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Abstract—Tree-ring anatomical structure is the key to understanding of adaptive specifics of xylem of various
species to climate change. This is especially significant in the permafrost zone due to likely permafrost deg-
radation. We compared anatomic features of annual rings of Dahurian larch (Larix gmelinii (Rupr.) Rupr.,
Larix cajanderi Mayr.), Scots pine (Pinus sylvestris L..) and Siberian spruce (Picea obovata Ledeb.) growing in
the permafrost zone in Central Siberia for 1960—2011. Climatic factors affecting tree radial growth and ana-
tomic features of tracheids of coniferous species were revealed.
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INTRODUCTION

During the last decades, the effects of global cli-
mate change have been reported worldwide (IPCC,
2013). It is expected that, in the 21st century, climate
change will contribute to further ecosystem modifica-
tion at the structural and functional levels (Iverson
and Prasad, 2001; Tchebakova et al., 2010), with a
strong impact on high-latitude ecosystems (Serreze
etal., 2000; Delisle, 2007). As a result of climate
warming and changes in the precipitation regime, it is
expected that the permafrost area may be subject to
permafrost degradation (Shur and Jorgenson, 2007;
Romanovsky et al., 2008). On the one hand, this
might have a positive effect on the growth of the main
forest-forming species in the region since, in addition
to the direct influence of positive temperatures, the
soil can be an additional source of accessible moisture.
On the other hand, the growth of trees in permafrost is
very specific (Kujansuu et al., 2007; Nikolaev et al.,
2011; Tabakova et al., 2011), and depending on the
local growing conditions, the trees can be exposed to
drought, flooding or lack of nutrients (Lloyd and
Bunn, 2007; Ohse et al., 2012).

Conifers are characterized by a fairly high degree of
plasticity and able to adapt their anatomical structure
of xylem under changing conditions. This feature

allows to use the anatomical parameters of annual rings
for retrospective studies (Panyushkina et al., 2003;
Castagneri et al., 2015; Ziaco et al., 2016). It is known
that tracheids of coniferous species simultaneously per-
form transport and mechanical functions (Gartner,
1995; Jagels and Visscher, 2006). Against the back-
ground of complex mechanical and physiological com-
promises between structural development and stress
resistance, trees form tracheids with an appropriate
lumen area and cell wall thickness (Eilmann et al.,
2009; Hacura et al., 2015; Sviderskaya et al., 2011). The
dynamics of these indices, as well as the ratio of early
and late wood in the ring, are of the greatest interest for
modern dendroclimatic studies (Martin-Benito et al.,
2013; Fonti and Babushkina, 2016; Kuzmin and
Rogovtsev, 2016).

Recent studies of the anatomical parameters of
annual rings of coniferous tree species in the perma-
frost zone of Siberia (Ben’kova, V.E. and Ben’kova, A.V.,
2006; Bryukhanova et al., 2014; Simanko, 2014;
Bryukhanova et al., 2015) demonstrated interesting
patterns of their variability, due to adaptive rearrange-
ments depending on regional and local growing condi-
tions. Based on the principles of dendrochronology
(cross-dating, sensitivity to external changes, constant
response to climate change), the data on the anatomi-
cal characteristics of tree rings (lumen size of the tra-
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Table 1. Description of habitats and age of the studied stands
. . Average annual . 1s .
Plot Site coordinates air temperature, °C* Rainfall mm/year Tree species Age, years
YILA 62°08" N, 104 238 Larix cajanderi 199
128°39’ E '
SPP 62°15’' N, 104 238 Pinus sylvestris 218
129°37" E ’
TURA 64°29' N, 90 370 Larix gmelinii 110
100°35" E ’ Picea obovata 107

* Based on climate data from the nearest weather stations “Tura” and “Yakutsk” from 1960 to 2011.

cheids, cell wall thickness, wood density) are a
detailed and reliable source of information on intra-
annual changes of environmental conditions. Such
knowledge provides a unique basis both for recon-
struction and for predicting the variability of the con-
ductive and mechanical parameters of xylem under
climate change. In this regard, the study of the xylem
anatomical parameters allows us to understand the
long-term (several decades or even hundreds of years)
and short-term (within one season) structural and
functional changes in the xylem associated with
changing growing conditions. In our study, based on
an analysis of the structure of the xylem of Dahurian
larch, Scots pine, and Siberian spruce from various
habitats in the zone of continuous permafrost, over the
last 52 years, attention was focused on long-term
changes in the structural and functional anatomical
parameters of wood and the influence of climatic fac-
tors on their variability.

MATERIALS AND METHODS

Studies of Dahurian larch (Larix gmelinii (Rupr.)
Rupr., Larix cajanderi Mayr.), Scots pine, (Pinus syl-
vestris L.) and Siberian spruce (Picea obovata Ledeb.)
were carried out in the zone of the continuous perma-
frost zone in Central Siberia (Table 1).

The first site (TURA), on which samples of Dahu-
rian larch and Siberian spruce were collected, is
located 10 km from Tura village of Evenki district of
Krasnoyarsk Krai (64°29” N 100°45" E, 589 m above
sea level). The area is located in a strong continental
climate. According to the weather station Tura (from
1936 to 2012), the average annual air temperature was
minus 9°C and precipitation was less than 400 mm per
year. Winter lasts about 8 months a year, and tempera-
tures can drop below minus 60°C from December to
February. The average temperature of the coldest
month of the year, January, is minus 35°C. Summer is
short, from late June to mid-August, while the average
temperature of July, as the warmest month, is 17°C. In
the study area, larch stands of class V bonitet, green
mosses group of forest types predominate (Abaimov
et al., 1997). The study site was located on a plateau,
dominated by larch with the above-ground vegetation
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dominated by Ledum palustre L., the age of the trees
was about 110 years, and the height was about 9 m with
an average stem diameter of 11.5 cm. The soils were
alluvial humus; the depth of the active soil layer in
August was about 60 cm.

The climate of the territory of Central Yakutia,
where two other studied sites were located, is also very
continental, the average annual air temperature is
minus 9.8°C, and the amount of precipitation is 233
mm per year (according to the Yakutsk weather station
from 1936 to 2012). The average January temperature
is minus 41°C, in July it is 19°C. The site (SPP) was
chosen near the scientific station of the Institute for
Biological Problems of Cryolithozone SB RAS
“Spasskaya Pad” (62°15” N, 129°37" E, 220 m above
sea level) 25 km north-east of Yakutsk. Pine bearberry
Vacciniaceae group of forest types prevails there.
Sandy loamy podzolized soil, with a normal degree of
drainage, has a maximum depth of active soil layer
reaching 50 cm. Pine samples of co-dominant trees
about 218 years old, 20 m high, stem diameter at a
breast height of 26 cm were collected on this site.

The third site (Y1LA) with coordinates 62°08” N,
128°39” E, 230 m above sea level is located at a distance
of 60 km west of Yakutsk and represented mainly by
larch stands with a developed undergrowth of blue-
berry-green mosses. Soil type is permafrost-taiga pale-
yellow loamy, with seasonal thawing depth of 50 cm.
Larix cajanderi samples were collected from dominant
trees, 199 years old, 15 m high and 25 cm in diameter.

Wood samples (cores) were taken from 15—20 trees
of each species on the site with 5 mm borer from the
stems at a height of 1.3 m from the soil level. Annual
tree ring widths of individual trees were measured
according to a well-known methodology (Rinn, 1996).
Statistical verification of the quality of cross-dating was
carried out using the specialized COFECHA program
(Holmes, 1983). Based on dendrochronological anal-
ysis, for the histometric measurements, 5—7 trees were
selected on each site, characterized by the highest cor-
relation coefficients with the master chronology
(0.60—0.80) and the general course of growth over all
years of lifespan. Each wood sample (core) was soft-
ened by boiling in water, then thin (20 um) transverse
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sections of wood were obtained using a microtome.
The sections were stained with methylene blue solu-
tion for 2—3 min. All cell characteristics of wood sam-
ples for the period from 1960 to 2011 were measured
using the AxioScope image analysis system and Axio-
Vision SE64 Rel 4.9.1 software (Carl Zeiss, Ger-
many), which determined the sizes and areas of cell
structures and gaps in different parts of annual rings in
semi-automatic mode according to the image of a
cross section of wood.

In each annual ring, five rows of cells with the largest
cross-sectional area were selected. Radial cell sizes (D),
cell wall thickness (CWT), and tangential cell sizes (7)
were measured and then the cell wall area (CWA) and
lumen area (LUM) were calculated (Vaganov et al.,
2007). In each ring, the sizes of the zones of early (EW,
2CWT < LD) and late (LW, 2CWT > LD) wood were
established and average values of linear and areal
parameters of tracheids were calculated according to
Mork’s index (Denne, 1989), based on the ratio of the
width of the double cell wall to the radial size of the
lumen (LD).

Wood density (DEN) was estimated as the ratio of
the cell wall area to the total cross-sectional area of the
cell (Vaganov, 1996), and for simplification of the cal-
culations, the shape of the cell was assumed to be rect-
angular:

_2CWT(D+T - 2CWT)
DT ’

where D—radial cell size, CW7T—cell wall thickness,
T—tangential cell size.

DEN

The water transport efficiency (CON) was esti-
mated by the volumetric flow rate of the fluid in the
tracheid (Sviderskaya et al., 2011). According to the
Hagen-Poiseuille equation, the volumetric velocity of
a laminar fluid flow is proportional to the fourth
power of its radius or the second power of the cross-
sectional area. Thus, the water transport efficiency
CON is proportional to the second power of the radial
size of the lumen CON = LUM?. In the calculations,
we did not consider the resistance of the end pores,
which affect the amount of water supply (Sperry et al.,
2006). The values of this parameter for early and late
wood, on average for the ring, were calculated as the
arithmetic mean.

An analysis of the influence of climatic factors on
the variability of the tree-ring width and anatomical
parameters of wood was carried out based on Pearson
correlation coefficients between generalized index
chronologies and monthly average climatic data (rain-
fall and air temperature from the nearest meteorolog-
ical “Tura” and “Yakutsk” stations) for the total
period from 1960 to 2011 (significant correlation at
p <0.05 begins with a threshold of 0.273).
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RESULTS AND DISCUSSION

An analysis of the variability of the radial growth of
all tree species over the study period (1960—2011)
showed both different intra-annual variability and dif-
ferent trends (Fig. 1a), despite the similar average val-
ues of the tree-ring width (0.36 £ 0.20 mm for larch
from Evenkia and Yakutia, 0.33 + 0.08 mm for pine
from Spasskaya Pad and 0.31 £ 0.05 mm for spruce
from Evenkia, respectively). A clearly expressed nega-
tive trend of radial growth was observed for larch and
pine trees from Yakutia, while no significant changes
were found for spruce from Evenkia. For larch from
the same site, increased radial growth was observed,
especially over the last decade. The results of compar-
ison of radial growth (TRW) of the studied species
from Yakutia with the estimated wood density (DEN)
(Figs. 1a, 1b) showed a significant positive correlation
for pine (R = 0.52, p < 0.05), and insignificant for
Larix cajanderi (R = 0.13, p > 0.05), while the value of
water transport efficiency (CON) (Fig. 1c) was in sig-
nificant agreement with changes in radial growth for
the two studied species in this territory (R = 0.61 and
0.57 (p <0.05), for pine and larch, respectively). At
the same time, Larix gmelinii and Siberian spruce from
Evenkia showed a steady, but insignificant, increase in
the calculated parameters at which the relationship
between water supply efficiency and radial growth for
larch is significant (R = 0.71, p < 0.05), but insignifi-
cant for spruce (R = 0.22, p > 0.05). An insignificant
positive correlation was obtained between DEN and
TRW (R = 0.22 and 0.25, p < 0.05, for larch and
spruce, respectively).

Considering the features of the tree-ring anatomical
structure of different species of coniferous trees of per-
mafrost zones of Central Siberia, it should be noted that
there are differences in both the calculated values of the
cell wall area of the tracheids and the lumen area, and in
the absolute values of the linear parameters of the tra-
cheids for the zone of early and late wood (Fig. 2). For
example, the annual rings of spruce from Evenkia and
pine from Spasskaya Pad were characterized by the
smallest lumen size in comparison with larch species
(mean * standard deviation for early and late wood:
spruce—LD,, = 21.8 £ 7.4 um, LD, = 4.3 + 2.4 um,
pine—LD,, = 28.3 £ 10.5 um, LD, = 6.1 £ 1.9 um,
respectively). The cell wall thickness was also signifi-
cantly lower for evergreen conifers compared to decid-
uous conifers. At the same time, it should be noted
that the annual rings of the Larix gmelinii and Larix
cajanderi were characterized by different sizes of tra-
cheids (for example, the radial size of the early wood
lumen of Larix gmelinii in Evenkia was almost 20%
smaller than that of the larch in Yakutia (LD,,, = 35.9
10.1 um, LD, = 44.1 £ 11.2 um, respectively).

A correlation analysis of the measured and calcu-
lated parameters of the annual rings of the studied spe-
cies on the average for the ring, as well as for early and
late wood (Fig. 3) showed that the radial growth of
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Fig. 1. Annual rings width (a), calculated wood density (b) and water transport efficiency (c) of the studied species. (/) Larix
cajanderi, Yakutsk; (2) Pinus sylvestris, Spasskaya Pad; (3) Larix gmelinii, Tura; (4) Picea obovata, Tura. Dotted lines indicate lin-

ear trends.

spruce was least associated with changes in the size of the
anatomical parameters of tracheids (9 out of 21 parame-
ters). The lack of correlation firstly indicates various
species-specific features of growth variability and sug-
gests that, i.e., under favorable conditions, a higher
number of tracheids are formed that affect the growth
rate, while their linear and areal sizes changed insig-
nificantly. Secondly, it opens up the possibility of
extracting different than 7RW climate signal in other
parameters of the annual ring. For Larix gmelinii from
Evenkia, as well as for Larix cajanderi from Yakutia,
the relationship between the anatomical parameters
and tree-ring width was more significant (14 param-
eters from 21), and for pine from Spasskaya Pad, the
highest correlation of tracheid sizes with radial
growth (18 parameters from 21) was detected. Thus,
under favorable conditions, changes in the width of
the annual rings occur together with an increase in
the size of the tracheids, their lumen, and the thick-
ness of the cell wall.

CONTEMPORARY PROBLEMS OF ECOLOGY  Vol. 12

Our correlation analysis of the area sizes of trache-
ids (CWA and LUM) for the studied species of one ter-
ritory showed high positive relation, which indicates
similar structural and functional changes due to cli-
matic factors and local growing conditions. Thus, i.e.,
the cell wall area of spruce and larch from Evenkia
showed a positive relationship R = 0.47 for p <0.05,
and the same correlation was observed for the lumen
area of the tracheids (R = 0.43, p <0.05). For trees
from Yakutia, these correlations were 0.49 for CWA
and 0.19 for LUM (p <0.05), respectively. It should be
noted that there was no significant correlation of the
anatomical parameters of tracheids in trees of various
habitats.

In order to identify long-term trends in the variabil-
ity of climatic parameters (air temperature and rain-
fall) for the growing climatic season (May—August) for
the period 1960—2011, the data for the two study areas
(Evenkia and Yakutia) were compared. The compari-
son showed both similar characteristics and significant

No.7 2019
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Fig. 2. Box plot for radial lumen size (a, b) and cell wall thickness of tracheids (c, d) in the zone of early and late wood in the
annual rings of the studied species. LTur— Larix gmelinii, Tura; L— Larix cajanderi, Yakutsk; STur— Picea obovata, Tura; SPP—
Pinus sylvestris, Spasskaya Pad. The line inside the box shows the median, the size of the box is determined by the lower and upper
quartiles (25 and 75% of the sample, respectively), error bars—the minimum and maximum value, points outside—outliers.

differences in the variability of monthly average data.
The geographical location of the study areas and the
change in climatic conditions from West to East Sibe-
ria caused differences in average air temperature and
rainfall from May to August (11.34°C and 200.86 mm,
14.35°C and 128.85 mm, for Tura and Yakutsk,
respectively). A significant increase in May tempera-
tures was observed for the two studied regions, as well
as an increase in temperature in June. However, an
increase in July air temperature for Yakutsk, which was
not observed for Tura, should be noted. The amount
of precipitation in May, July and August remained rel-
atively stable for Yakutsk, with a slight increase in
June. For the Tura, positive trends for precipitation in
May and August and negative in June—July should be
noted. The correlation between climatic data for dif-
ferent months was not detected.

The results of the dendroclimatic analysis, the
influence of air temperature and rainfall on the tree

CONTEMPORARY PROBLEMS OF ECOLOGY  Vol. 12

radial growth and size of the larch and spruce tracheids
from Evenkia for the period 1960—2011 showed that
the June temperature had a positive effect on the tree-
ring width of the studied species (Table 2). The radial
growth was positively affected by temperature in July
(R=0.34, p <0.05). The significance of the conditions
of these two months for the growth of trees completely
coincides with the previously obtained results
(Ben’kova, V.E. and Ben’kova, A.V., 2006). According
to these results, the influence of temperature in the
northern territories as the main factor limiting growth
did not depend on the species status of trees and habi-
tats, and the contribution of other climatic factors was
due to local conditions. Despite the absence of a sig-
nificant correlation between the radial growth of larch
and spruce and May temperatures for the total period,
its increase over the past ten years stimulated the
beginning of the growth season at an earlier date and
thus had a positive effect on the tree-ring width (R =
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begins with a threshold of 0.273.

0.37—0.43, p <0.05). Significant correlation between
precipitation and radial growth was not found. It
should be noted here that the monthly climatic data
were used in the calculations, in which the influence
of short-period weather changes may not be fully
taken into account. For example, when applying the
simulation model of the tree ring formation of
Vaganov-Shashkin rings (Shashkin and Vaganov,
1993; Vaganov et al., 2006) to the studied species in

CONTEMPORARY PROBLEMS OF ECOLOGY  Vol. 12

Evenkia (Shishov et al., 2016) using daily climate data,
the authors found limitation of the growth of larch by
soil moisture during two-three weeks in the middle of
the growing season. This effect can be caused by insuf-
ficient available moisture in the soil due to high air
temperatures and increased transpiration with a lim-
ited amount of precipitation and a relatively shallow
root-inhabited layer, which did not allow the use of
resources during permafrost thawing. For spruce, such
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Table 2. Significant correlation coefficients (p < 0.05) of tree-ring width (TRW), cell wall area (CWA), the calculated wood
density (DEN) and water transport efficiency (CON) of studied species with climatic parameters* during 1960 to 2011

Month
Zone | Parameter
IX—1 | X—1 | XI-1 | XII-1 I 11 111 v \" VI VII VIII
Larix gmelinii Rupr. (Rupr.), Tura
TRW —0.41 0.60
&Eb WA 0.29 3/
x DEN
CON 0.28 | 0.50
CwA —0.32 0.27
= DEN —0.30 |—0.31
CON 0.54
CwA 0.57/
. —-0.29
~ DEN —0.30 0.45 0.48 | 0.34
CON —0.31 |—0.52 |—0.44
Picea obovata 1edeb., Tura
TRW —0.28 -0.33 0.56 0.34
QZD CWA 0.32 —0.33 0.31 |-0.30 | 0.29 | 0.31
= DEN 0.43 0.31 | -0.36
CON —0.33
. CwA yvd 0.33
= DEN 0.32
CON —0.30 |-0.28 —0.28
CWA 0.44 0.35 | —0.37 0.33 0.35
2 DEN yvd 033 | 0.33
CON 0.31 0.32 | —-0.39
Larix cajanderi Mayr., Yakutsk
TRW —0.29
S cwA ~0.37 —0.43 038/ -0.38
= DEN 0.35 0.34 |—0.44 |—0.30
CON 0.32
cwA ~0.30 ~0.39 ~0.29 021|034
N - 0.
S DEN —0.37 —0.30 —0.44
CON —-0.30 [ —0.31 0.31
CwA —-0.33 —0.49 0.30 |—0.38
% DEN —0.41
CON -0.29
Pinus sylvestris L., Spasskaya Pad
TRW 0.29
RZD CWA -0.31 —0.28 |-0.31
= DEN 0.37 —0.32 0.28
CON —0.31
CONTEMPORARY PROBLEMS OF ECOLOGY  Vol. 12 No. 7 2019
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Table 2. (Contd.)

Month

Zone Parameter
IX—1| X—1| XI-1 | XII-1 1

II I v A\ VI VII | VIII

CWA -0.31
DEN
CON —0.30

EwW

-0.31 |-0.29

CWA
x

= DEN
CON

—0.29

* Bold—correlation with air temperature, regular font—correlation with amount of precipitations, empty cells—insignificant at p < 0.05

correlation. Calculation period—from September of the previous year (
ues of the ring, EW—early wood, LW—Ilate wood.

an effect was not established. This is most likely due to
the fact that the spruce trees grew in wetter habitats on
less drained soils and did not experience water deficit
during the growing season.

Significant negative correlations of the annual
rings of larch and spruce from Evenkia with the
amount of winter precipitation should be noted. As
was estimated earlier (Vaganov et al., 1999), the size of
the snow cover affects the rate of its descent and the
beginning of the growth season, which in turn affects
the magnitude of the radial growth of trees. Spruce
was also characterized by the negative impact of April
precipitation (precipitation in the form of snow for a
given territory), when an increase in snow cover on
poorly drained soils can lead to even higher water con-
tent at the beginning of the growth season and further
limit the growth of this species.

Due to the fact that some of the anatomical param-
eters of the larch tracheid are related to the magnitude
of the radial growth, their response to climatic factors
had a similar character. June temperatures turned out
to be one of the most significant factors that had a pos-
itive effect not only on the growth of trees, but also on
the majority of the tracheid parameters (Table 2). At
the same time, early wood was characterized by an
inverse relationship, when an increase in June tem-
perature had a negative effect on the wood density and
a positive effect on the efficiency of water transport. In
other words, at high temperatures, tracheids with a
larger lumen area and a less wide cell wall were
formed. The division of the ring into early and late
wood provided additional information on the influ-
ence of climatic factors of other months on tree
growth. A significant positive correlation of the density
of late wood with the temperatures in July and August
and a negative correlation with the estimated efficiency
of water transport of late wood should be noted.

The influence of the climatic conditions of the veg-
etation period on the growth of Larix cajanderi and
Pinus sylvestris from Yakutia was already noted earlier
(Nikolaev et al., 2011) and was partially confirmed by
the results of our study (Table 2). The analysis of the
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IX—I) to August of the current year (VIII). RING—the average val-

relationship between the anatomical parameters of
annual rings and air temperature showed that the high
temperatures of the summer months (June—July) had
a negative effect on the cell wall area of the tracheids of
both pine from Spasskaya Pad and larch from Yakutsk.
Increase of temperatures in July—August also nega-
tively affected the wood density of larch. Such results
differ from the well-known ones (Briffa et al., 2001;
Davi et al., 2003), when an increase in air temperature
in the northern latitudes contributed to the formation
of denser wood. Under the conditions considered in
this study, an increase in summer temperatures with a
minimum amount of precipitation or even their
absence caused a water deficiency and inhibited the
photosynthesis processes and the formation of assim-
ilates (Bréda et al., 2006), which subsequently can be
used for the formation of cell walls of the tracheid. In
this regard, the amount of precipitations in June
allowed not only the formation of tracheids with a large
lumen for more efficient water transport, but also
affected the cell wall area and the wood density of larch.

In order to establish how tree-ring parameters of
the studied species changed in response to changing
environmental conditions for the period 1960—2011,
the “sliding response functions” method was applied
(Simanko et al., 2013), but for a long-term rather than
intra-season interval. In this case, the correlation
between the parameters of the annual rings for the
“window” of 20 years with a shift of 1 year was calcu-
lated (for example, 1960—1979, 1961—1980, etc.). In
total, from 1960 to 2011, correlations for 33 periods
were obtained (significant correlation for p < 0.05
begins with a threshold of 0.444). It was interesting to
consider in more detail the stability of the climate sig-
nal recorded in such parameters as TRW, CONew and
DENlw. Correlations of these parameters with the
June air temperature, which was mainly affected tree
growth rate of coniferous species in this territory,
showed the most stable signal for the latewood density
of the Dahurian larch from Evenkia (Fig. 4). For the
tree-ring width and the efficiency of the water supply,
the signal was not always stable. A similar character

No.7 2019



700

Correlation coefficient

Correlation coefficient

FONTI et al.

L
oL
o N BN

1960—1979

1962—1981
1964—1983 +
1966—1985 -
1968—1987 -
1970—1989 -
1972—1991 +
1974—1993 +
1976—1995 -
1978—1997 -
1980—1999 -
1982—-2001 -
1984—2003 -
1986—2005 +
1988—2007 +
1990—2009 |
19922011 -

ae)
@
=.
o
a

1960—1979

1962—1981
1964—1983 -
1966—1985 |-
1968—1987 |-
1970—1989 -
1972—1991
1974—1993 -
1976—1995 -
1978—1997 -
1980—1999 |-
1982—-2001 |-
1984—2003 -
1986—2005 -
1988—2007 -
1990—2009 |-
19922011 -

Period

1960—1979

1962—1981
1964—1983 -
1966—1985 |-
1968—1987 |-
1970—1989 -
1972—1991 -
1974—1993 -
1976—1995 |-
1978—1997 -
1980—1999 |-
1982—-2001 |-
1984—2003 -
1986—2005 -
1988—2007 -
1990—2009 |-
19922011 -

Period

Fig. 4. Sliding correlation coefficients of tree-ring width (TRW), the calculated water transport efficiency of early wood (CONew)
and late wood density (DENIw) with June air temperature for the period 1960—2011 (window = 20 years, step = 1 year). (a) Larix
gmelinii, Tura; (b) Picea obovata, Tura; (c) Larix cajanderi, Yakutsk; (d) Pinus sylvestris, Spasskaya Pad. The dashed line indicates

the critical values of the coefficients at p < 0.05.

was observed for the correlation of the parameters of
spruce from Evenkia with the temperature of June. It
is interesting to note the change of the influence of this
factor on the density of spruce during the entire study
latewood period from negative to stable positive. For
the larch from Yakutia, the temperature signal in the
studied parameters was considered to be low. The

CONTEMPORARY PROBLEMS OF ECOLOGY  Vol. 12

increasing positive influence of June temperatures on
radial growth from the late 80s of the last century and
the increasing trend of the climatic signal for the den-
sity of late wood should be pointed out. The pine from
Spasskaya Pad was characterized by negative correla-
tions between the temperature in June and the param-
eters of the annual rings.
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LONG-TERM VARIABILITY OF ANATOMIC FEATURES OF ANNUAL TREE RINGS

The absence of a significant effect of the amount of
June precipitation on the radial growth and the ana-
tomical parameters of the larch from Evenkia was con-
firmed by the very low values of “sliding correlations”.
It is interesting to note the increase in the positive rela-
tionship between the efficiency of water supply and the
amount of June rainfall for spruce from Evenkia, and
the emergence of a significant correlation (p < 0.05)
since 1985. For larch from Yakutia, such a relationship
has been observed since 1977. For the parameters of
the annual rings of pine from Spasskaya Pad, the
amount of precipitation had a positive effect over the
entire period during 1960—2011, although the signal
was not always stable and rarely reached significant
correlation coefficients.

CONCLUSIONS

The data obtained as a result of our study showed
climate-related changes in the tree-ring growth and
the xylem anatomical parameters of the four studied
conifer species in the permafrost zone from 1960 to
2011. Regional and local growing conditions and fea-
tures of the hydrothermal regime of permafrost soils
modified the effect of climatic factors and had a differ-
ent effect on the radial growth and anatomical struc-
ture of the xylem of the studied species. For example,
for a relatively large amount of precipitation compared
to Yakutia and the growth of larch and spruce in Even-
kia on alluvial humus soils, an increase in summer
temperatures can affect the degradation of permafrost,
providing trees with an additional source of moisture,
which, in turn, increases the growth and productivity
of discussed species. For the territory of Central Yaku-
tia, an increase in summer temperatures will be a
source of progressively increasing drought stress, sup-
pressing the basic physiological processes of growth,
and, as a result, causing new structural and functional
changes in xylem.
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