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south Urals, grown in industrially polluted zones, a bigger
number of rare alleles was observed compared to populations
from ecologically pure habitats (SHIGAPOV et al., 1995; BACH-
TIYAROVA et al., 1995). In the studied P. sylvestris population
(A), degrading through untimely death of some plants of long-
term (more than thirty years) damaging effects of toxic emissi-
ons from chemical plants there does not occur a noticeable
change of prevailing alleles frequences (1.00) in any of 18 poly-
morphic loci compared to the control populations, though the
genotypic representation is poorer mainly because of a smaller
portion of heterozygotes with rare allele versions. In the popula-
tion B, significantly damaged by emissions, where the death of
plants insignificantly exceeds a natural level there was not
observed a noticeable loss of allele and genetic diversity. The
decrease of intrapopulation components of genic diversity in
the demographically oldest element of the degrading popula-
tion (A) does not increase the degree of its differentiation com-
pared with the control populations. On the whole these facts
may witness that single-directed changes in the genetic struc-
ture of the oldest element of degrading populations do not take
place. It is not excepted that stochastic change of genes
frequences may occur in such populations in case of decrease of
emissions effect to the level, which allows natural regeneration
in subsequent generations. In will be a result of an incidental
genetic drift through the destruction of evolutionary laid bases
of their adaptive genetic structure, which occured as a result of
the decrease in the number and the lack of regeneration of
populations.

Thus, a slightly lower level of genetic diversity was observed
in the degrading (through damaging effects of emissions from
chemical enterprises of the south-eastern Ukraine) marginal P.
sylvestris populations, than in the populations, not exposed to
the effect of pollutants. 

References
BAKHTIYAROVA, R. M., STAROVA, N. V. and YANBAEV, YU. A.: Genetic
changes in populations of scotch pine growing under industrial air
population conditions. Silvae Genetica 44: 157–160 (1995). — DAVIS, B.

J.: Disc electrophoresis. II. Method and application to human serum
proteins. Ann.N.Y. Acad. Sci.121: 67–75 (1964). — GEBUREK, TH.,
SCHOLZ, F., KNABE, W. and VORNWEG, A.: Genetic studies by isozyme
gene loci on tolerance and sensitivity in an air polluted Pinus sylvestris
Field Trial. Silvae Genetica 36: 49–53 (1987). — GONCHARENKO, G. G.,
SILIN A. E. and PADUTOV, B. E.: Issledovaniye geneticheskoi structuri i
urovnya differentsiatsii u Pinus sylvestris L. v tsentralnich i kraevich
populyatsiyach vostochnoi Evropi i Sibiri. Genetica 29: 2019–2038
(1993). — GURIES, R. P. and LEDIG F. T.: Genetic diversity and populati-
on structure in pitch pine (Pinus rigida Mill.). Evolution 36: 387–402
(1982). — KOROCHKIN, L. I., SEROV, O. L. and PUDOVKIN, A. I. et al. Gene-
tics of isozymes. Nauca: Moscva, 278 p. (1977). — KORSHIKOV, I. I.: Adap-
tatsiya rastenii k usloviyam technogenno zagryaznennoi sredi. Nauk.
dumka, Kiev. 238 pp. (1996). — KORSHIKOV, I. I., KOTOV, V. S. and MIK-
HEENKO, I. P. et al..: Vzaimodeistviye rastenii s technogenno zagryaz-
nennoi sredoi. Nauk. dumka, Kiev. 191 pp. (1995). — NEI M.: Molecular
population genetics and evolution. Holland Press, Amsterdam. 278 pp.
(1975). — NIEBLING, C. R. and CONKLE, M. T.: Diversity of washoe pine
and comparisons with allozymes of ponderosa pine races. Can. J. Forest
Res. 20: 298–308 (1990). — PLASSAS, M. E. and STRANSS, S. H.: Allozyme
differentiation among populations, stands, and cohorts in Monterey
pine. Canad. J. Forest Res. 16: 1155–1164 (1986). — PRUS-GLOWACKI, W.,
NOWAK-BZOWY, R.: Demographic processes in Pinus sylvestris L. popula-
tions from regions under strong and weak anthropogenous pressure.
Silvae genetica 38: 55–62 (1989). — PRUS-GLOWACKI, W. and NOWAK-
BZOWY, R.: Genetic structure of a naturally regenerating Scotch pine
population tolerant for high pollution near zinc smelter. Water, Air and
Soil. Pollut. 62: 249–259 (1992). — PRUS-GLOWACKI, W. and GODZIK, ST.:
Changes induced by zinc smelter pollution in the genetic structure of
pine (Pinus sylvestris L.) seedling populations. Silvae genetica 40: 184–
188 (1991). — SCHOLZ, F. and VENNE, H.: Structure and first results of a
research program on ecological-genetics of air pollution effects in Nor-
way spruce // Genetic effects of air pollutants in forest tree populations.
Springer-Verlag, Berlin; Heidelberg: 39–54 (1989). — SCHULTZE U.:
Erhaltung forstlicher Genressourcen wichtiger denn je. Österr.
Forstztg. 101: 43–44 (1990). — SHIGAPOV, Z. X., BACHTIYAROVA, R. M. and
YANBAEV, YU. A.: Geneticheskaya izmenchivost i differentsiatsia prirod-
nich populyatsii sosni obiknovennoy (Pinus sylvestris L.). Genetica. 31:
1386–1393 (1995). — SMIT, Y. X.: Forest and atmosphere interrelations
between forest ecosystems and and mixtures of air.- Moscva: Progress,
429 p.(1985). — YEH, F. C., KHALIL, M. A., EL-KASSABY, G. A. and TRUST,
D. C.: Allozyme variation of Picea mariana from New Foundland: genet-
ic diversity, population structure and analysis of differentiation. Can. J.
Forest Res.16: 713–720 (1986). — YEH, F. C. and EL-KASSABY, G. A.:
Enzyme variation in natural populations of Sitka spruce (Picea sitchen-
sis (Bong.) Carr.). I. Genetic variation patterns in ten IUFRO provenan-
ces. Canad. J. Forest Res. 10: 415–422 (1986).

Sensitivity of Diameter Growth to Annual Weather Conditions in Scots Pine
Provenances at a Central Siberian Location

By Y. V. SAVVA1), F. H. SCHWEINGRUBER2), N. A. KUZMINA1) and E. A. VAGANOV1)

(Received 28th July 2000)

Summary

Eight tree-ring characteristics (tree ring width, latewood and
earlywood widths and densities, maximum and minimum
densities and latewood percentage) were measured densitome-
trically in 16 Scots pine provenances in the southern taiga,
Central Siberia. Age trends were excluded by standardization.
It was found that the sensitivity coefficient of latewood width,
latewood and maximum densities and latewood percentage has
a tendency to decrease in relation to the increasing latitude of
seed sources. Northern provenances utilise only the energy
resources (heat and light) during the first half of the growing
season effectively. The correlation of tree ring series between
the local provenance and the other provenances decreases in

relation to the increasing latitude difference between seed
origins. As a whole, the values of the normalized Euclidean
distance, correlation and synchronicity coefficients between the
local provenance and the other provenances prove that, for
most of the provenances, the interannual variability of 
the chosen tree ring characteristics reflects the prevailing
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influence of weather conditions (even for the populations from
the northern taiga and forest-tundra zone). The variability of
weather conditions determines up to 85% the variability of
radial growth and wood density. 

Key words: annual ring, weather sensitivity, climate tolerance, latitudi-
nal transfer, environmental change.

Introduction

Several general models of global climate change predict very
rapid warming due to an increase in atmospheric concentra-
tions of CO2 and other greenhouse gases (BRIFFA et al., 1998;
FLANAGAN et al., 1998) and it is believed that the effects of
global warming could have a substantial impact on tree species
distribution (JOYCE et al., 1990; ROBERTS, 1989). However, there
are no sure answers to the general question: how will global
and regional climate changes affect trees; their growth rates;
their survival in natural ecosystems; and their succession pro-
cesses? (BEUKER, 1994; STETTLER et al., 1994). KAUPPI and
POSCH (1988) have predicted increases in larch productivity in
northern boreal forests in response to climatic warming. Their
model assumes that the trees will adapt to the new climate.
Estimates of the effects of climate change on tree growth are
important because trees, with their long life spans, are least
able to respond in a short time by migration or genetic selec-
tion (e.g. DAVIS, 1990; DAVIS and ZABINSKI, 1992; NANCE et al.,
1993; MATYAS, 1994). MATYAS (1992) proposed that one effective
way to reveal the ability of trees to adapt genetically and to
document the response of a tree species to climatic change
would be the analysis of provenance trials. 

The results of provenance trials have shown that if seed
sources are moved slightly northwards, populations out per-
form local sources. However, if seed sources are moved too far
to the north, trees suffer cold damage and may not perform as
well as those from the original source. If moved to the south,
trees also may not perform as well because of heightened sensi-
tivity to disease (WELLS and WAKELEY, 1966; WRIGHT, 1978).
Several authors have also noted that there is a reduction in
tree growth, if northern seed sources are moved too far south
(IROSHNIKOV, 1977, SHUTYAEV et al., 1990; KUZMINA, 1999).

VAGANOV et al. (1994) have found that tree ring data can sup-
ply comprehensive information on weather influences during
the growing season. COOK et al. (1990) have proposed that the
densitometric method provides an appropriate analytical tool
for comparing the response of tree growth to different climatic
conditions. 

The objective of this study is to evaluate the response to
annual weather conditions of Scots pine (Pinus sylvestris L.)
through testing sixteen provenances in the southern taiga,
Central Siberia using densitometry measurements of tree
rings. 

Material

In the years 1974 to 1976 throughout the former USSR, a
series of provenance trials on Scots pine were established by
the state Forestry Committee (SHUTYAEV et al., 1998) with 113
provenances planted on over 33 planting sites. The program
was prepared by the late YE.P. PROKAZIN from the Forest Seed
Laboratory of the All-Union Forest Research Institute 
(VNIILM), Pushkino, near Moscow. The present paper is based
on the study of Scots pine trees from one of the provenance
trial, which was included in this program and was established
in the Krasnoyarsk region (Boguchany), Central Siberia (58°
23’N, 97° 26’E). The Laboratory of Forest Genetics and Plant
Breeding of the Institute of Forests (A.I. IROSHNIKOV, L.I.
MILYUTIN, N.A. KUZMINA) raised seedlings in 1974 and a field
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Table 1. – Data of the 1974 Scots pine provenance trial. Provenances are
listed in order of decreasing latitude of origin.

trial of 3 year-old plants was established in 1977. Details of the
establishment and design of the test has been described more
recently by N. KUZMINA (1999). A total of 405 increment cores
from 16 pine provenances were collected from the Boguchany
test site. The area is classified as southern taiga and sub-taiga,
zone of pine and larch forests (Korotkov, 1994). The Boguchany
plantation lies on a large flat area of 9 hectares, on the site of a
former open pine forest with dark grey forest soil. The climate
is typically continental, with a cold winter (average January
temperature is –20°C to –21°C), summer temperatures
average +23°C in July. The average annual temperature is be-
tween –2.3°C to –3.6°C. More than 50% of the annual precipita-
tion falls in the three summer months, with spring usually
being the driest season. Average annual precipitation is about
350 mm to 400 mm. The locations of all the seed sources and
their forest types are given in table 1.

The seed sources are distributed across a wide climatical
range, between approximately 50°N to 70°N and 31°E to
129°E, and distributed along four meridional transects includ-
ing: European, Urals, East Siberian and Far Eastern transects.
For each provenance, 20 to 25 trees were sampled (Table 1). We
selected the widest trees in the plots. Cores were taken in two
directions at approximately 50 cm above ground to avoid
mechanical influences at the stem base. This height above the
base represents a loss of about 8 years growth in relation to
total tree age. Analysis was carried out on tree rings formed in
the age period from 8 to 22 years.

Methods

Cores were analysed densitometrically with a DENDRO-
2003 densitometer. (SCHWEINGRUBER, 1988; ESCHBACH et al.,
1995; KIRDYANOV, 1999). Tree ring width, earlywood width,
latewood width (radial growth chronologies), minimum and
maximum densities, density of early and latewood (density
chronologies) and percentage latewood were measured and
crossdated (KIRDYANOV, 1999; SAVVA et al., in press). Chronolo-
gies of all these eight tree ring parameters were obtained for
each tree (and for each provenance by averaging the individual
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chronologies) showing interannual weather related reactions
and age trends. In studies of ring-width variability associated
with climate, it is usually most convenient to estimate the
systematic changes in ring width associated with age and to
remove them from the measurement (FRITTS, 1987). The indi-
ces generally have no linear trend; (their mean value is one);
and the large variability in ring-width of a provenance would
be comparable to the lower variability in the ring-width of the
another provenance. In a previous study of the provenances it
was found that the individual variability of all tree ring para-
meters was one to four times greater than the chronological
variability due to weather (SAVVA, et al., in press). To exclude
age trends and differences within the provenance, the radial
growth, minimum and earlywood density chronologies were
standardized using a 3rd degree polynomial function (Figure
1A). Linear functions were used for standardising the latewood
and maximum density chronologies (Figure 1B); and a 2nd

degree polynomial function was used for standardising the
latewood percentage chronologies. Then indices (Figure 1,
curve 3) were calculated by dividing the measured parameter
(Figure 1, curve 2) by the expected value obtained from the fitt-
ed curve (Figure 1, curve 1) (COOK et al., 1990). The inter-
annual variability due to weather influence can be determined
from the indices curves, with a mean of 1.0 and a relatively
constant variance.

The coefficient of synchronicity (Kc) (HUBER, 1943) was calcu-
lated to evaluate the conformity between the local, Boguchany,
and the other provenances’ dendrochronological curves. The
degree of synchronicity reveals the similarity of growth rhythm
of two populations (SHIYATOV, 1986). This is expressed as:

where n+ is the number of segments from radial growth cur-
ves having the same directional tendency and n is the length of
the compared period (in years).

To estimate the similarities in interannual variability bet-
ween the local (Boguchany) and the other provenances, the
normalised Euclidean distances were calculated (AIVAZYAN et
al., 1987). We chose statistically independent parameters of
radial growth and density (coefficient of correlation between
them <0,85): tree-ring width, latewood and earlywood densities
and latewood percentage (SAVVA et al., in press). The Euclidean
distance is expressed as:

where xi
(1),..., xi

(4) are the coefficients of synchronicity be-
tween the local provenance and the i-th transformed provenan-
ce (i = 1–16) for the: (1) tree-ring width, (2) earlywood density,
(3) latewood density, (4) latewood percentage; xi

(5),...,xi
(8) are the

coefficients of correlation between the local provenance and the
i-th provenance for the same tree ring characteristics; xj

(1),..., xj
(8)

are the coefficients of synchronicity and correlation between
the local provenance and the j-th provenance (where j-th prov-
enance is the local provenance (Boguchany)), with being equal
1 correspondingly. According to this, p = 8. 

Results

Table 2 demonstrates the mean values of tree ring width and
latewood portion. It was found that the values of tree ring
width decrease, but the values of latewood portion increase in
relation to increasing latitude of seed origins. 

Age influences and individual differences among the prov-
enances were excluded by standardisation. Now we can evaluate
and compare the reaction of the provenances to weather chan-
ges. The sensitivity coefficients of radial growth and density

Fig. 1. – Examples of excluding the age trend in tree-ring characteri-
stics (for Avzyan provenance): A) TRW – tree ring width; B) MAX –
maximum density (1 – calculated curve, 2 – measured data, 3 – index
curve).

The coefficient of sensitivity was calculated to evaluate the
radial growth variations quantitatively. Once the sensitivities
had been calculated it was possible to ascertain to what extent
the growth of population was influenced by weather conditions
(SCHWEINGRUBER, 1988). The following formula was used to cal-
culate the coefficient of sensitivity:

there xt is the relative index in year t, and n is the number of
observations (SHIYATOV, 1986). 

Table 2. – Mean values of tree ring width and late-
wood ratio.



52

given in Table 3 show that radial growth chronologies are more
sensitive than density chronologies. 

• The sensitivity coefficient of latewood width is higher (0.20 to
0.36) than that for earlywood width (0.09 to 0.17), showing
that latewood formation is more influenced by weather condi-
tions.

• Range of variation of the sensitivity coefficient for latewood
density (0.05 to 0.10) are higher, than for earlywood density
(0.03 to 0.04). 

• However, tree ring characteristics are not highly sensitive,
according to S.G. SHIYATOV’s (1985) classification of sensitivi-
ty, with one exception from the Svobodnyi provenance (Amur-
skaya obl.) where the sensitivity coefficient for latewood
width is 0.36. 

synchronicity coefficient for tree ring width indices is >0.71 and
for latewood density it is >0.54. For example, Figure 2A shows
that the years of maximum and minimum radial growth
coincide in all the provenances, with an especially abrupt mar-
ked decrease in maximum density in 1991 (Figure 2B).

The sensitivity of tree ring characteristics was also consider-
ed in relation to seed origin. There is a significant negative cor-
relation (p <0.05) between the sensitivity coefficient and the
latitude of seed origin for all latewood parameters (for maxi-
mum density and for latewood percentage R= –0.68, for late-
wood density R= –0.65 and for latewood width R= –0.65).

The correlation and synchronicity coefficients of the indepen-
dent dendrochronological characteristics were used to compare
the radial growth parameters of Boguchany with the other pro-
venances. The lowest Euclidean distance (dE = 0.06) connects
Boguchany to Revda provenance (southern taiga), its nearest
neighbour. The Euclidean distance increases for the northern
taiga provenances (Figure 4). The highest Euclidean distance
(dE = 0.15) separates Boguchany from its most remote northern
provenance, Pechenga (forest-tundra).

Discussion

The analysis of the provenances correlation and synchronici-
ty coefficients and their generally close relationship with
Boguchany provenance demonstrates that the local weather
conditions mainly influence the interannual variability of the
tree ring characteristics. The influence of the local weather
conditions decreases with the increase in the distance from the
seed origin (Figure 4). Trees growing in subarctic and high
latitude regions are highly sensitive to summer temperature
variations (VAGANOV et al., 1999). However, if northern seed
sources are moved southward, their tree ring parameters do
not exhibit as high a sensitivity as in their native environ-
mental conditions.

The main environmental parameters determining growth
response differences among provenances are heat sum, pre-
cipitation and photoperiod (latitude). In the subarctic regions
of Siberia (forest-tundra and the northernmost parts of the
northern taiga) the temperature of the two summer months:
June and July is the main limiting factor. In the middle taiga,
interannual growth variability depends on the June-July tem-
perature and winter precipitation (VAGANOV et al., 1996, KIR-

Table 3. – Sensitivity coefficients of the tree ring characteristics for dif-
ferent provenances (TRW – mean tree ring width, EWW – earlywood
width, LWW – latewood width, PLW – latewood percentage, MAX –
maximum density, LWD – latewood density, MIN – minimum density,
EWD – earlywood density,).

Table 3 shows the conformity in interannual variability be-
tween the local Boguchany and other provenances expressed by
correlation and synchronicity coefficients. Except for latewood
percentage, tree ring parameters from all the provenances from
Revda and southward are highly correlated with Boguchany
(with R values mostly between 0.7 to 0.9), with the notable
exception of R = 0.45 for Svobodnyi. The correlation coefficients
are a little lower for the northern provenances, with exception-
ally low correlations for Pechenga (forest-tundra) provenance,
with R = 0.34 for latewood density, and in the Severo-Yeniseisk
and Turukhansk provenances with R = 0.44 and 0.37 respec-
tively for tree ring widths. The synchronicity coefficients for
the latewood percentages for about half of the provenances are
below 0.7 and the earlywood densities for five out of the 16
provenances are also low. 

As a whole, the values of the correlation and synchronicity
coefficients show that, for most of the provenances, the inter-
annual variability of the chosen tree-ring characteristics reflects
the prevailing weather conditions, with the variability of condi-
tions mainly determining the variability in radial growth and
wood density. The analysis of the parameters interannual
variability shows that the directional response to weather
changes is the same in most provenances (Figure 2). The

Table 4. – The correlation and synchronicity coefficients of the tree ring
width and density chronologies between the local (Boguchany) and the
other provenances.

(* the lowest correlation and synchronicity coefficients, p< 0,05)
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DYANOV et al., 1996) and in the forest-steppe the major factors
are April to June temperatures and June to July precipitation
(VAGANOV, 1989). 

The growth limiting factors for the studied provenances from
the forest-tundra and northern taiga that were transplanted to
the southern taiga differ greatly, while those for seedlings
transplanted from the forest-steppe and steppe differ much
less. This is due to the increase of the heat sum which is used
by the northern provenances and to the decrease of the heat
sum for the steppe and forest-steppe provenances planted in
the conditions of the southern taiga.

We have shown that the sensitivity of latewood decreases
with increases in the latitude of seed origins. This is because
trees at higher latitudes have adapted to maximally exploit the
earliest available heat sum (MIKOLA, 1962; LEIKOLA, 1969;
VAGANOV et al., 1994; HUGHES et al., 1999). The conditions of
the second half of the growing season therefore have less effect
on radial growth characteristics. The southern provenances use
the energy resources (heat and light) effectively during the
whole growing season. Latewood formation mainly depends on
the conditions of the second half of the growing season. Nort-
hern provenances show an earlier cessation of growth and
transition to dormancy. If these trees are transplanted to the

Fig. 2. – Index curves for: A) tree ring width (TRW); B) maximum density (MAX).The provenances
are grouped by the value of Kc, the synchronicity coefficient. Provenances are numbered as in 
Fig. 4.
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south, they lack the ability to compete with southern prove-
nances which are adapted to use the energy resources across
the whole growing season (Table 2). 

The values given by the normalised Euclidean distance show
that the differences between tree-ring parameters from the
northern provenances and those from the southern taiga prov-

enances differ by less than 15%, while the provenances from
the middle taiga and forest-steppe zone differ by 6% to 11%.
The larger part (85%) of the variability in tree ring characteri-
stics is due to differences in current local weather conditions
even in the northern provenances.

Tree ring characteristics of different provenances integrates
the complex processes of wood formation such as cell division,
radial extension and cell wall deposition (LARSON, 1994). On
the one hand this is controlled by the genetical program of
xylem differentiation, while on the other hand environmental
factors influence these processes (directly or indirectly) (Xylem,
1981; SAVIDGE, 1996). The analysis of densitometrical tree ring
characteristics might be considered as a tool to evaluate
genetical control of xylem differentiation under current
environmental conditions. Significant differences in tree rings
sensitivity were detected between the provenances. These dif-
ferences prove the existence of genetical control of wood forma-
tion if trees moved to new environment. The evaluation of
Euclidean distances between the provenances show that the
genetical control is not strong. Nevertheless densitometrical
parameters and their dynamic characteristics such as sensitivity
to weather conditions might be used for evaluation of genetical
differences between the provenances. They do, however,
summarize the influences of climatic conditions over a long
period of time.

In the context of global and regional climatic changes the
results show that the northern provenances are more conserva-
tive by utilizing only the energy resources of the first half of
the growing season effectively. Moving of the northern border
of the Pinus sylvestris’s natural habitat will not be very rapid,
especially if the other competitive species (for example, larch)
turn out to be more adaptive to use heat effectively.

Conclusions

1. Northern provenances, planted in the southern taiga,
retain their ability to use only the energy resources (heat and
light) of the first half of the growing season effectively.

2. Latewood is more sensitive to weather conditions than
earlywood.

3. Including the northern provenances, large part (up to
85%) of the variability in tree ring characteristics is due to
local weather conditions.
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Abstract

This study represents the second in a series investigating
the additive genetic variance operating within an unselected
population of Sitka spruce trees of known single origin. The
first study presented by SAMUEL and JOHNSTONE (1979) looked
at height between 1 and 6 years from planting. This study
looks at the additive genetic control of growth traits at just one
site up to 23 years from planting. Basic genetic statistics for
each individual trait are presented along with the genetic rela-
tionship between each trait and the optimum ages of selection
relative to mature ages of 23 years and 40 years. Analysis was
carried out at both the individual tree and family-mean level.

The optimum individual tree and family mean selection ages
in terms of generation efficiency were 9 year height and 23
year diameter respectively. When selection was based on genet-
ic gain per year, the optimum ages were again 9 year height at

the individual tree level, but fell to 5-year height at the family-
mean level.

There was very little difference in optimum selection ages
depending on the age of the mature trait. Efficiencies could be
improved and selection ages reduced if the delay necessary to
bring juvenile selections to flower could be reduced to just 
3 years or 5 years.

Key words: Picea sitchensis, genetic correlations, phenotypic correla-
tions, heritability, indirect selection.
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