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Abstract. The article presents the results of a study of the structure of the wood of
mountain ash (Sorbus aucuparia L.) in the mountains of the North Caucasus. The
direction of adaptive changes occurring in the elements of the secondary xylem of the
plant at various heights, including extreme ones, is shown. The conclusions of a number
of studies have been confirmed that the basic reaction of mountain ash with an increase
in altitude and a decrease in growing capacity, as well as an increase in the intensity
of transpiration, is a decrease in plant size and a narrowing of the annual growth of the stem
in diameter. At the same time, a number of quantitative changes occur in the wood itself,
mainly aimed at optimizing the water-transporting function. With increasing altitude, as water
supply conditions become more stringent, maintaining normal water balance is achieved by
narrowing the diameters of vessels and increasing their number per unit area. The increase in
the total area of the pores occurs due to an increase in the number of narrow, single vessels.
The quantitative anatomical changes established during the study are adaptive in nature. In the
storage parenchyma of wood, there is an increase in the density and linear dimensions of the
rays. The volume of the radial parenchyma at a relatively constant average ply value occurs
due to an increase in the height of the cells composing the ray. It is noted that sufficient water
balance and enrichment of Sorbus aucuparia wood with living cells of the axial and radial
parenchyma increases the viability and plasticity of the entire organism, covers the energy
costs for reparation processes, and also stimulates the possibility of vegetative reproduction in
conditions unfavorable for seed renewal. A significant range of fluctuations in the quantitative
characteristics of mountain ash wood elements increases its adaptive capabilities, helping it to
occupy a variety of ecological niches in nature, as evidenced by the wide range of this species.
Keywords: mountain ash, wood, xylem, water-transporting tissue, annual ring, xylotomic
signs, adaptation, the North Caucasus
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Annomayus. TlpencraBneHbl pe3yabTaThl UCCICNOBAHUS CTPYKTYPHI JAPCBECHHBI PSIOMHBI
00BbIKHOBEHHOMU (Sorbus aucuparia L.) B ycnosusx rop Ceseproro Kaskasza. ITokazano Ha-
[paBJICHUE alaliTAlUOHHBIX U3MEHEHUI B 2JIEMEHTAX BTOPUYHOM KCUIJIEMbI PACTEHHUS Ha pa3-
JIMYHBIX, B T. Y. IPEIENIbHbIX, BbICOTaX. [loATBEpKAECHBI BBIBOABI Psiia UCCIEIOBAHUMA O TOM,
9T0 0a30BOU peakmuell psOUHBI C MOJBEMOM B TOPHI U CHIDKCHHEM DHEPTUH POCTA, a TAKKE
YBEJIMUYEHUEM UHTEHCUBHOCTH TPAHCIUPALNHU SIBIISETCS YMEHBIICHUE Pa3MEPOB PacTEHUS U
CHIKEHHE TOJI0BOrO MPHUPOCTa CTBOJA MO nuameTpy. OTHOBPEMEHHO C 3THUM B JIpeBECUHE
MIPOUCXOMUT PSIJT KONMICCTBEHHBIX N3MCHCHHUH, CBA3aHHBIX IIABHBIM 00pa30M C ONTHMH3a-
nueit BomonpoBosmed GyHKIuu. C BBICOTOH, IO Mepe YXKECTOYCHHUsS yCIOBUN BOJOCHAO-
JKCHHS, COXPaHEHUE HOPMAIILHOTO BOJHOTO 0allaHca JOCTUTACTCS CY)KCHHUEM COCYIIOB H yBe-
JIMYEHHEM MX 4YWcia Ha €AMHMILY IJIOLIAAM APEBECHUHBbI cTBoJa. Bo3spacTanue cymmapHOi
IJIOL[aM MPOCBETOB MPOUCXOAMUT 3@ CUET MOBBILIEHUS YUCIA Y3KMX OJMHOUYHBIX COCY/IOB.
‘YcTaHOBIIGHHBIE B XO/I€ UCCIICIOBAHUS KOJIMUYECTBEHHBIC aHATOMUYECKUE U3MEHEHUS HOCSAT
aJanTUBHBIN XapakTep. B 3amacaromield mapeHXume APEeBECHHbI YBEIUUUBAIOTCS T'YCTOTa U
JMUHEWHBIC pa3Mepsl iydeil. O0beM JTydeBOH MAapeHXHMBI TPH OTHOCHTEIBHO MOCTOSHHOU
cpellHed CIIOMHOCTH HapacTaeT 3a CYET YBEJIMYEHHUsl BBICOTHI CIAararoliux Jyd KieTok. Ot-
MEUEHO, YTO JTOCTATOYHBIA BOAHBIA OajaHCc M oOoramieHue APEBECHHBI Sorbus aucuparia
JKUBBIMH KJICTKaMHU aKCHAJIbHOM WM JY4CBOH MapCHXUMBI MOBBIMIAIOT KU3HECIIOCOOHOCTh U
[JIACTUYHOCTh BCETO OpPraHu3Ma, MOKPBIBAIOT YHEPreTUYECKUE 3aTpaThl Ha penapaluoOHHbIE
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MPOIIECCHI, a TAKKE CTUMYIUPYIOT BO3MOKHOCTh BETCTaTHBHOTO Pa3MHOXKCHHS B HEOIaro-
MPUATHBIX JJT1 CEMCHHOTO BO30OHOBJICHUS YCIOBHSIX. SHAUUTCIBHBIN TUANA30H (IIyKTyaluu
KOJIMYECTBEHHBIX TIPHU3HAKOB JIEMEHTOB JIPEBECUHBI PSIOUHBI MIOBBIIIAET €€ aJa THBHbIE BO3-
MOYKHOCTH, TIOMOTasi 3aHUMATh B IPUPOJIC Pa3HOOOPa3HBIC IKOJIOTUICCKHIE HUIITH, O YEM CBH-
JICTEIBCTBYET IIUPOKUI apeast 3TOro BHJIA.

Knrouesvie cnosa: psidvna oOBIKHOBCHHAS, IPCBCCHHA, KCHIJIEMa, BOIOMPOBO/IINAS TKAHb,
TOIMYHOC KOJIBII0, KCHJIOTOMHYCCKHUE Mpu3Haky, agantanus, CeepHbiii KaBkas

Jnsa yumuposanus: Umarov M. U., Chavchavadze E.S., Shchekalev R.V., Romanova V.O.,
Umarov R.M. Variability of Anatomical Characteristics of the Wood of Mountain Ash (Sorbus
aucuparia L.) in the Conditions of the North Caucasus // U3B. By30B. JlecH. xxypH. 2024. Ne 6.
C. 78-89. https://doi.org/10.37482/0536-1036-2024-6-78-89

Introduction

Adaptation of plants to a variety of environmental situations, including extreme
ones, represents one of the problems that ecological botany investigates. Mountain forests
occupy a significant place in the vegetation cover of Russia with woody plants constituting
the basis. The increasing frequency of natural disasters, such as forest fires, floods and
mudflows, has led to a reduction in forest areas, including in the mountainous regions
of our country. The Restoration of the affected areas and the creation of new artificial
stands require a well-founded approach, knowledge of the biological and environmental
characteristics of all the components included in the various layers of a mountain forest.
One of these components is mountain ash (Sorbus aucuparia L.).

Ecological and anatomical studies of woody plants in connection with their
altitude-based distribution provide significant clarity in solving these problems,
which makes it possible to understand the directions of their structural adaptation
to mountain conditions [33]. Such research is becoming increasingly relevant in our
time. The ecology of forest-forming species is one of the foundations of mountain
forestry, the development of which serves as a guarantee of effective and balanced
forestry activities [11, 12, 30].

Our study aims to investigate the quantitative xylotomic characteristics of
mountain ash in connection with the altitude above sea level in the mountains of the
North Caucasus.

Research Objects and Methods

In mountainous areas, with an increase in altitude above sea level, changes in
physical-geographical, phytocenotic, and edaphic conditions, and altitudinal zonality
of the climate manifests itself. It is believed that for every 100 m of elevation the
temperature decreases by slightly less than 0.5 °C. At the same time, the relative
humidity and the amount of precipitation increases, atmospheric pressure decreases,
and the ratio of direct and diffuse radiation, as well as the movement of air masses
and other factors change [4, 5, 9]. The listed characteristics change with altitude in an
interconnected manner, exerting a certain effect on the habitat conditions of plants.
On this basis, we consider altitude above sea level as a complex environmental factor.
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The species selected for our study has become mountain ash, a tree of 4 to
15 (20) m high with a stem diameter of up to 18-20 cm in diameter. In Russia, it is
a widespread species in the forests of the European part and the North Caucasus,
growing as undergrowth in coniferous and coniferous-deciduous forests. Mountain
ash is quite winter-hardy, drought-resistant and undemanding to soil resources [10].
In the mountains of the North Caucasus it is found everywhere from an altitude of
850 to 2,500 meters above sea level (hereinafter — masl), predominantly on northern
slopes [2, 8, 28, 29].

Mountain ash has a diffuse-porous type of wood with distinct annual rings.
Their border is represented by a narrow strip of radially flattened fibrous tracheids
and terminal parenchyma cells. The transition from spring to summerwood can be
both gradual and relatively abrupt. Vessels are all of the same type and numerous,
with their number and size slightly decreasing towards summerwood. In cross-
section, the pores of the vessels are of angular, round and oval shape, positioned
singly or, less often, in pairs and small groups of 3 to 4, their diameter varies within
15-50 um. The perforation plates are mostly simple, located on transverse, strongly
beveled or lateral walls. In pessimal habitat conditions, scalariform perforation plates
with a small number (1 to 3) of crossbars are found; reticulate perforation plates are
even less common.

Fibrous tracheids with fairly thickened walls make up the bulk of the wood. The
bordered pores on the walls of the tracheids are rounded; the apertures are elongated,
often slit-like, reaching the border limits, often intersecting.

The axial parenchyma is diffuse, more often metatracheal from scanty to
abundant. The rays are 2-to-3-rowed, homogeneous and slightly heterogeneous, in
cross section they are usually narrower than the vessels; meeting the latter, the rays
bend, bypassing them. On the tangential section, the rays are represented by two types
of cells: those elongated along the axis of the tree make up single-rowed rays or are
located at the edge of a three-rowed ray with smaller, rounded cells in the middle of it.
In a radial section, the cells that make up the central part of the rays are horizontally
elongated; the marginal cells are often slightly higher than the middle ones.

The material for our study has been collected in the western part of the North
Caucasus on the territory of the Tersky Ridge along the Kerigo, Tyualoy, Chanty-
Argun, and Sharo-Argun Rivers (Table 1). The samples of wood for analysis of
the anatomical structure have been collected from individual Sorbus aucuparia
specimens of up to 40 years of age. The collectors have observed the principle of the
equivalence of the ecological conditions of growth of individual plants (for example,
the comparability of slope exposure).

Individually growing specimens have been selected on the slopes of the
northern thumb mountains with approximately the same stem diameters, except for
the material collected at the upper limits of the forest belt. In tall plants, transverse
cuts have been taken at a height of 30 cm from the soil surface, and in low-growing
specimens at a height of 10 cm. This made it possible to obtain a sufficient amount
of material for further research (30 trees for each height). After measuring the width
of the annual rings, 2 to 4 segments (depending on the diameter of the disk) have
been cut out to study the linear dimensions of the structural elements of wood in the
definitive xylem zone.
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Table 1

The description of the research objects

Altitude, Slope

Habitat
masl exposure

The left flank of the Kerigo River gorge (lower reach) — the right
1,400 North tributary of the Chanty-Argun River.
Floodplain forest

The right flank of the Tyualoy River gorge — the left tributary
1,900 of the Kerigo River.

Mixed forest

Northwest

The vicinity of the Tebulo Pass (side ridge). The upper reach
2,450 of the Tyualoy River.
Birch crooked forest. The upper forest line

The upper reach of the Sharo-Argun River. The vicinity
2,480 North of the Kachu Pass (side ridge).
Rhododendron-birch forest. The upper forest line

Sections for quantitative anatomical analysis have been prepared using the
Reichert freezing microtome (Austria) in 3 projections: transverse, tangential and
radial. Xylotomic descriptions have been performed in accordance with generally
accepted methods [18, 19, 35].

The following parameters have been studied: the width of the annual ring,
the number of vessels per unit area in spring and summerwood, the diameter of the
vessels and the thickness of their walls, the number of axial parenchyma cells per unit
area and the number of rays per a millimeter of tangential section (total, single-rowed
and two- or three-rowed), the layering (height in cells) and the linear height of the
rays in um. The terminology of the International Association of Wood Anatomists
(IAWA) has been used [34].

The obtained data has been processed using the methods of correlation, factor
and variance analysis, etc. [7, 13, 16, 17, 26, 27]. The findings are significant at a 5 %
significance level.

Results and Discussion

In the secondary xylem of woody plants (coniferous and dicotyledonous
angiosperms), the most responsive element to any change in the environment is the width
of the annual ring [14, 24, 25, 30]. The vast majority of the obtained tree-ring chronologies
show a significant sensitivity to annual climate changes (sensitivity coefficient from 0.319
t0 0.586). The exceptions concern individual series of radial increment in samples collected
from a maximum altitude of more than 2,000 m. Spatial analysis of the synchronicity of
tree ring fluctuations along the mountain ash stem radius failed to reveal any significant
correlation between the chronologies at different altitudes. It has revealed a tendency
towards increasing restrictions on the freedom of fluctuations in increment with altitude,
which has been demonstrated by the dynamics of the increment index (see Figure). The
range of scatter of values by module has been: 2.14 for the altitude of 1,400 masl, 1.06
for 1,900 masl and 0.97 for 2,450 masl.
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It has been previously noted that the fluctuation in the width of annual rings
demonstrate a certain inertia due to the physiological mechanisms of the formation
of increment and its structural elements [1, 21]. The obtained chronologies show
the presence of a connection between the current year increment and the previous
period. The autocorrelation values with a one-year lag (r,) for the original tree-ring
chronologies vary in the range from 0.234 to 0.821 (the correlation ratio spreads from
weak to high). In this case, we can only talk about the trend of a correlation ratio (r,)
increase with the increase in altitude above sea level. The evaluation the autocorrelation
function with a time lag of more than one year has allowed us to judge the presence of
pronounced cyclical fluctuations of varying intensity. Due to the insignificant length
of the considered mountain ash increment series, the maximum time lag has been
taken to be 7 years (r,... 7). In our case, for both individual and aggregated increment
series, no clear markers of the presence of short-period increment cycles have been
identified based on the habitat altitude, since the first-order autocorrelation coefficient
turned out to be the highest.

1.0 r

o o
(e} W

Increment index
S
W

-1.0

® 1,400 masl ™ 1,900 masl = 2450 masl

-1.5 ¢
1 23 45 6 7 8 9 10111213 141516 17 18 19 20 21 22 23 24
Age, years

The dynamics of mountain ash increment index change at different altitudes

At high altitudes (of 2,450 to 2,480 masl), narrower rings are more common;
their boundaries are difficult to distinguish, since the summerwood is very thin-walled
and fairly narrow. A sharp narrowing of annual rings in some years is observed in
plants even in lower levels of habitats. At the upper forest line, individual or group
rings are often wedged out, in which case multiple or “false” rings are formed.

By analyzing the variability of the width of annual rings in a single time series,
we are essentially considering the dynamics of xylem production by the elementary
unit of cambium. In this case, when comparing different radii, endogenous variability
intervenes with the increment dynamics. The value of this indicator fluctuates on
average from 38 to 42 %. With the deterioration of soil and hydrological conditions,
using the example of gymnosperms of the taiga zone, a narrowing of the radial
increment values range has been noted. Trees become no longer capable of fully
materializing their abilities [23]. In our example, no significant differences have been
found in the magnitude of endogenous variability in diameter increment depending
on altitude above sea level. An excess of the value of individual variability within
individual locations over the level of geographic variability has been noted, which
seems logical [22].
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Many researchers have found out that woody plants most often respond to
any negative external influence in a non-specific manner, by developing narrow
annual rings [3, 15, 20, 31, 32]. The narrowing of the increments and the reduction
of the vascular pores in response to a more adverse environment (Table 2), in our
case expressed through an increase in altitude above sea level, should have led to
a reduction in the water-transporting tissue volume. However, at the same time, we
observe in a separate part a significant (when comparing a successive series of lower
altitudes: 1,400-2,450; 2,480 and 1,900-2,450; 2,480) an increase in the number of
vessels per 1 mm2. The total number of vessels per unit area in mountain ash wood
varies more at the upper habitat limit: 17-22 % at altitudes up to 1,900 masl and
24-28 % at an altitude of 2,450 masl.

Table 2
The size of the vessel pores in spring- and summerwood of Sorbus aucuparia (M £+ m)
Vessel pores
Altitude, | Annual ring Springwood Summerwood
masl width, mm
Quantity, Tangential Quantity, Tangential
pcs/mm? diameter, pum pcs/mm? diameter, pm
1,400 0.87 +0.07 293 +£23 350+ 1.75 172 £ 18 257+1.25
1,900 0.73 £0.06 380 £ 26 324+£1.54 252 +22 27.8+1.26
2,450 0.58 £0.05 664 + 26 22.8+1.08 259 £22 20.5+0.90
2,480 0.59+£0.05 597 + 35 22.8+1.15 299 + 24 19.1 £0.84

The density and diameter of the vessels are directly related to the rate of water
supply to the crown and, undoubtedly, the relationship between the number of vessels
and the narrowing of their diameters is the most logical response for maintaining the
total area of water-transporting routes and the normal water supply.

With an increase in the habitat altitude, the parenchymal elements, in contrast
to the water-transporting ones, experience only minor changes. No significant values
have been found in the dynamics of numerical parameters and linear dimensions of
individual axial and radial parenchyma elements.

The axial parenchyma is very labile. Its volume can vary greatly both within
a one annual ring and over the stem in height and radius. In our study, no patterns of
distribution of axial parenchyma depending on the age of the plant have been found
in Sorbus aucuparia wood. Within one annual increment, the axial parenchyma cells
can show different distribution patterns: most often they are concentrated in the
summerwood zone, but can be evenly scattered throughout the annual ring (diffuse
parenchyma) or form narrow strips of up to 4 cells at the outer increment border
(terminal parenchyma).

With an increase in the habitat altitude, an increase in the density of axial
parenchyma cells is noted in mountain-ash wood: 255+31 at 1,400 masl; 417+28
at 1,900 masl; 527+39 at 2,450 masl; 591£33 at 2,480 masl (7, > ¢, (2.04) when

act

comparing data at 1,400-1,900; 2,450; 2,480 and 1,900-2,450; 2,480). The range
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of variability at different altitudes varies from 18 to 39 %. The magnitude of variability
of the considered parameter does not correlate with the volume of parenchyma in the
annual ring.

Radial rays make up a significant part of the parenchyma volume. There
are no clearly defined patterns in their distribution and quantity. The number and
ratio of differently rowed rays remain to a certain extent constant values (Table 3).
In different habitats at different altitudes above sea level, the content and ratio
of differently rowed rays in wood is not the same. There is a tendency for the density
of rays to increase by 1 mm with an increase in altitude above sea level (the actual
Student’s t-test values do not exceed ¢, of 2.04), with the variability at different
altitudes from 26 to 30 %. Given a conditionally constant average value of two and
three-rowed rays, the number of single-rowed rays increases by 2 times with the
ascent into the mountains. And while at altitudes of 1,400 and 1,900 masl, two-rowed
rays prevail over single-rowed ones, at extreme altitudes single-rowed rays prevail.
Thus, the ratio of the considered groups of rays by rows, when moving towards the
upper habitat limit, tends towards the range of 1.0 to 1.1.

Table 3

The average values of the radial parenchyma parameters of Sorbus aucuparia

Number of rays, Ray height, mm

pes/mm Single-rowed Two-, Three-rowed
Altitude,
masl two
total single- three. | ratio Layering, Lmear Layering, Lmear
rowed rowed n-cells | height, mm n-cells height, mm

1,400 | 8506 | 32 | 53 |0.60|54+0.4(956+13.0|11.4+1.0|178.6+23.1

1,900 [10.2+0.8| 3.7 | 6.5 [0.57|53+04(|942+122|11.3+1.1|1753£25.2

2,450 |10.0+£0.8| 49 | 5.1 |096]|5.7+0.4]96.5+12.6|12.0+1.3|165.5+21.6

2,480 |10.7£09| 5.6 | 5.1 |1.10|/4.5+0.4|1009+16.1 | 11.6+1.1|200.8 +£28.9

The layering of rays (height in cells) is a highly variable parameter, yet
showing sufficient stability in rays of a specific row number, and thus, can be used as
an additional parameter in comparative anatomical studies [33]. In our material, no
significant changes in layering at different altitudes from 1,400 to 2,480 masl have
been detected. In single-rowed rays, the layering averages 4—6 cells (maximum 14),
and in two- and three-rowed rays, the average is 10—13 cells (maximum 33).

The linear height of single-rowed rays fluctuates within the range of 22 to
255 pum, and for two- and three-rowed rays, from 40 to 563 pum. Table 3 shows the
average values of the linear size of the rays by altitude. The differences in the average
ray height between the individuals of the same habitat are more pronounced than
those between the individuals from different locations at different altitudes above sea
level. No significant changes in this parameter have been noted with an increase in
the habitat altitude (correlation () 0.284 + 0.041; ¢ = 1.57).

Thus, the ray linear dimensions depend more on the height of the ray-
composing cells than on the layering. For example, the measurement results show



86 «H3BecTHs By30B. JlecHoii skypHay». 2024. Ne 6

that in depressed individuals at the upper habitat limits, the rays, especially the single-
rowed ones, contain higher cells. In this case, the correlation ratio is represented by
values of » = 0.892 + 0.053 with the measurement reliability of 7 = 10.44.

The specific volume of single-rowed and two- or three-rowed rays in
mountain-ash wood is 10 and 12 %, respectively. The studied material showed that in
the definitive xylem, two- and three-rowed rays most often occupy a larger volume.
In samples taken from the upper habitat limits, the volume of single-rowed rays
and their number are higher than in mountain ash wood from lower altitudes. No
noticeable difference has been found in the volume of wider rays due to changes in
the environmental factor under consideration.

A comparative anatomical analysis of the mountain ash wood taken from
different altitudes above sea level indicates that any changes in it with increasing
altitude are mainly quantitative in nature. The relationship between the characteristics
of water-transporting, mechanical and storage elements is the closer the harsher the
living conditions.

Table 4
The correlation (r) between the total number of rays and variously-rowed rays
in the wood of Sorbus aucuparia

Altitude, masl Quantity of rays Single-rowed Two-, three-rowed
1,400 Total +0.632 + 0.146 +0.557 £ 0.157
Single-rowed - -0.284 +0.181
1,900 Total +0.623 £ 0.148 +0.217 £0.184
Single-rowed — -0.601 +0.151
2450 Total +0.459 £ 0.168 +0.388 £0.174
Single-rowed - —0.644 £ 0.145
2,480 Total +0.700 + 0.135 +0.374 £0.175
Single-rowed - -0.516 £ 0.162

The total density of rays at different heights depends more on the number of
single-rowed than two- or three-rowed rays (Table 4). A comparison of the same
annual increments of water-transporting elements (vessels) and storage elements
(axial parenchyma cells) has not revealed any correlation them: springwood r =
=0.306 +0.180; t.= 1.70 < 1t,,,.; summerwood r = —0.091 + 0.162; ¢ = 0.56.

table>

Conclusion

The results of the study of the adaptation of Sorbus aucuparia wood to various,
including pessimal, habitat conditions due to the altitude above sea level in the
mountains of the North Caucasus have shown that:

1. The basic response of mountain ash to the ascent in the mountains and the
decrease in growth power, as well as to greater transpiration intensity, is a decrease in
the size of the plant and narrowing of the annual increment of the stem in diameter.
At the same time, the wood itself experiences a number of quantitative changes that are
mainly aimed at optimizing the water-transporting function. With increasing altitude,
as water supply conditions become more stringent, maintaining normal water balance
is achieved by narrowing the vessel diameters and increasing their number per unit
area. The increase in the total area of the pores occurs due to an increase in the
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number of narrow, single vessels. The anatomical changes quantitatively established
during the study are adaptive in nature.

2. In the storage parenchyma of wood, an increase in the density and linear
dimensions of the rays has been observed. The volume of the radial parenchyma with
arelatively constant average layering value occurs due to an increase in the height of
the ray-composing cells.

Fromthe above, it can be concluded that sufficient water balance and enrichment
of Sorbus aucuparia wood with the living axial and radial parenchyma cells
increases the viability and plasticity of the entire organism, covers the energy costs of
reparative processes, and also stimulates the possibility of vegetative reproduction in
conditions unfavourable for seed regeneration. A significant range of fluctuations in
the quantitative characteristics of mountain ash wood elements increases its adaptive
capabilities, helping it to occupy a variety of ecological niches in nature, as evidenced
by the wide distribution area of this species.
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