their influence at a forest stand level  
is obvious. 

However, there are differences concerning the traits 
of the studied dependencies. Judging by the structure 
of equations (3) and (4), shown in Table 5, and their 
graphical interpretation (Fig. 2), the obtained dependences 
of the stands production indices on the toxicity index are 
described by a simple allometric function, whereas their 
relation to the distance from the pollution source (D, km) 
was described by the equation 

                Pi and Zi = a0 + a1 (1/D)2,                     (5)

according to which, after the sharp increase in Pi and Zi 
in the range of distances from 4 to 10 km, as they move 

to the plateau. 
Since in determining the biological productivity 

of stands in the sample plots, the main share of labor is spent 
on determining the dry matter content (DMC) in biomass 
components, we estimated dependences of DMC in bio-
mass components upon determining factors that could be 
useful in studies of this nature at similar facilities. The 
equations for DMC are calculated:

– in stem components 

      Sw and Sb = a0+a1I+a2X +a3h;     (6)

– and in foliage and branches

      Sf and Sbr = a0+ a1I+a2X,      (7)

where Sw, Sb, Sf and Sbr are dry matter content in stem 
wood and bark, in foliage and branches, respectively, 
%; h – position of sawn disks along the stem, in shares 
of the stem height, i.e. 0.2, 0.5 and 0.8H (numbering from 
bottom to top), where H is the stem height, m; I – in-
dex toxicity (Index2); X is a binary variable equal to 1 
for pine and 0 for birch. All regression coefficients of the 
independent variables of the calculated equations (6) and 
(7) are significant at the probability level of 0.95 and 
above. The characteristic of equations (6) and (7) is given  
in Table 6.

When judging by the characteristic of equations (6) 
and (7), the dry matter content in the stem wood decreases 
and in the bark increases from the bottom up; due to the 
increase in the toxicity index, DMC in the wood and bark 
decreases, and in the foliage and branches increases. At the 
same toxicity index, DMC in the stem wood and branches 
is more in  birch, and in bark and foliage is more in pine. 

For preliminary (approximate) calculations or in cases 
where it is not possible to determine the DMC in the bi-
omass components by the thermal-weight method when 

Equation 
characteristic Pa Ps Pf Pb Pu Za Zs Zf Zb Zu

a0 5.4703 5.3530 1.5307 3.0375 0.8666 2.0606 1.1305 1.3444 -0.1412 0.4393

a1 -0.1755 -0.1744 -0.2072 -0.1701 -0.6590 -0.1888 -0.2281 -0.1593 -0.1882 -0.8222

a2 0.1026 0.1000 0.2932 0.1125 0.3514 0.0165 0.0733 -0.0575 0.1058 0.4650

adjR2 0.594 0.587 0.697 0.465 0.671 0.672 0.708 0.621 0.483 0.804

SE 1.24 1.24 1.33 1.31 1.98 1.24 1.25 1.28 1.33 1.83

Designations of symbols: Pi and Zi are biomass and annual NPP, t per ha; i is the index of biomass component: aboveground (a), stem 
with bark (s), foliage (f), branches (b), and understory (u).
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Figure 2. Linear log-log change trends of biomass (left) and annual NPP (right) of pine and birch stands in the pollution gradient at 
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evaluating it on sample plots in the stands of pine and 
birch, its average values can be used (Table 7). 

Thus, it is not revealed any statistically significant patterns 
of change in biomass and annual NPP of trees in the gra-
dient of the index of toxicity, but at the stand level, a lin-
ear log-log pattern of declining biomass and annual NPP 
of forest stands with increasing index of toxicity in the 
direction to the source of pollution have been established, 
and most of the components reduce in birch more pro-
nounced than in pine. The exception is the ratio of these 
trends in pine and birch related to biomass and NPP fo- 
liage.

Neither the age of a tree nor its size contribute sig-
nificantly to the explanation of the variability of DMC 
in biomass components. But DMC of all the components 
of biomass depends upon the value of the toxicity index 
and species on a statistically significant level: due to the 
increase in the toxicity index, DMC in wood and bark de-
creases, and in foliage and branches increases. At the same 
toxicity index DMC in the stem wood and branches above 
birch, and in the bark and foliage above pine. In the stem 
wood and bark, this indicator is also related to the position 
in a stem: in the wood it decreases, and in the bark it in-
creases in the direction from the bottom up.

The use of the toxicity index in the pollution gradient 
enables a comparative analysis of pollution situations at 
different sites and some physiologically determined inter-
pretations of the revealed trends.
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