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BUOJIOT' YIS Y SKOJIOT U, IECHOE XO3S1UCTBO

YK 63L.LL
XBotinbie 6opeanbHOi 30HBL. 2022, T. XL, Ne 7 (cenmanshbiit). C. 577-582

CBOEOBPA3HUE PACTUTE/JIBHOT'O TIOKPOBA TMOJATAWUTHA U IECOCTEIIEM IOT0O-BOCTOKA
3AITAJHO-CUBUPCKOU PABHUHBI U CEBEPO-MUHYCHUHCKHUX BITAJINH

B. A. Bespylmxl, O. B. Autonenxo', A. B. Banaepos', E. B. ABjeeBa’

'KpacHospckuii rocy1apcTBeHHbIH nearoruueckuii yuusepeuter um. B. I1. Actadbesa
Poccwuiickas @enepanus, T. KpacHospek, yir. A. JlebeneBoii, 89
2CubupcKuii roCyI1apCTBEHHbII yHHBEPCHTET HAYKH W TEXHOIOTHIT NMEHH akanemuka M. . Perernesa
Poccutickas @enepamms, 660037, r. KpacHospck, mpoct. um. razetsl «KpacHospckuit Paboumnii», 31
E-mail: sibgtu@sibgtu.ru

B cmamve paccmampusaemcs ceoeobpazue pacmumenvHo2o NOKposa noomaueu u jiecocmenetl 1020-60CMoKad 3a-
NAOHO-CUOUPCKOU PABHUHBL U CeB8EPO-MUHYCUHCKUX 6RAOUH. [laémcst 0bwas Xapaxmepucmuka pacmumeibHo20 NOKpPo8a
U €20 PA3HOBUOHOCMEIL. T0HCHO-MAEHCHBIE €lI080-KeOPOBO-NUXMOBble N1eCd ¢ DePe3HAKAMU, OCUHHUKAMU U OOIomamu;
bepesosvie U OCUHOBbLE ecd 8 COYEMAHUU C XGOUHbIMU Jlecamu, Jyeamu u boromamu, Oepe3ogvle U OCUHOGbLE J1eca
€ BKIIIOYEHUEM XBOUHBIX PACMEHUN — NPEUMYUIECMBEHHO elU U NUXMIbL, C IY208bIMU U MPABSIHbIMU DOOMAMU,; TY206ble
cmenu, ocmeneHenHbvle Jy2d C yYacmuem 0epe3osvix U OCUHOBbIX 1eCO8; MPABIHO-KYCMAPHUYKOBOE U MPABSIHbIE CO-
CHOBblE U OCUHOB0-0EPE3060-0CUHOBbLE JleCd; 20PHAsSL MEMHOX6O0UHASE matied, NOUMeHHble yed 6 couemanuu ¢ 6010~
mamu, Kycmaprukamu u gecamu. Hanuuue psaoa penuxmoevix NpusHaKos YKazvleaeni, umo (opMuposamus nous, u3-
MeHenue 2panuybl pACmMUmenbHblX 30H U COCMAE PACMUMENbHO20 NOKPOBA, CEA3AHO C UBMEHEHUEeM KIUMAMUYECKUX
yenosutl 8 nocieneoHuxkosyio snoxy. Cnedvl 3acyuiugo2o epemeHy UMeromesa Kaxk  noomaiiee, max u 8 necocmenu. Om-
MeyeHo, umo GOU3U HACELEHHbIX NYHKMOG JIeCHble MACCUBbL PACHONONCEHbL HA CEHOKOCHBIX U NACMOUUHBIX Y200bsX
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PECULIARITIES OF THE VEGETATION COVER OF SUBTAIGA AND FOREST-STEPPES
IN THE SOUTH-EAST OF THE WEST SIBERIAN PLAIN AND THE NORTH MINUSINSK BASIN
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The article deals with the peculiarity of vegetation cover of subtaiga and forest-steppe in the southeast of the
West Siberian Plain and North-Minusinsk Basin. We give a general description of the vegetation and its varieties:
South taiga spruce-pine-fir forests with birch, aspen and swamps,; birch and aspen forests in combination with conif-
erous forests, meadows and swamps, birch and aspen forests with the inclusion of conifers — mainly spruce and fir,
with meadow grass and swamps; meadow steppes, meadows with birch and aspen forests; herb-shrub and grassy
pine and aspen-birch and aspen forests; mountain dark coniferous taiga, meadows combined with marshes, bushes
and forests. The presence of a number of relict signs indicates that the formation of soil, changing the boundaries of
vegetation zones and structure of the vegetation cover, is connected with the changing of climatic conditions in the
post-glacial era. Traces of dry time are available in subtaiga and in the forest-steppe. It is noted that the forested areas
near settlements are located on the hayfields, pastures and plowed fields among groves and woods, are presented by
small-leaved birch and aspen stands. Forest has water-regulating value, but forms a complex configuration of fields and
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meadows, thus reducing the efficiency for the use of agricultural machinery. The article shows the relevance of the
problem of deforestation and the possible risks of environmental changes if insufficient attention is paid to this
negative process. Problems of reforestation are being raised.

Keywords: subtaiga, forest-steppe, Prichulymye, herbage, reforestation.

The south-eastern part of the West Siberian Plain
within Krasnoyarsk Krai and the North-Minusinsk Basin
is located in the basin of the Chulym River and is a part of
the Prichulym region. Latitudinal and altitudinal zonation
are clearly defined in Prichulymye. The northern part of
the territory of the West Siberian Plain is located in the
subzone of subtaiga (herbaceous forests), which is re-
placed by a zone of the northern island forest-steppes and
represented by Achinsk-Bogotol forest-steppe. The south-
ern forest-steppe of the Nazarovo and the North-
Minusinsk Basin is located to the south of the Arga
Ridge. The Arga Ridge and the Solgon Ridge are covered
with lowland landscapes of mixed and coniferous forests.
In Siberia, the transition zone between the southern taiga
and the northern forest-steppe is called “subtaiga”. Some
authors consider that this term is not appropriate for this
type of forest. In their opinion, such forests have nothing
in common with the taiga in terms of species composition,
structure, ecology and provenance. They term this type of
forest a zone of small-leaved herbaceous forests and insu-
lar forest-steppe (Britsina, Galakhov etc.).

The subzone of small-leaved herbaceous forests is
characterised by soddy-podzolic and alfisol forest soils,
which are part of the Northern Prichulymye soil province.
The northern forest-steppe is characterised by dark-grey
forest, leached and podzolised chernozems, which are part
of the forest-steppe zone of the southern Prichulymye soil
vegetation. The subzone of small-leaved herbaceous and
coniferous forests is composed of birch and pine-birch
forests, with an admixture of larch with vigorous grass
cover. Pine and larch are confined to more drained inter-
fluve slopes. Aspen forests are common on watersheds
and in micro-slopes, while equal parts of the area are oc-
cupied by birch-aspen plantations with large meadow-
forest herbs. The vegetation groups in the Prichulymye
region include: southern taiga spruce-cedar-fir forests
with birch forests, aspen forests and swamps; birch and
aspen forests in combination with coniferous forests,
meadows and swamps; birch and aspen forests with
patches of conifers (mainly spruce and fir), with meadow
and herbaceous swamps; meadow steppes, settled mead-
ows with birch and aspen forests; grass-bush and herba-
ceous pine and aspen-birch-aspen forests; mountain dark-
coniferous taiga; flood meadows with marshes, shrubs
and forests.

Subtaiga is characterised by the first, second and third
groupings. The fourth grouping is predominating in the
forest-steppe. The fifth and sixth groupings are predomi-
nating in mountain forests. Flood meadows mixed with
marshes, shrubs and forests are found in all zones. There
are significant changes in the composition of each group-
ing due to changes in moisture, relief and soil cover.
Spruce-cedar-fir forests in the area are rare; there is usu-
ally a mixture of birch and aspen. The major massifs of
these forests are located in the Tyukhtetsky and
Birilyussky Districts, as well as in the eastern part of the
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Bolsheuluysky District, in the north-western part of the
Bogotolsky and the eastern part of the Achinsky Districts.

It is also known about the wider spread of coniferous
forests in the recent past. Even now, in places where the
coniferous forest is completely removed, coniferous re-
forestation takes place if the land is not used for a long
period of time. Before the settlement of these regions,
fires were the main reason for the destruction of conifer-
ous forests; later humans began to deforest and prevent
them from regeneration. Cedar, fir and spruce were re-
placed by pine and larch, and then by birch and aspen.
Areas of regeneration of dark-coniferous southern taiga
forests are always found at the site of fires and logging.
At the same time, the frequency of forest regeneration
depends on many factors, but above all on the soil cover.
Thus, fir develops faster on soddy-podzolic plots rich in
nutrients, spruce — on excessively wet podzolic-gleyey
plots, cedar and pine — on light and well-drained plots.
Now, spruce-fir forests are more often found on flood-
plain terraces. Forests consist of spruce, fir with greater or
lesser admixture of birch (silver and downy), aspen and
cedar. The undergrowth is represented by spirea, rowan-
berry, currant, bird cherry, dwarf alder, honeysuckle and
other species. The herbaceous cover is formed by marsh
and meadow-marsh vegetation, and forest and meadow-
forest herbs.

The first terrace above the floodplain and high flood-
plain are covered with waterlogged spruce-fir forests with
dense undergrowth and sedge grass cover. On light sod-
podzolic soils, grassy spruce-fir forests are common, in
which there are usually no shrubs, while the grass cover is
diverse (cacalia, ostrich fern, sorrel, blueberry, alpina
circaea, herb Paris, lungwort, etc.). Birch and aspen for-
ests are represented in combination with coniferous for-
ests, meadows, and marshes. This area is a passage from
taiga to forest-steppe and occupies most of the subtaiga.
Haircap-moss birch forests with abundant cuckoo-flax
cover and occasional shrubs and grasses are spread on flat
watersheds, waterlogged and greatly podzolized soils.
Conifers grow here, but they are considerably fewer in
number and are met on humid places along river valleys.
On flat wetland watersheds, as well as on greatly pod-
zolized and excessively moist soils, sphagnum birch
stands with a small number of grass representatives can
be found. Shrubs are well grown in well-drained areas
under birch and aspen.

The watersheds in the northern forest-steppe are cov-
ered by leached or podzolized chernozems, which, in turn,
are occupied by arable land and birch forest outliers. The
following herbaceous plants prevail in the forest outliers:
bird vetch, bastard lupine, greater burnet, sow thistle,
meadowsweet, yarrow, etc. and also the shrubs: rose hips,
spirea and currants. The chernozems further down the
slope are replaced by meadow-chernozem soils under
meadow grass vegetation. This meadow part of the slope
is replaced by birches with grass cover. A narrow strip of
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birch stand turns into a very complex strip of birch,
spruce, fir and cedar with an abundant cover of forest
horsetail. The width of this strip in some places is only
15-20 meters. Even closer to the riverbed, there are no-
ticeably more fir and cedar trees with green mosses, herbs
and shrubs, cross-leaved heath and marsh tea. The lower
valley areas are covered with green and sphagnum moss.
The frozen seasonal layer in the peat is located at the
depth of 58 to 69 cm, and below that, the wet peat is re-
placed with a gley horizon at a depth of 89 cm. The
sedge-hummocky bogs and moss-lichen bogs are covered
with river birch, willow, pine, spruce, cedar, and larch.
These tree and shrub species are suppressed and poorly
grown.

Birch and aspen forests with meadows characterize a
further stage in the replacement of conifers by deciduous
species, as well as deciduous meadows by meadow grasses.
Here, as in the previous complex, there are conifers, but
they are much fewer and accustomed to humid places
among the birch forest and to river valleys. The predomi-
nant forest species are silver birch, which is replaced by
downy birch and aspen in heavily moistened places.
Tatarian dogwood, spirea, currant are found among the
shrubs, and willow is found in wetlands. The meadow-
steppe herbaceous cover, replacing the meadow-forest
cover, becomes increasingly important in the most devel-
oped areas under the forest. Wetlands of meadows and
hypno-grass bogs are widespread among the birch-aspen
forests. Few grasses, dominated by sedges and horsetail,
grow through the solid moss cover. There are birch and
birch-aspen forest outliers with various grass cover among
the massifs opened and developed for agriculture: motley
grass, sedge, cereal, cereal-legume, reedgrass. In all cases,
the grass cover is well developed, and the available shrubs
consist of willows, spirea, and rose hips (Parmuzin,
Kirillov et al. 1964.). Clusters of birch and aspen forests are
widespread in the north-western and north-eastern parts of
Bogotolsky District, the north-western and south-western
parts of Achinsky District and in Bolsheuluysky District.
These are replaced by grassland steppes and settled mead-
ows. Birch and aspen forests form a transition zone to
meadow steppes and steppe grasslands.

The Achinsk-Bogotolsky forest-steppe is meadow
steppes and steppe grasslands with forest outliers. Cur-
rently, it has the appearance of man-made forest-steppe
with many elements that are characteristic of other land-
scapes. For example, the river valleys have preserved the
features of subtaiga. Despite the great changes in the
shape of the forest-steppe, the natural conditions here are
quite favorable not only for the growing of deciduous
forests, but also for coniferous forests. In this regard, a
small grove of coniferous forest which was planted about
60 years ago near the village of V-Kateyul is indicative.
At the present time it consists mainly of thriving trees up
to 25 m high - fir, spruce, pine, larch and birch with a
large trunk. The second layer consists of elderberry,
mountain ash, dog rose, spirea. The grass cover of forest
motley grass is also well developed: celandine, geranium,
fern, sorrel, sedge. And all this grow on podzolized cher-
nozem.

There are two main zones in the vast area of meadow
steppes and steppe grasslands with forest outliers and

aspen forests of Achinsk-Bogotolsky forest steppe. South
is the smaller part, bounded by the railway on the north,
and by the Chulym River valley on the south. The near-
valley side is heavily divided by ravines and gullies, and
there is the forest steppe on the plain along the railway.
According to the topography and land cover, there are
several vegetation areas: pine forests on Chulym terrace:
green moss forest, blueberry forest, lingonberry forest,
grass forest, forest with undergrowth, pine-birch forest,
birch and pine-birch forests of gullies, birch and aspen-
birch clumps with meadow-forest vegetation, meadow
steppes and steppe grasslands with forest, most of which
are currently plowed.

Pine forests are located on soft soils of terrasses
spreading mainly along the left bank of the Chulym river.
Birch and pine-birch forests of gullies cover the left bank
of the Chulym River. The bottoms of the gullies are par-
tially swampy, while tall forest grasslands can be found
on the hillsides. On the high watersheds, there are birch
and aspen forests, often swampy along the micro-
lowlands. The area usually has the silver birch, but we
also find the downy birch in extremely humid areas.
Among meadows, there are cereal and cereal-forbs mead-
ows of medium moisture in floodplains of large rivers,
wet meadows in floodplains of small rivers, settled mead-
ows with forest on slopes and high floodplain terraces
(Lyubimova, 1962.).

Cereal and cereal-forbs meadows occupy the near-
river and central river valley. The vegetation cover in-
cludes Kentucky bluegrass, meadow foxtail, Timothy,
couch grass, awnless brome and other valuable fodder
plants. Yield of herbs is 12 - 16 c/ha. Meadows of small
rivers are predominantly covered with reed grass and
meadowsweet, steeplebushes and false spiraca. The
steppe grasslands of the slopes are comprised of meadow-
steppe and meadow species with a predominance of leg-
umes and motley grass. On the open places, meadow
steppes and steppe grasslands with forest are dominated
by grasses and legumes. These are the most suitable areas
for pasture and haymaking, and have been developed for
agriculture for a long time. There are small isolated places
of saline land among the meadow steppes. Thus, there is a
vast tract of “Solontsy” located 2 km to the north of the
village of Bely Yar near the railway line, which is a gully
covered with grass, bulrush and reeds. There are shrubs
(predominantly willow) at the junction of terraces 1 and 2
only. In wet year 1997, the tract was mostly wet until 30
July. During dry years, almost the entire area of the tract
is used for haying. Solonchak barley, solonchak sow this-
tle, saltbush, foxtail, couch grass, fescue, horsetail, plan-
tain and tufted vetch are widespread here. The soil is
meadow solonchak (Kirillov & Yerokhina, 1962.).

The second location with solonchak associations is
found on the boundary of a swampy land to the south-east
of the Kritovo station. The surface is matted, in some
places covered with cane, while the majority of the area
consists of bentgrass, tufted hairgrass, and bekmania. Ar-
eas without vegetation are covered by cracked crust with
white salt scurf. Among the grass cover, consisting pre-
dominantly of sedges in the swampy land, there are scat-
tered sporadic and small bushes of willows and willow
clumps.
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In the Nazarovskaya and Balakhtinskaya forest steppe,
forests occupy small areas along the northern hillsides and
ravines, along saucer-shaped gullies among the arable
land. They usually consist of small-stemmed birches with
a variety of herbs in the gullies and ravines, and along the
northern hillsides with the eagle fern. Park-type pine and
birch forests are present on terraces of the Chulym River.
In the Nazarovskaya and Balakhtinskaya forest steppe,
forests occupy small areas along the northern hillsides and
ravines, along saucer-shaped gullies among the arable
land. They usually consist of small-stemmed birches with
a variety of herbs in the gullies and ravines, and along the
northern hillsides with the eagle fern. Park-type pine and
birch forests are present on terraces of the Chulym River.

The northern forest-steppe (Achinsk-Bogotolskaya) is
separated from the southern (Nazarovskaya) by the Arga
Ridge. In the recent past, this ridge was clearly marked by
altitudinal zonation. Now, forest is almost completely
destroyed in the western part of the ridge, and the areas
are used for arable land. The forest in the eastern part of
the Arga is also largely cut down, but it is still preserved
in some places (coniferous and mixed). The forest in the
middle part is being destroyed more and more. If this
process of forest extermination continues, the low moun-
tains will turn into forest-steppe with active erosion proc-
esses.

Several types of phytocenosis are distinguished on the
Arga Ridge according to the relief and soil cover. The
western part is occupied by meadow steppes and steppe
grasslands with forests areas of birch, aspen and wooden
small forest stands, scattered among the vast areas of ar-
able land. The smallest of forest stands consist almost
exclusively of willows, and the largest - with an admix-
ture of birch and aspen. Forest tall grasses predominate
among the grasses and the sedge hummocky marsh are
predominant in some small forest stands. The birch forest
is preserved in small stands in the most elevated north-
western and south-eastern parts of this area (Bezrukikh,
2010; Sergeev, 1971). Most of the Arga Ridge is covered
by grass-bush, pine and pine-birch-aspen forests. Narrow
and deeply embedded in river valleys are occupied by
controlled taiga, and steep convex slopes of southern ex-
posures are often covered with grasses, among which xe-
rophytes occupy a prominent place. Pure pine forests are
rare, as they are constantly exposed to fires and logging.
This largely explains both the young age of the stand and
the diversity of composition.

Blueberry, lingonberry, fern (eagle fern) and herba-
ceous forests are widespread on the Arga. In herbaceous
forests you can find stone bramble, thorow wax, crepis,
eagle fern, reedgrass. The main background is mixed for-
ests of pine, birch and aspen, to which larch is inter-
spersed in some places. Depending on soils and exposi-
tion, the grass cover under the forest is also imputed. On
the southern slopes, there is a wide distribution of red
clover, burnet, common vetch, forest vetch, fescue,
phleum, and clover. On the northern slopes, there is a
large herb variety: meadowsweet, spurges, meadow-rues,
cat grass, horsetail, and forest fern. This composition of
forest tall grass is characteristic of areas dominated by
aspen. Flat watersheds are often used for haying. The
composition of such meadows is dominated by forest

580

grasses: cat grass, reedgrass, clover, sedge, geranium,
horsetail, phelum vetch, and burnet.

Steep convex slopes of southern exposures are usually
covered with grasses such as wood-sorrel, white mugworts,
white-headed veronicas, fescue, phelum, wild onion and
others. Self-regenerating of pine is widespread and forest
plantations are well developed. The pine plantings made in
1914 on the second terrace of the Chulym near the village
of Bogotolsky Zavod are of interest. At present, it is a for-
est area under the canopy of which stone bramble, avens,
horsetail, strawberry, currant, meadowsweets, and basilica
are growing. Birch and aspen are becoming increasingly
important in the eastern part of the Arga Ridge.

On the Kemchug uplands, heavily sparse mountain
dark-coniferous taiga is spread on mountain-podzol soils
with weakly leveled signs of destruction of clay particles
from acid soils and good structure. Soils are sparse and
rubbly. Forest composition is represented by spruce, fir
and cedar. Forest regeneration is slow after fires and log-
ging, hampered by a thick grass cover, so aspen and birch
species are spread in many places where coniferous for-
ests were destroyed. The vegetation cover in the subtaiga
part of the Solgon Ridge and Kuznetsk Alatau is strongly
changed. Here, in contrast to the Arga Ridge, there are
more mountain taiga groups: there are dark coniferous
forests in the Solgon Ridge, and larch forests are in the
Kuznetsk Alatau.

The combination of floodplain meadows, swamps,
shrubs and forests occur in different zones, however there
are changes in the structure and combination of the
ground vegetation cover. The growth of mesophytic plant,
shrub and tree vegetation characterizes floodplain mead-
ows. Meadows not used for haying are overgrown with
shrubs and tree species. Thus, use of meadow impacts the
frequency of occurrence of areas covered with scrubs and
tree species. There are some areas mainly consisting of
willow and forested lands. Pines or aspen-birchen and
black alder grow on sand deposits and there are black
alder woodlands on loamy soils. Typical floodplain
meadows are composed of various meadow formations
and their combinations. Bent-grass, timothy, foxtail and
couch grass commonly grow on heavy-textured muddy
soils, while couch grass and brome-grass characterize
lighter soils. Miscellaneous herbs and legumes typically
grow in grass stands. Meadow bogs are very common and
consist of gramineous plants (canary-grass, bead-ruby,
wood-reed, sedges and mesophilic herbs). There are ca-
nary-grass meadows on the lowest levels of floodplains in
the southern part of the forest zone. Reed-grass and tus-
sock-grass meadows occupy large territories.

In the forest-steppe and steppe zones, the sod-plants
grow in the conditions of stagnant overwatering on peaty
meadows of floodplains. Sedge-grass characterizes cal-
lows of the central parts of floodplains due to the condi-
tions of excessive waterlogging. However, pure sedge
associations are often replaced by gramineous plants and
other mixed-sedge associations. Upon that, turfy hair
grass, brown-bent and bod miscellaneous herbs mix in on
sod-grass areas, while wood reed, bent and miscellaneous
herbs grow together on sedge-grass areas.

Herbaceous and hypno-grass lowland bogs commonly
appear on floodplains. They often occur in combination
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with transitional and upland bogs. Small areas of herba-
ceous and hypno-grass lowland bogs are usual for mead-
ows and forested lands. High-grass lowland bogs appear
along the lakes. They are replaced by coarse sediment
marshes and sedge hummocks near lakes. Hypno-sedge
bogs with continuous hypno-moss cover are widespread
in the forest-steppe zones and in hemiboreal forests.
Hypno-sedge bogs that are situated on increased relief
elements in subtaiga are gradually replaced by transitional
sedge-sphagnum and upland bogs that cover swampy wa-
tersheds. Herbaceous and hypno-grass bogs are used for
haying in some areas. Relevant meliorating measures al-
low cultivating grain and vegetable crops in the forest-
steppe zones.

Modern ecosystem and its components, including
vegetation, preserve the recent geological past, when
zonal boundaries and structure of the vegetation cover
were changing. Many relict features mark the changes in
climate, soil, and vegetation during the post-glacial era.
This is proved by areas of spruce and spruce-fir forests
that are distant from aspen woodlands with grass covering
typical for dark coniferous forests. Apparently, such areas
in the subtaiga zone are residual; they have been pre-
served since the Quaternary times. The traces of drought,
such as some coniferous and coniferous-deciduous planta-
tions, presence of hemiboreal and forest steppe species,
are found both in subtaiga and in the forest-steppes
(Lyubimova, 1962). Steppes and forest-steppes were more
widespread during the arid post-glacial period. Evidently,
the formation of vegetation and mountain areas is con-
nected with changing climatic conditions and melting of
mountain glaciers.

Vegetation cover of Prichulymye is highly diverse and
is characterized by a predominance of pine, fir, spruce
and a smaller percentage of cedar and larch, along with
birch and aspen among the small-leaved trees. The distri-
bution of forests and marshlands is also widespread in
grasslands and pastures, as well as separated forest stands
and copses are spread throughout arable lands. It is impor-
tant to emphasize the fact that woodlands, particularly
located close to populated areas, are shallow and demon-
strate an irrational clearcutting process. Therefore, nowa-
days there is no construction of forest around settlements.
Small-leaved birch and aspen forests are spotty scattered
across meadows and fields, causing numerous inconven-
iences to the efficient use of big agricultural machines. It
is not always easy to uproot the forest in the fields and
grasslands. Woodland plays a certain water-regulating
role; however, it creates a complex spacing of fields and
grasslands affecting land littering.

Rational use of land is one of the most significant is-
sues in the long-term development of the agricultural dis-
tricts. This involves the proper placement of the land, as
well as its constituent elements, hence it is necessary to
conduct the range of measures. It is important to change
the separated forest stands location within the crop rota-
tion fields and across the grassland areas. The forest strips
must satisfy the requirements that are set for the use of
this or that piece of land. This requires clear-cutting in
certain areas and afforestation in others.

It is necessary to aim at bringing the building forest
closer to populated areas during afforestation as well as

during the use of existing forests. Due to modern soil and
climatic conditions, valuable forest species such as larch,
fir, and spruce can be grown in various parts of the areas,
where they used to occur and are now destroyed.

It is necessary to implement and maintain enhanced
measures to improve the grass stand and expand the area
of grasslands and pastures. It is important to pay attention
to some inconsistency of soil cover and plant facies: there
is a widespread distribution of forests and chernozem
soils in the recent past. The surveyed area evidently ex-
perienced a post-glacial era with a drier, warmer climate
and steppe vegetation. That dry and warm era was re-
placed by a colder and more humid one, an era that con-
tinues to the present day. Taiga of the West Siberian plain
in the south was linked to the taiga of the Arga Ridge, and
in the east to the forests of the Kemchug uplands. Ar-
chaeological evidence suggests that primitive man hunted
forest animals there (Lyubimova, 1964.).

Deforestation has been particularly rapid since the
colonization of the areas. The woodland was clear-cut for
building villages. Primarily larch forests, which had a
park type on the southern slopes, were logged for building
purposes. Larch stumps aged 200 to 300 years can be
found throughout the southern part of the described area.
Thus, the villages Volynka, V-Kateyul and others villages
of Bogotol District, as well as Yastrebovka, Barabanovka
and other areas of Achinsk District were build in the larch
forest. Reforestation and rational use of forests will have a
positive impact on local climatic (mesoclimatic) condi-
tions, provide forests for currently non-forested settle-
ments and districts, enrich Prichulymye with fur peltries
and so on.

Reforestation measures are extremely important in the
Nazarovskaya forest-steppe, where conditions for human
life and economic activity have become worse as a result
of forest destruction. Ground water and reservoir water
should be used rationally for artificial irrigation of grass-
lands, arable lands and field shelter belts. It is necessary
to use overburden rocks for afforestation in coal mining
areas. Wind and water erosion that exist in the forest-
steppe can be suppressed and their consequences over-
come only by a system of measures involving obligatory
afforestation, as well as the field-protective and wind
breaks.
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MO/JIEJIMPOBAHUE JIE®PEKTOB B TOPU3OHTAJIbHOMN CTPYKTYPE
JIECHBIX HACAKJIEHUI
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Peanbubiii 1ec «3an0IHeR» Pa3HbIMU NYCHOMAMU — NOJSHAMU, NPO2ATUHAMY, KEAPMATbHLIMU NPOCEKAMU U JTECHbL-
Mu dopozamu. Paccmampueaiomes mooenu OUHAMUYECKUX NPOYECco8 8 1eCy, C6A3AHHBIX ¢ NOSGLEHUEM U UCYEIHOBEHU-
em O0eghexmos 6 20pu30HMAanbHOL cmpyKkmype aeca. Paccmompenvt modenu 08yx munos, onucwigaroujue npoyeccvl no-
SGNIEHUsL U UCYEZHOBEHUSL BAKAHCULL 8 20PU3OHMANLHOL CIPYKIYPe HACAICOEHUsl, U 0OCYICOAIOMCSL YCL08USL, NPU 6bl-
NOAHEHUU KOMOPLIX 03MOICHO CYUWECMBOBAHUE YCIMOUHUBLIX COCIMOSHUL HACANCOCHUL! C MATBIM YUCTIOM 6AKAHCUIL.

B xunemuueckoti modenu paccmampusaiomcsi npoyeccol NOGAEHUsL U UCHE3HOBCHUS 6AKAHCULL KAK CMAYUOHAPHble
60 B8peMeHU U Xapakmepusyemvle NOCMOAHHBIMU 3HAYCHUSMU BEIUYUH 8ePOSMHOCIU NOAGIEHUSL 6AKAHCULL U 6€POsIM-
Hocmu ux ucuesHogenus. Ilokaszano, umo 6 KUHemuueckol MOOenU ¢ He3A8UCUMBIMU CTHAYUOHADHBIMU UHMEHCUBHO-
CMAMU NePexo008 Hem 0SPAHUYEHUN HA YUCTO 8AKAHCULL  IeCY, YMO He CO2NACYEeMC sl C HAMYPHbIMU OAHHbIMU.

B onmumuzayuonnoii modenu craboneudeanbHo2o 8aKanc-2a3a NPeononazaemcs, Ynmo cOCMosHue omoenbHo2o de-
Pe6a 3a8UCUm KaK On €20 83auMoO0eltiCmausi ¢ OpyeuMu 0epesbsiMi, MaK u om 83auMoOeticmsus ¢ 8aKancusimu. Baxan-
cuu gce mMexcoy coboll He 83aUMOOeliCMEYION 8 CULY UX peOKoCmU U OOIbUL020 PACCMOAHUA Mexcdy Humu. B modenu
66e0eHa ONMUMUZAYUOHHASL (DYHKYUSL KAK XAPAKMEPUCUKA PUCKA 2UDeNU HACAICOEHUs. U NPeONnoaazaemcst, Ymo 6 Xo-
0e 960II0YUOHHBIX NPOYECCO8 8eOemcsi OMOOP HA IKOCUCMEMbL ¢ MAKOU NIOMHOCMbIO 8AKAHCUL, NPU KOMOPOU PUCK
eubenu cucmemvl munumaner. Iloxaszano, umo puck eubenu 0epebes 8 HAcaicOeHuu 6yo0em MUHUMATLHLIM 6 CUMYd-
Yuu, K020a 6 HACANCOCHUU UMEemcsi HeboIbuoe YUCIO 6AKAHCUL, CYUeCMBEHHO MeHbliee 00uje2o Yucia 0epeébes
6 1ecy.

Knrouesvie cnosa: necrvle H(lCdOfC@eHuﬂ, noseJnernue eaKchulZ, UCUYE3HOB6EeHUEe eaKchuit, Moz)eﬂupoeaHue.
Conifers of the boreal area. 2022, Vol. XL, No. 7 (special), P. 583588
SIMULATING DEFECTS IN THE HORIZONTAL STRUCTURE OF FOREST STANDS
V. G. Sukhovol'sky"?, Yu. V. Zakharov’, A. V. Kovalev’
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A wild forest is 'filled' with defects (or gaps) of various kinds, such as glades, clearings, cuttings, forest roads. The
models of dynamic processes in the forest, which are connected with the appearance and disappearance of vacancies in
the horizontal forest structure are considered. Two types of the models that describe the processes of appearance and
disappearance of such vacancies are presented. The conditions under which the existence of stable states with small
number of vacancies is possible are discussed.

The kinetic model considers processes of appearance and disappearance of vacancies as stationary with constant
values of the probabilities of the appearance and disappearance. It is shown that the kinetic model with independent
intensities of transitions has no restrictions on the number of vacancies in the forest, which is not consistent with the
field data.

The optimizing model of the weakly imperfect gas of vacancies assumes that the condition of an individual tree
depends on its interaction with other trees and with vacancies. Vacancies themselves do not interact because they are
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rare and separated by vast distances. The model introduces an optimization function as the characteristic of the dieback
risk of a stand, and it is assumed that the existing evolutionary processes select ecosystems with the density of vacancies
at which the system has minimal loss risk. It is shown that the dieback risk of the trees in a stand is minimal if the
number of vacancies in the stand is much less than the number of trees.

Keywords: forest stand, appearance of vacancies, disappearance of vacancies, simulation.

When the term 'forest' is used (it is preferable to use
the term 'thick forest'), it is usually represented as a the
whole of trees densely placed in some area, so that it is
almost impossible for a person or a big animal to pass
through this forest. Nevertheless, in effect (it can be
clearly seen on the aerial and satellite images), the forest
is 'filled' with gaps of various types — clearings, glades,
'openings' formed after deforestation (dieback and fall of
individual trees), compartment lines and forest roads.

The modern concepts of forest dynamics take into
account the existence of such gaps-defects, and a special
term 'gap' has been proposed to describe these ecological
objects (Botkin et al., 1972; Shugart, 1984). The concept
of gap-dynamics is currently a constitutive theory that
describes natural development and formation of the
structure of undisturbed forests (Bugmann, 2001; Botkin
et al, 1972; Ishikawa et al.,, 1999; McCarthy, 2001;
Prentice, Leemans, 1990; Shugart, 1984; Yamamoto,
1992, 1995; Karev, 1999; Kislov et al. 2015; Omel'ko,
Ukhvatkina, 2012). Nevertheless, it appears that the
processes of forest dynamics associated with the existence
of defects in a forest stand cannot be reduced to the fact
that a defect is described as a place where a tree can grow.
In the situation when using unmanned vehicle systems it
becomes possible to obtain super-large-scale images of
forest stands and count the number, density, and type of
defects in these stands, the existence of a dynamic theory
of defects in the forest and understanding the patterns of
formation and disappearance of defects can make it
possible to effectively decipher the resulting images and
use the characteristics of the current structure of defects
as indicators of the state and stability of forest stands.

Let us start with classifying the analysis of dynamic
processes in the forest associated with the appearance and
disappearance of defects in the horizontal structure of the
forest. Defects in the horizontal structure of a stand can be
divided into point and linear. A horizontal point defect

(vacancy) is an 'opening' in the forest with an area slightly
larger than the crown projection area of an average tree in
a stand. Linear horizontal defects (dislocations) include
glades, clearings or meadows with an area that is
significantly larger than the crown projection area of an
average tree in a stand. Obviously, such intuitive
definitions cannot be used in a quantitative analysis, thus
we will give more precise definitions of vacancies and
dislocations.

To determine defects in a forest stand, we construct
Voronoi polygons for it (Vasilevich, 1969; Greig-Smith,
1976) and calculate the density function of test range area
distribution. As an example, let us consider the simplest
case where trees in the forest are placed randomly.
Figures 1A and 1B show the construction of Voronoi
polygons for the forest area without vacancies and with
vacancies distributed over a distance; Figure 2 shows the
density functions of distributing test range areas for the
tracts without vacancies and with vacancies.

As we can see from Figure 2, in the absence of
vacancies in the horizontal structure of the forest, the
distribution density function is unimodal. If there are
some defects in the model stand, the function of the
Voronoi polygon area distribution density will be
bimodal, and we can talk about the existence of defects in
the horizontal structure of the forest.

The appearance of defects in the horizontal structure
of the forest can be explained fairly straightforward:
individual trees in the forest can die under the influence of
wind, insects, viral and fungal diseases, lightning strikes,
etc. In the simplest case, such defects should be randomly
distributed over the forest. But cooperative effects are
also possible. These effects are associated with the
increase in the probability of falling out of trees adjacent
to an already existing defect. In this case, the size of the
defect can increase with time and the vacancy will turn
into a dislocation.

Figure 1. Voronoi Polygons for the random arrangement of trees:

A — forest stand without defects; B — forest stand with defects.
1 —tree; 2 —vacancy; » —1; © -2
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Figure 2. Histograms of distributing the areas of Voronoi polygons:

1 — forest stand without defects; 2 — forest stand with defects

It seems that the reasons for the disappearance of a
vacancy cannot be reduced to the fact that the seeds of
trees fall into the soil within the limits of the formed
vacancy and germinate. Many field observations suggest
that the renewal of trees in a defect may not occur, and
the lifetime of a defect may be quite long (Buzykin et al.,
1985).

The horizontal structure of the forest stand can be
characterized both by the number of vacancies 7n, in the
stand and by the density (relative area of vacancies) ¢ in

the forest:
ney .
g= M — S_d, (1)
So So

where s(i) — area of the i vacancy; S, — area of the forest
stand; S, — total area of vacancies in the forest.

It is obvious that 0 < g < 1. The total area of S, defects
is usually much less than the total stand area S, and the
density of defects is g << 1. If S; ~ §', then ¢ — 1 and we
do not deal with the forest but with the open stand or the
grassland with individual trees on it. The thickened forest
is characterized by the state ¢ = 0.

When describing the spatial structure of defects and
analyzing their ecological role in the forest, the following
questions arise:

— is the distribution of defects in the stand uniform or
is there a gradient in the number of defects?

— are there any stable spatial configurations of defects
in the stand, or can the number of defects in the stand be
arbitrary?

— is the appearance and disappearance of defects a
process associated with the current state of forest stands,
or do defects appear and disappear regardless of the
current number and current spatial distribution of defects
in the stand?

— do the defects affect the state and dynamics of the
stand and can the changes in forest characteristics caused
by the presence of defects affect the state and stability of
the stand as a whole, the reproduction and species
composition of the stand, the impact of insects on the stand;

— can the dislocations, being extended defects in the
structure of a stand, distort the interactions of trees in a
forest much more strongly than point defects.

In this paper, we consider two types of models that
describe the processes associated with the appearance and

disappearance of vacancies in the horizontal structure of a
stand. The conditions under which the existence of stable
states of stands with a small number of vacancies is
possible are also discussed.

I. KINETIC MODEL OF VACANCIES

For simplicity, we will assume that the area S, of the
crown projection of each tree in a mature stand is the
same. If the total stand area is equal to S, then there will

be N :i areas in it, of which n areas (n < N) can be
0

occupied by trees. In the case of a tree fall, a vacancy

appears on the site. This vacancy may be occupied by a

tree of the next generation some time after its occurrence.

In the general case, these intensities of the appearance
and disappearance of a vacancy depend on the nature of
the interactions between the trees in the stand and on the
impact of external critical factors (wind, fire, insect
attacks, etc.). At an arbitrary point of time ¢ there may be
n(t) trees and k(f) = N — n(f) vacancies in the stand,
provided that the following condition will be fulfilled: n(f)
+ k(f) = N = const. Thus, the dynamics of succession
processes, expressed in the appearance and disappearance
of vacancies, can be described using just one variable, for
example, using the variable k(7).

We will consider the processes of appearance and
disappearance of vacancies as stationary in time and
characterized by constant values of the probability of the
appearance of vacancies A and the probability of their
disappearance p — in fact, this is the standard model of
reproduction and dieback (Tikhonov, Mironov, 1977,
Kleinrok, 1979). The graph of transitions from state to
state in such a system is shown in fig. 3.

1- 1-p
A

.
~__

Figure 3. The graph of transitions from state to state in
the model of appearance and disappearance of
vacancies:

1 — territory occupied by a tree; 2 — vacancy
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Using the graph in Figure 3, we can write a kinetic
equation odescribing the dynamics of the number of
vacancies in a forest:

%zx(l_k)—pk=X—(k+u)k. )

The phase image of the model(2) is shown in Figure 4.

dk/dt

Figure 4. Phase image of the model (2)

As we can see in Figure 4, the model (2) has only one

.. dk .
steady-state condition of a stand, when d—=0, with
t

k= L If A — 0 (vacancies in a stand do not appear)

A+
or u > A (the intensity of the disappearance of vacancies is
much greater than the intensity of their appearance), then
k — 0 and there are practically no vacancies in the forest
area. If p — 0 or p <A, then k£ — 1 and in vacancies that
appear in the forest area with the intensity 4 new trees do
not appear and the forest area loses its forest cover.

Since the model (2) does not impose any restrictions on
the parameters, then if the model (2) is correct, stable stands
with a very different number of vacancies should occur in the
forest. However, under natural conditions, the number &k of
vacancies in a stand is usually quite small. Thus, in the
kinetic model with independent stationary transition rates,
there are no restrictions on the number of vacancies in the
forest, which is inconsistent with field data.

II. MODIFIED KINETIC MODELS

OF VACANCIES IN THE FOREST

Let us consider a more complex model, in which the
magnitude of the intensity A of the appearance of
vacancies is still constant, but the intensity p of the
disappearance of vacancies depends on the number &k of
vacancies already existing in the stand.

I (1) —n(k)k. 3)

dt

We specify the form of the function p(k). Let us
consider two options: a monotone function

n(k)=pok+ak and a nonmonotone function with a
maximum at k = 1/e p (k)= pgkexp(—ek). Then for the
first option we obtain:

%:k(l—k)+(p0+ak)k. @)

The stationary state of the stand will be achieved at
the values of k corresponding to the solutions of the

. dk
equation —=0:
dt
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k :X_“Oi (}\'_”’0) _&. (5)
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If the intensity A of the appearance of vacancies is
sufficiently large and greater than the value p0, the stable
positive value of the number of vacancies in the forest

. A . )
will be close to —. Nevertheless, this solution does not
a

satisfy the condition £ < 1.
For the kinetic equation with another version of the
function p(k), we obtain:

%:K(l—k)+uokexp(—ak). (6)
In this case, provided that A > p,, there is one positive
solution (6):

(M

Thus, in the kinetic model, where the intensity of the
disappearance of vacancies depends on their current
number, the appearance and disappearance model gives
the only positive solution characterizing the stable
number of vacancies in the stand.

It should be noted that the reciprocals of the intensities
of transitions from state to state in kinetic models provide
indicators that are very important from the point of view
of understanding ecological processes in the forest — the
characteristic times of changes in the state of the stand.

I1I. OPTIMIZATION MODEL OF A WEAKLY

IMPERFECT VACANCY GAS IN THE FOREST

Optimization models differ from kinetic ones in that a
certain function is introduced to describe the model
system, and it is assumed that in the steady state of the
system, the value of this function reaches a minimum. In
this situation, when constructing an optimization model,
an optimization function is first introduced, and then the
values of the system parameters are found, at which the
optimization function reaches a minimum.

In the optimization model describing the dynamics of
vacancies in the forest, it is supposed that part of the
forest area is occupied by trees, and part is free (these are
vacancies). We also believe that the state of an individual
tree depends both on its interaction with other trees and
on its interaction with vacancies. Vacancies do not
interact with each other due to their rarity and the large
distance between them. This condition allows us to
consider vacancies in the forest as analogs of particles of
an ideal gas, and we call it the model of a weakly
imperfect vacancy gas. As N =n+k, then dividing both

sides of the equation by N, we obtain % = —% =1-x

(where x:%). Thus, the state of the stand can be

characterized by one variable x.

Let us introduce some optimization function Q(x) as a
characteristic of the risk of stand dieback and assume that
in the course of evolutionary processes, selection is made
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for ecosystems with such a value of x at which the risk
of system dieback is minimal, that is, in a steady state
O(x) — min.

The risk of dieback of trees in a stand with vacancies
may depend on the following reasons:

— competitive interactions between trees;

— loss of trees near an existing vacancy;

— dieback of a tree due to external influences (insect
damage, lightning strikes a tree, etc.) that do not depend
on the features of the horizontal structure of a stand.

It is also necessary to take into account the reduction
in the risk of falling trees near the vacancy due to the
replacement of the vacancy by a tree.

Considering all these risks as additive, we write the
risk function:

0(x)=g(1-x) +—=

A+x

-wx+M, (6)

where 4, g, w, m are some constants.

The first term on the right side of (6) describes the
competitive interactions between trees, the second term
describes the effect of the appearance of a new vacancy in
a stand with an already existing share of vacancies x, the
third term describes the disappearance of a vacancy and
the appearance of a new tree in its place, and, finally, the
last term characterizes the risk of a vacancy arising under
the influence of modifying factors, the intensity of which
does not depend on the current state of the stand.

To determine the value of x, at which the risk Q(x)
function will take a minimum value, we calculate the
derivative and equate it to zero. Then we obtain:

—2g(1—x)+m—A2—W:0. 7
(A+x)
After  simple  transformations, taking into

consideration that x << 1 (there are few vacancies in the
real forest) the cubic term x° is rejected in (7) due to its

smallness, and we obtain the following quadratic
equation:
ax’ +Px—-D =0, )
where
AB
B="c="22.p= 4+ AB-C,
2g w

a=(24-1-B); p=A4(4-2-2B).

Let us write the solution (8):

—B£+/p +4aD

7o ©)

x(opt) =

Provided that the discriminant ([32 +4ocD) of the

equation (9) is positive, it has two positive solutions: one
— in the case when a > 0 and the other — in the case when
o < 0. Thus, in a situation where there are a small number
of vacancies in a stand, the risk of dieback of trees in the
stand will be minimal.

In the considered models, it is assumed that their
parameters are known, and it is necessary to find the
optimal value of x. Nevertheless, in a real situation, by
analyzing large-scale aerial and space images, it is

possible to estimate the value of x — proportion of the
forest area occupied by vacancies, while the model
parameters, on the contrary, are unknown. If we assume
that the successional processes in a climax forest are
stationary, then we can consider the inverse problem of
estimating the parameters of models describing the
dynamics of vacancies by the value of x. It is obvious that
different values of model parameters can correspond to
the same value of x, however, it is possible to estimate at
least the ratio of the values of these parameters from one
image and, based on this, to evaluate the intensity of
ecological processes in a stand. Thus, for the model of the
appearance and disappearance of vacancies, it is possible
to estimate the ratio of the intensities A and p from the x
value analyzing one image.

CONCLUSION

The comparison of the simplest kinetic and
optimization models of vacancies in the forest show that
both in some types of the kinetic model and in the
optimization model there is one stable state of the stand,
when a small part of the forest area is occupied by
vacancies, and if this condition is met, the stand is stable.

It is obvious that the proposed form of the
optimization function is not the only possible one, and
other forms of this function can be considered based on
the concept of the risk function as an analogue of free
energy in defect models in partially ordered physical
media (Kleman, Lavrentovich, 2007).

For the detailed analysis of the spatial structure of
vacancies, we can consider the spatial correlation
functions R(r), which characterize the probability that
other defects will occur at a distance » from an arbitrary
defect in the stand. If the correlation function does not
depend on 7, then the distribution of defects is stationary
in space. Other forms of the spatial correlation function
will describe the short-range or long-range order in the
spatial distribution of defects.

In the development of the defect model, it is possible
to consider a replacement model in which a vacancy is not
an area free from trees, but an area where trees of a
species that is not dominant in the stand grow. The
concept of a substituted defect can be defined in exactly
the same way as the concept of an ordinary defect —
through the construction of Voronoi polygons. The spatial
structures of heterogeneous stands are considered in
labeled models of spatial random fields (Grabarnik, 2010;
Ripley, 2004). The difference between these models and
the optimization models of vacancies is in using the ideas
about the risk function of the stand dieback in the
optimization replacement model and using a risk function
minimum principle, which determines which trees will
replace the vacancy in the stand structure.
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OU3BNYECKUE IAPAMETPBI CTPYKTYP KOPEHHBIX EJIbLHUKOB
TAUTA EBPOIEMCKON YACTU POCCUHA

B.T. Ctopo:keHko

HucrutyT necosenenust PAH
Poccutiickas @enepanms, MockoBckast 00:1., OnmuHIoBckuit p-oH, 143030, ¢. Yenenckoe, yi. Coberckas, 21
E-mail: lesoved@mail.ru

O6¢cyanCcOaromest CMbICI08bIE COOEPICAHUS NOHSIMULL «YCIMOUYUBOCbY U «HEUCMOWUMETbHOE JIeCONOIb308AHUE)
NpU PA3HBIX APUAHMAX UX NPUMEHEHUSL.

Llenv pabomer 3axmouaemcs 6 onpedeneruu Quau4ecKuUx (YUCTOBbIX, OOBEMHBIX) NAPAMEMPO8 BO3PACHIHBIX
cmpyKkmyp 0pegocmoes, OUHAMUKU USMEHEHUs. KOIUYeCmaea eCmecmeenio20 60300H06IeHUsl, 00bEMO8 8aledca no Cma-
OUSIM PA3NOANCEHUSL, NOPANCEHHOCIU 2pUOAMU OUOMPOPHO20 KOMIIEKCA OEPedbes 8 803PACHIHbIX NOKOIEHUSX, COCMOsL-
HUsL 0epesbes 1eco8, 00Aa0aOUUX Ka4ecmeoM YCmouyuoCnu.

Ob6vexmbl u Memoobl ucciedosanuil. /s aHanuza nPUHAMbL eca, omeedaiouue Kpumepusm yCmouuugocmu, o1u3-
Kue no ¢azam OUHAMUKU K KIUMAKCOBbIM JECHbIM COOOWeCmBam — abCoNOmMHO-PA3HOBO3PACHIHbIE 0eBCTNBEHHbIE ellb-
nHuku Kanoanaxuickozo necxoza Mypmanckoii 06n.; Cegepoosunckoeo necxoza Apxaneenvckou 00a.; Hayuonanvrozo
napka napka «FOzvi0-Bay Komu Pecnybauxu (nod3ona ceseproii matieu) u Llenmpanvro-necnoco 6uocgeprnozo 3ano-
6eOHUKA (N0030HA 10cHOU matiew). Ha nocmosinibIx npobHbIX naowjadsx npogoounacs 1ecO800CMEeHHAs OYeHKA buo-
2€0YeH0308, CNIIOWHOT Nepeuém u Hymepayus 0epesbes, Oypenue y welku KopHsi ¢ onpedesieHueM 03PACmos 0epe6bes,
onpeoeienue pachorONCeHUst, MUNA U CMAOUU pa3eumust 2HUel, ONUCAHUEe COCMOSHUS 0ePEeBbes.

Dxcnepumenm u obcyscoenus. B mabauye npugedenvl 1eco0800CMEeHHble XAPAKMEPUCTIUKU OUO2e0YeHO0308 KU~
MAKCOBbIX, OeMYMAYUOHHBIX U OUepeccunvlx ¢az ounamuxu. B epaguueckoii popme npedcmagnenvt nokasamenu 603-
PACMHBIX CIPYKIMYP OPe80CMOoes, OUHAMUKA USMEHEHUs. KOIUYECTN8d eCmecmeeHH020 60300H08IEHUSL 8 2PA0AYUsX €20
svicom om 0,5 00 3,0 M u cmenens cesa3u smux noxazameneu (v = 0,67 npu my = 0,06 ut = 11,1), napamemput 06vemos
8aneNHCa NO CMAOUSIM PA3NOICEHUS,, NAPAMEMPbL NOPANCEHHOCMU 2pubamu 6UOMPoPHO20 KOMNIEKCA 0epedbes 8 603~
PACMHBIX NOKOLEHUSIX, RAPAMEMPbL COCTMOSHUSL 0EPEBLES.

3aknmouenue. Qusuueckue napamempvl CMpYKmMyp YCMOUYUBbIX e108bIX CO0OWecmE OIU3KU K paccMOMpPeHHbIM
BHAYEHUSAM U MO2YM CIYICUMb OPUESHMUPAMU NPU AHATU3E CIMPYKMYD eLbHUKO8 OpYeUX CMPYKMYPHbIX XapaKmepu-
CMUK, OYEHKU UX COOMBEMCMBUS Kame2opui YCMOou4UeblX IeCHbIX CO0OUecms.

Kntouesvle cnosa: ycmouuusocmv ecos, 03pacmmuuvle CMpPYKMypPbl, €CMECMEEHHOe 80300HOGIEHUE, OPeGeCHblil
omnao, nopadcéHHOCMb OPesoCmoes, COCHIOSHUE 0ePesbes.

Conifers of the boreal area. 2022, Vol. XL, No. 7 (special), P. 589-594

PHYSICAL PARAMETERS OF SELECTED SRTRUCTURES OF INDIGENOUS SPRUCE FORESTS
OF THE EUROPEAN PART OF RUSSIAN TAIGA

V. G. Storozhenko

Institute of Forest Science of RAS
21, Soviet Str., Uspenskoe S., 143030, Odintsovsky district, Moscow region, Russian Federation
E-mail: lesoved@mail.ru

Substantial meanings of “sustainability” and “sustainable forest management” used in different ways were
discussed in the article.

The aim of studies is to estimate physical (numeric, volumetric) parameters of age structures of stands, dynamics of
changes in volumes of natural regeneration, to evaluate volumes of fallen trees focusing on their decomposition stages,
and on the degree of damage caused by fungi of biotrophic complex in the course of trees aging, and to assess condition
of trees in forests possessing sustainability characteristics.

Research objects and methods. The analysis was made for forests which meet the criteria of sustainability, and
which dynamics fazes are close to the climax forests communities’ ones — i. e for virgin spruce forests of different ages
of the following areas: Kandalaksha forestry (Murmansk region), Severodvinsk forestry (Arkhangelsk region), National
Park “Yugyd-Va” (Republic of Komi, sub-zone of Northern taiga), and Central Forest biosphere reserve (sub-zone of
Southern taiga). Silvicultural assessments of biogeocenoses, complete enumeration and inventory of trees, drilling at a
root collar to estimate trees age, identification of location, type and development stage of rots and description of trees
condition were conducted on the fixed test sites.
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Experiment and discussions. Silvicultural characteristics of biogeocenoses of climax, demutational and digressional
dynamic fazes are shown in the table. The graphic chart specifies indices of trees stands age structures, dynamics of
changes in the volume of natural regeneration in accordance with its heights scale from 0,5 m up to 3,0 m and the ratio
of those indices coherence (r = 0,67 when my = 0,06 and t = 11,1). The chart also shows parameters of fallen trees
volumes focusing on their decomposition stages, parameters of the damage caused by wood-destroying fungi of
biotrophic complex to trees of different age generations as well as on parameters of trees conditions.

Conclusion. Physical parameters of structures for stable spruce communities are close to the specified above
characteristics and could serve as markers when analyzing spruce forests structures of other structural characteristics
and when confirming that they meet the parameters of stable forest communities.

Keywords: forests sustainability, age structures, natural re-generation, woody debris, trees stands damage,

condition of trees.

INTRODUCTION

Sustainability of forests can be considered from two
perspectives: first, from the position of continuous
presence of forests of certain silvicultural, economic
parameters and properties in a certain area, and second,
from ecosystem, biogeocenotic positions of structural
content of forest communities in the same area. In the first
case, the term “sustainability” corresponds to the often
proclaimed dream of the entire forest industry of
sustainable forest management. In the second case, it is
connected with the classical notions of the final stages of
development of forest communities, their structural and
functional optimality.

It must be recognized that in the current conditions of
uncertainty of state forest policy in the management of the
forest industry there is no condition for a confident
combination of these two positions in a single mechanism
for managing the country's forest resources. But they must
complement each other in content and application in
forest practice. At the same time, these two terms, and
especially “sustainable forest management”, are never
tired of being exploited at all levels as the basic paradigm
of forest management in Russia. In our opinion, the
concept of “sustainable forest management” should
combine these two terms. Sustainable forest management
in a certain sense can be represented as a climax stage of
forest territorial agglomeration, in which the forest
agglomeration is in balance with other agglomerations of
a certain territory.

This paper does not consider such extensive and
important statements, but focuses on the term
“sustainability” as it applies to forest communities. The
forest community sustainability paradigm should underlie
knowledge about forest structure and dynamics and forest
management. But in declaring this provision, one must be
prepared to respond to demands to designate the
structures of sustainable forest communities in physical
terms. The purpose of this research is to determine the
physical (numerical, volumetric) parameters of some
forest structures that have the characteristic of
sustainability. Indigenous, primeval forests of the taiga
territories of European Russia are best for studying the
physical parameters of sustainable forest communities.
The most suitable objects for this study of the structure
and dynamics of indigenous stable formations unaffected
by anthropogenic impact are primordial spruce forest
communities, in which the patterns of evolutionarily
formed forest systems are most prominently represented.
The presented work considers parameters of age
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structures, natural  regeneration, woody  debris
(deadwood), infestation of stands of a biotrophic fungi
complex, visual assessment of the condition of trees of
phytocenosis in indigenous spruce stands.

OBJECTS AND METHODS OF RESEARCH

Before describing the study sites, it is necessary to
justify the choice of these objects as forests that meet the
content of the term “sustainable forest communities”.
According to the classical canons of forest science,
“depleted” [9] forest communities in the final stages of
successional development correspond to this notion to the
greatest extent [3; 9]. Such forests, according to the
classification of F. Clements [10], correspond to the
concept of “climax”. In previous papers, we have detailed
our views on the content of the concept “climax” and
closely related formulations [5—8]. We should add that
climax is a dynamic phenomenon and is just as “passable”
as all other stages of successional development of any
forest community. Based on these assumptions, forests
that, according to our understanding, meet the criteria of
sustainability, both those close to climax forest
communities and those in other phases of dynamics —
demutational and digressive — were taken as objects of
research. Native, different-aged primeval spruce stands of
the Kandalaksha district forestry of Murmansk Oblast; the
Severodvinsk district forestry of Arkhangelsk Oblast; the
Yugyd-Va National Park in the Komi Republic (northern
taiga subzone) and the Central Forest Natural Reserve
(southern taiga subzone) were used for the analysis.

Sample areas were established in such forests, where
an operation cycle was carried out, including edging,
silvicultural assessment of biogeocenoses, complete
enumeration and numbering of trees, drilling at the root
collar and determining the age of trees with a head-
mounted magnifier, determining the presence of decay
faults with fixing the location recording, type and stage of
decay faults, describing the condition of trees on the scale
adopted in forestry protection [4]. The entire sample area
was divided into 10x10 m sectors, that allowed the more
accurate mapping of location of trees, deadwood trunks
and natural regeneration on the sample plan. The
deadwood trunks have been described according to their
wood species affiliation, diameter and stage of
decomposition [5; 6; 11]. Species of fomites were
identified by their fungal fruits and the types of decay
they cause, according to the identification guides [1; §;
12; 13]. The data obtained using a unified eye and
instrumental estimation made it possible to determine the
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dynamic characteristics of biogeocenoses and calculate
the physical characteristics of their consortia.

EXPERIMENT AND DISCUSSION

In accordance with the research objectives, it was
necessary to study the parameters of the age structures of
the stands, which could confirm (or not) our assumptions
about the «depletion» of the forest communities selected
for the study, and to describe their dynamic parameters.
The characteristics of the age series of indigenous spruce
stands are interpreted differently by different researchers.
Thus, I. I. Gusev [2] defines one kurtosis in the age
structure of indigenous spruce stands of different ages in
the North in the middle of the age series. According to our
long-term and geographically large-scale studies of taiga
spruce stands, the volume values of trees of the climax
age generations after the penultimate generation (80
years) should have comparable values up to the first
generations (limiting tree ages) [5]. The table shows the
silvicultural characteristics of the spruce stands that were

analysed.
All of the biogeocenoses represented are indigenous
primeval  forest = communities, unaffected by

anthropogenic disturbance and developing according to
natural derivative laws.

It is interesting to note two features in the
characteristics of forest stands: large values of average
stand age in Arkhangelsk Oblast with the smallest values
of average diameters and the expected decrease in values
of average ages from northern to southern latitudes. In the
first case, spruce in the far north and fresh locations can
reach the age limit of 400 years for this species, which
affects the increase in the average age of stands. In the
second case, on the contrary, in the sphagnum growth
conditions of the southern taiga, the spruce most
commonly has a maximum age of 200-240 years, and
reaches an age of 300-320 years only in isolated cases
Fig. 1 shows the graphic chart of the age structures of the
spruce forests studied.

Although the stands of the climax phases of the
dynamics differ in the structure of the age series [2; 5],
they belong to the same dynamic category, as indicated by
relatively smoothed values of tree volumes in the age

generations and similar trend lines of expotential
approximation.

The stands have different-aged structures, but are in
different phases of dynamics — from demutational (K) to
digressive (CR) and climax (A and M) (Fig. 1).

Therefore, the physical parameters of the age
structures of stable forest communities lie within the lines
of expotential approximation for the climax spruce forests
of the taiga. Examples of stand age structures of other
dynamics phases refer to absolutely different-aged spruce
stands that have passed or have not yet reached the climax
phase, the field of climax fluctuation [5].

As well as the different-age structure of stands, the
most important criterion for the sustainability of forest
biogeocenoses is the presence of sufficient natural
regeneration capable of ensuring the formation of new
forest generations, the continuity of the age range and the
different-age structure of the stand. In indigenous spruce
stands, the composition of natural regeneration is mainly
represented by spruce, but the admixture of other species
(mainly deciduous trees) can vary from single trees to 3—4
in the stand composition. In taiga forests, the undergrowth
tends to grow in clumps over the forest area. According to
our data, about 80 % of all spruce undergrowth grows on
deadwood of 3 to 6 decomposition stages [5]. We counted
up to 500 specimens of spruce undergrowth on some
deadwood trunks of large-diameter. The confinement of
the undergrowth to deadwood can be explained by better
water and mineral nutrition conditions of the undergrowth
due to the release of wood decomposition products from
the deadwood during the process of fungal decomposition
of fallen trunks. Figure 2 shows the values of natural
regeneration parameters in the biogeocenoses used for
analysis.

Analysis of the data in Fig. 2 shows large differences
in the amount of regeneration in the represented
spruce stands in height gradations up to 1.0 m. Its greatest
quantity is observed in the spruce whortleberry-sphagnum
stand in the Central Forest Natural Reserve (southern
taiga). However, as it grows, the number of undergrowth
in this forest community decreases rapidly and
within a height gradation of up to 3 m the number is the
smallest.

Silvicultural characteristics of spruce stands of different dynamic parameters

Stand composition | Dynamics Type of forest Quality | Density | Average Average Undergrowth
formula phase class age diameter
10 Picea + Betula, | DA, climax Blueberry- 1Y 0.6 216.2 13.2 7 Picea 1 Betula
Pinus, A blackberry- 1 Salix 1 Populus +
sphagnum Sorbus
8 Picea 1 Betula DA, climax Whortleberry- 1Y 0.5 185.4 17.3 8 Picea 1 Pinus 1
1Pinus, M cloudberry- Betula
ledum
8 Picea 2 Betula+ | DA, Whortleberry- Iy 0.6 146.2 15.7 7 Picea 2 Betula
Cedrus, Abies, K demutation green moss 1 Abies + Pinus
pumila
8 Picea | Betula1 | DA, Whortleberry- I 0.8 118.4 15.1 7 Picea 3 Sorbus +
Populus + Pinus, degradation sphagnum Betula, Populus
CR

Symbols. A — Arkhangelsk Oblast; M — Murmansk Oblast; K — the Komi Republic (the Yugyd-Va National Park); CR — the
Central Forest Natural Reserve. Tree stand structure: DA — different-aged.
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Fig. 1 Parameters of age structures in the taiga spruce
stands of European Russia used for analysis:

x — the 40-year-old generation (1 — 360 years);

y —tree volumes (%). A — Arkhangelsk Oblast; K — the Komi
Republic; M — Murmansk Oblast; CR — the Central Forest
Natural Reserve;  — lines of expotential approximation
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Fig. 2. Parameters of natural regeneration

in the taiga spruce stands of the European part of Russia
selected for analysis:

x —undergrowth height intervals at 0,5 m (1 — 0,5 m;

6 — 3,0 m); y — amount of undergrowth as a % of the total

For the remaining spruce stands, the amount of spruce
undergrowth is relatively evened out after grading above
0.5 m in height. In absolute values, the number of
undergrowth (including deciduous species) for each of the
spruce stands under analysis has the following
parameters. Murmansk spruce stand — 1 320 (72) = 1 392;
Arkhangelsk spruce stand — 1 988 (52) = 2040); Komi —
1 975 (150) = 2 125; the Central Forest Natural Reserve —
5933 (87) =6 080.

The degree of correlation between age and height of
undergrowth was calculated for whortleberry-sphagnum
spruce stand in subzone of southern taiga (CR) — r = 0.67
with mr = 0.06 and ¢ = 11.1). The correlation is significant
and reliable, but not functional, due to the variability of
the biogeocenosis silvicultural indicators.

For spruce forests of other taiga sub-zones, the
parameters of the undergrowth are close to those
described above.

The dynamics of the formation of indigenous spruce
stands is based on the continuous inflow of a certain
amount of woody debris from the stand to the deadwood
structures. The more consistent the volumes of this inflow
from year to year and in gradations of decomposition
stages, and therefore in the time perspective of up to 50
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years, the closer the forest community is to the climax
phase. In this paper, we do not provide a description of
the trunks related to each stage of decomposition. These
data have been published in a series of past papers [5—8].
Fig. 3 shows the time dating and parameters of deadwood
volumes by decomposition stages in the analyzed spruce
stands.
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Fig. 3. Parameters of the volume of deadwood by
decomposition stages in the taiga forests of the European
part of Russia selected for analysis:

x — stages of deadwood decomposition (1 — 3-5 years;

2 — 6-25 years; 3 — 26-35 years; 4 — 3645 years;

5 —46-50 (60) years; y — volumes of deadwood, m*/ha

It is clear that the decomposition process of deadwood
trunks is ongoing in time and dividing it into fixed time
intervals is theoretical. Nevertheless, we do so for the
convenience of a variety of calculations. In the chart, the
first number is for the southern taiga and the second
number for the northern taiga. Figure 3 clearly shows that
under northern taiga conditions the volumes of deadwood
in the decomposition stages are close and their variation
through time is within 5 m3/ha. Such parameters are
typical for forest communities close to the climax, and
consequently to spruce stands with the most stable
structural parameters. Only the biogeocenosis of the
Central Forest Natural Reserve in damp whortleberry-
sphagnum  growing conditions is  significantly
distinguished by the volume of deadwood. There was a
large amount of forest fall in this area between 30 and 45
years ago. This forest community belongs to the
degradation phases of the dynamics in terms of age
structure (Fig. 1), which determines the possibility of
formation of the second increased wave of woody debris
from the digressive age generations in a close timeframe.
We have not analysed the reasons for these forest falls.
They are most likely related to wave changes in the water
regime of the area and, as a result, the imbalance in the
regeneration processes and the formation of stand age
generations.

Wood-destroying fungi of the biotrophic complex play
a significant role in the formation of woody debris. In our
previous work, we have substantiated the dual functional
nature of the involvement of consortia of tree-destroying
fungi in the functioning of forest communities.

As a heterotrophic element, this group of fungi is
determined by evolution to decompose the biomass
accumulated by the phytocenosis in the degradation chain
of its cycle. At the same time, all their functioning is
determined by the biomass balance concept during its
accumulation and decomposition, i.e. the law of formation
of a sustainable structural optimum of the forest
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community [5; 7]. In the dynamics of spruce stand
formation (as well as any other stand formation) as the
age of trees in the age generations increases, the damage
of trees by wood-destroying fungi also increases, which
contributes to the fall of trees of older age generations, the
formation of younger generations, age diversity of the
stand and sustainable forest structure (Fig. 4).
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Fig. 4. Parameters of fungal attack ratio of the biotrophic
complex of trees in the age generations in the taiga spruce
stands of the European part of Russia selected for analysis:
x —age generations (1 — 360 years); y — infestation within age
generation, %

Fig. 4 clearly shows the trend of increasing fungal
attack ratio in the age generations from the last
(undergrowth, 10) to the first (limiting tree ages, 1). The
rate of correlation between the increase of tree age in
generations and the increase of biotrophic fungal attack
ratio was calculated: » = 0.94; at mr = 0.006 and ¢ = 156.
There is very high, functional correlation. It is clear that
the physical values of the fungal attack ratio will be
different in different stand structures. This is due to the
growth conditions of the stand, its age structure and the
dynamic condition of the biogeocenosis: the better
the growing conditions and the higher the average age of
the stand, the higher the average fungal attack ratio.
Spruce stands of climax phases are attacked on average
by 2545 %, demutational by 15+5 %, and degradative by
35410 %.

Another parameter that characterises indigenous
primeval «depleted» forest communities relates to the
qualitative estimation of trees and the stand as a whole.

The data in Fig. 5 demonstrates an almost complete
correlation between stand degradation trends of different
dynamic and zonal characteristics. This shows that the
processes of natural degradation of trees in indigenous
primeval spruce stands are, in numerical terms,
proceeding approximately in close trends.

Some differences can only be noted in the number of
externally healthy trees, which is related to the phase
parameters of the stands. The spruce forest of the Central
Forest Natural Reserve belongs to the degradative phase
of the dynamics, there are more old-growth trees that have
reached the age limit for the species, and, consequently,
there should be fewer externally healthy trees. It should
also be noted that this stand is under severe conditions of
excessive humidity and older trees, without wood-
destroying fungal attack, can be identified as degraded.
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Fig. 5. Tree condition parameters in the taiga spruce
stands of the European part of Russia used for analysis:
x — tree condition categories: 1 — externally healthy;

2 — degraded; 3 — severely degraded;

4 — experience partial mortality; 5 — fresh deadwood;

6 — old deadwood; y — amount of trees (% of total)

CONCLUSION

The following physical parameters of indigenous
primeval, evolutionarily formed spruce biogeocenoses:
age structures, indicators of natural regeneration, volumes
of deadwood by decay stages, ratio of wood-destroying
biotrophic complex fungal attack, tree classification into
condition categories, characterise structures of reference
(or close to reference) values typical of sustainable spruce
stands. They can serve as reference points for
comparative analysis of the structures of spruce stands of
other  silvicultural,  pathological and  sanitary
characteristics, and for estimating their correspondence to
the category of sustainable forest communities. We
should add that a scale for classifying forests into a
certain sustainability category has been developed and
published previously [5].
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®OPMA KPOH JIEPEBBEB COCHBI OBBIKHOBEHHOM (Pinus silvestris L.)
B UMCTBIX BEICOKOT'YCTOTHBIX HACAKJIEHUAX MUHYCUHCKOM KOTJIOBUHBI
KPACHOSAPCKOI'O KPAA

A. A. Baiic

CubupcKuil rocy1apcTBEHHBIN YHUBEPCUTET HAYKU M TEXHOJOTHI UMEeHHU akajemuka M. @. PemerHeBa
Poccuiickas @enepanms, 660037, Kpacnospck, npocn. um. ra3. «KpacHosipckuii pabounii», 31
E-mail: vais6365@mail.ru

C yenvio 8bISACHEHUST HEKOMOPBIX 1eCO800CMBEHHBIX BONPOCO8, KACAIOWUXCSL PAZIULHbIX (OPM Nleca U Pa3iudHblX
NpUEeMO8 yX00d 3a HUM, HYICHO 3HAMb PA3MEPbl KDOH Oepedbes (UX Onuny, nonepeunoe ceyenue, oovem, 60K08yo no-
sepxHocmy). Memoovl onpedenenus YKA3AHHbIX dleMeHmo8 euje HedocmamouHo paspabomansi. Ob6vexmom ucciedo-
6aHust ObLL OMHOCUMENLHO OOHOPOOHBLIL UB0NUPOBAHHDBIL JIECHO MACCUB, 8 KOMOPOM NPOUPACMAIONT COCHOBbLE HACA-
arcoenus. OCHOBHOU Yenvio Hawell pabombl AGINOCy OnpedeneHue Gopmbl KPOHbI COCHbI 0ObIKHOBEHHOU PA3TUYHO20
pazmepa u oyenka ux oowvema. CoenacHo 1ecopacmumenbHOMy PauoHUPOBAHUIO MEPPUMOPUSL UCCTeO08ANHUL OMHOCU-
aacy Kk Anmae-CasHCKOMY 2OPHOMAEIHCHOMY PAIOHY JIeCOpaACMUmMenbHol NPOSUHYUU KeOpOo8bIX U nuxmoguvix iecog (Cu-
CUMCKULL OKpY2 20PHO-MAEIHCHBIX NUXMOBLIX U KEOPOBIX 1€CO8).

Usyuas cosokynnocmo (hopm KpoH cOCHbL 0ObIKHOBEHHOU, MOJCHO BbIOEIUMb HECKOLKO SPYRN NPeobnadanus mou
unu unou opmul. B cmynensx momwyunol 8 u 12 cm, umeem naubonvuiee pacnpocmpanenue yuruHopuieckas gopma,
PeoKo ecmpedaemcst KOHycC HakloHHbl. Hanuuue 0annou (hopmbl MONCHO 0OBACHUMb euje He COMKHYSUUMCS NOA02OM,
npu dMOM KIUMAMUYecKue akmopvl OIAZONPUSIMHO GIUSIOM HA PA36UMUE KPOHbL, He HADII0OAemCsl GblPAdICeHHOU
KoHKypenyuu. B 28 u 32 cmynensax cioswcno evidenums npeobiadanue Kakou-1ubo o0Hol gpopmul. B smom cnyuae gpop-
Ma 3a8ucum om NOJAHOMbL OPeBOCMOsl, OM HALUYUsL c8emd U KOHKypenyuu. Hedocmamok ceema, @vlcokas 2ycmoma
Hacasicoenust u 8UO08AsL KOHKYPEHYUsL CHOCOOCMBYem (opmMupo8anuIo pasiuiHsix (popm KpoH.

B pezynomame gvinonnennoil pabomovl yCmanoseieHo, Ymo cpagHums KPOHY ¢ KaKol 1ubo onpedeienHoll 2eomempi-
ueckou (hopmotl He NPedCmasIsiemcs BO3MONCHBIM, MAK KAK 2abumyc Kpon pasnoobpazen. Taxas eapuayus no cmyne-
HAM MOJWUHBL YKA3bIBATA HA MO, YMO Y COCHbL KPOHA O4eHb NOOBEPICEHA GIUAHUIO 6empo6otl Hazpy3ku. [Ipedrodcums
OOHY YHUBEPCANbHYIO hopMmyny Oiisl onpedeneHus Gopmvl KPOHbL COCHbL He BO3MONCHO, MAK KAK OuubKU 6 0Ovemax
cocmagnam 3Hauumenvuyio seauyuny. Oovem KpOoHbl COCHbL PEKOMEHOYEmcs ONPeoeising 0MOeNbHO Olisl KPYRHOMED-
HObIX U MATOMEPHBIX 0epebes.

Knrouegvie cnoga: popma kpomwl, COCHA 0ObIKHOBEHHASA, 20PUSOHMANLHAS CIMPYKIMYPA, 6EPMUKANLHASL CMPYKMYPA.

Conifers of the boreal area. 2022, Vol. XL, No. 7 (special), P. 595-600

CROWN FORMS OF SCOTS PINE (Pinus silvestris L.) IN PURE HIGH-DENSITY PLANTATIONS
OF THE MINUSINSK BASIN OF KRASNOYARSK KRAI

A. A. Vais

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
E-mail: vais6365@mail.ru

In order to clarify some silvicultural issues concerning the different forest forms and different caring methods, it is
necessary to know the dimensions of the tree crowns (length, cross-section, volume, lateral area). Methods for
determining these elements have not yet been sufficiently developed. The object of our study was a relatively
homogeneous isolated forest area, in which pine trees grow. The main objective of our work was to determine crown
forms of Pinus sylvestris in various sizes and to estimate their volume. According to silvicultural zoning, the study area
belonged to the Altai-Sayan mountain taiga region of the silvicultural province of pine and fir forests (Sisimsky District
of mountain taiga fir and pine forests).

Studying the range of crown forms of Pinus sylvestris, it is possible to distinguish several groups of predominance of
one or another form. In steps of 8 and 12 c¢m in thickness, the cylindrical form has the greatest prevalence, with a
slanting cone being rare. The presence of this form can be explained by not yet closed canopy, with climatic factors
having a favourable effect on crown development and absence of clear competition. It is difficult to identify the
predominance of any one form in steps 28 and 32. In this case the form depends on stand completeness, availability of
light and competition. Lack of light, high stand density and species competition contribute to the formation of different
crown forms.
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As a result of the performed work, it has been determined that it is not possible to compare the crowns with any
particular geometric figure, as the crown habitus is diverse. This variation in thickness indicates that the pine crowns
are very vulnerable to wind loads. It is not possible to propose one universal formula for determining the form of pine
crowns, as volume errors are significant. The volume of pine crowns is recommended to be determined separately for

large and small trees.

Keywords: crone form, (Pinus silvestris L.), horizontal structure, vertical structure.

INTRODUCTION

Speaking of the degree to which plantation
morphology has been researched, and in particular the
form of the crowns, we can say that this problem has not
been sufficiently studied. As N. D. Skorobogatko noted in
his article [6], currently there is no such special branch of
knowledge as the morphology of plantings and,
consequently, there are no scientifically based indicators
characterising their form. The scientific literature
provides separate data on the forms of vertical and
horizontal projection of crowns, their changes and number
depending on age, completeness, age structure and other
indicators. At the same time, this problem is very relevant
not only for the purposes of automated decoding of space
AP (aerial photography), but also for silvicultural, bio-
ecological and physiological research.

O. S. Bahur in his article [2] noted that studying the
form of tree crowns provides a deeper understanding of
the nature of the forest, especially in space and time. It
has been established that trees of the same species and
age, which have the same crown forms and grow in the
same types of forest and forest-vegetation conditions,
grow faster than trees with other crown forms. Crown
projections within the forest stand differ significantly:
each species has its own, typical, predominant form; it
varies depending on age, habitat conditions and canopy
structure.

Forms of vertical projection of crowns according to G.
G. Samoilovich [7] are combined into eight types, and
each row, depending on the nature of branching and the
form of the upper and lower parts of the crowns, is
divided into 3-5 subtypes. The most common species of
horizontal projection of crowns are combined into four
groups (rounded, ellipsoid, one-sided compressed and
irregular), and five subspecies are distinguished in each of
them. The diversity of crowns is influenced not only by
the biological properties of the tree species and the nature
of the branches’ location in the canopy, but also by other
factors related to sunlight.

T. Rowvinen [5] believes that improving the
efficiency of data collection in the forest is one of the
cornerstones of forest taxation and forest management.
Mobile technologies create a unique opportunity to solve
this problem, as well as to improve the accuracy of
measurements, ensure the objectivity of data and
independent control of results. The Trestim technology is
based on obtaining the taxational characteristics of the
forest stand, such as the cross-sectional area, trunk
diameter, tree height and species composition from
photographs of the forest stand and sample trees taken by
a mobile phone. Data processing is carried out
automatically, and if it’s necessary, it can be done with
the help of an operator, which makes it possible to
automate all subsequent calculations.
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The article by O. S. Artemiev [1] presents a method of
measuring tree heights based on digital ground
photography. Measuring tree heights during the inventory
of urban plantings or forest taxation is one of the most
time-consuming and expensive operations of field work.
In order to increase the efficiency of work, it is proposed
not to measure trees in the field, but to measure them in
the office conditions by deciphering this taxation
indicator according to the materials of ground digital
photography.

E. V. Koch [4] studied the wvertical structure of
phytomass in artificial pine forests. Due to the increasing
biospheric role of forests, the study of the vertical
fractional distribution of phytomass and the production of
various organs of woody plants in the thickness of the
forest canopy is becoming increasingly important. The
materials of the vertical fractional structure of the forest
phytomass serve as the basis for the analysis of the tree
canopy layer, which is heterogencous in many
parameters, as a functionally differentiated photosynthetic
system and as a screen and filter in the exchange of
biogeochemical elements and water in solar radiation
fluxes between the components of the forest ecosystem.

In order to clarify some silvicultural issues concerning
various types of forest and methods of caring for it, it is
necessary to know the tree crowns’ dimensions (their
length, cross-section, volume, lateral surface). Methods
for determining these elements have not yet been
sufficiently developed.

RESEARCH PROGRAM

AND METHODS

The main purpose of the study was to determine the
form of the crowns of the Scots pine trees of various sizes
and to estimate their volume. The research program
included:

— selection of forest plots (allotments);

— photography of Scots pine trees by steps of
thickness (8—44 cm);

— measurement
diameters;

— desk processing (evaluation of the vertical structure
of the tree; identification of patterns of the crown form
vertically and horizontally; comparison of the crown form
with the correct stereometric shapes; determination of the
crown volume using mathematical formulas).

28 sample trees were selected in the forest area of the
Kuraginsky forestry. Three trees were selected in each
step with a thickness from 8 to 40 cm, two trees — in steps
40—44 cm. The projection of the crown along the cardinal
directions was measured for each tree, including the
intermediate ones (n-e, s-e, s-w, n-w) (see the table).
Therefore, these trees were photographed with a Fujifilm
T300 digital camera with a focal length lens of 28 mm.

of crown projections by tree
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During the photography, a 3-metre pole was attached
to each tree so that the scale could be determined in the
photo and further calculations could be performed (Fig.
3). It’s necessary to take pictures of trees so that the entire
tree is in the frame at a distance of 20-25 metres.

The tree image was entered into the computer memory
for estimating the height of the tree. Then, the height of
the tree, the height of the first dead bough, the first living
bough and the length of the crown were determined on the
printed photos. By comparing photos on the computer and
the printed ones, a standard crown form was established,
which was outlined with a colour filter (Fig. 1). The
vertical scale was determined using a 3-metre pole. The
height of the pole was divided by its length, measured
from a photo. The horizontal scale was calculated as the
ratio of the maximum length in the cardinal directions to
the maximum diameter in the photo.

OBJECT OF RESEARCH

According to the forest-growing zoning of cedar and
fir forests made by the Institute of Forest and Woods SB
RAS (Sisimsky district of mountain taiga fir and cedar
forests).

The object of research was a relatively homogeneous
forest area.

The type of the forest is green—mossy-mixed pine, 2nd
class of bonitet, completeness is 1.0. Two studied sites
were identical to each other in bonitet, completeness,
composition, type of forest and stock.

RESEARCH RESULTS

AND DISCUSSION

The form of the crown projections within the stand
varies. Each species is characterised by its own, typical,
predominant form; it changes depending on the age, the

Fig. 1. Model tree with crown form — spherical sector

growing conditions and the structure of the canopy. The
variety of forms of horizontal crown projection is
influenced not only by the biological properties of the
species and the pattern of crowns in the canopy, but also
by other factors related to sunlight. An analysis of the
crown transection is necessary in order to study the form
of the crowns more completely. It is needed for
understanding what geometric figure will be represented
by a transection, which will further help to understand
whether the crown can be reduced to any correct
geometric figure for the subsequent determination of the
volume. The maximum radius of each sample tree was
measured along the cardinal directions. Since we will
need not only the radius, but also the diameter to
determine the volume, it was also set and was the
maximum for the horizontal projection of the crowns.

In order to identify the stability of the correlation be-
tween crown diameters (CD) and sizes (d, 3) of pine trees,
a graph was constructed (Fig. 2).

The diagram shows that the field of points is divided
into two zones: before and after 16 cm. The ratio of
diameters may depend on the lighting conditions, location
and canopy density. Therefore, we can conclude that trees
up to the 16th step have a sufficient level of solar energy.
On this basis, the crown diameter in these steps is even
greater than that of large-sized trees:

CD=0,177 - d,5+ 0,136,

R 2 =0,534 — diameter up to 16 cm;

CD =0,270 - d; 5 — 3,600,

R2 =0,534 — diameter 16 cm or more.

The table of average crown projection radii was
obtained by statistical analysis (see table).

To determine the statistical significance of differences
in mean figures, Student's t -test was used.
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where x;, x, are the average values of the compared
figures; m;, m, are standard errors.

trn-s = 0,47,

tre-w = 0,68;

trne-sw = 0,35, ti, = 2,03;

tynw-se = 0,81.

For comparison, we take a table figure of two. The
figures of the calculated Student's #-tests is less than the
tabular ones (# < ), which means that the differences in
the figures are not statistically significant. As there are no
significant differences between the radii, it is advisable to
consider the projection as a circle. This allows to compare
the crowns with the correct three-dimensional figures,
such as a cylinder, a ball, a cone, etc.

Further, three vertical zones were marked on digital
photographs on each sample tree: the height of the first
dead bough, the first living bough and the length of the
crown (Fig. 2).

For each part of the vertical structure of the tree, its
own graph of the correlation of the height of these
elements and the thickness steps was constructed (Fig. 3).
The coefficient of variation of indicators was in the range
from 21 to 50 % (the variability is large). The heights of

the first dead and living bough are approximately
identical to each other (they change insignificantly with
increasing diameter). At the same time, due to the
intensive growth of trees in height, the growth of the
crown length is evident. If we study this indicator from a
forestry point of view, then trees with maximum
diameters perform a more significant carbon-storage
function, and larger trees should be left for economic use.

Form of crowns are important for the growth and de-
velopment of trees, so studying of them allows to deter-
mine AP taxonomic indices more accurate using the
automatic interpretation method (T. Rouvinen [5]). The
most common forms of horizontal crown projection are
divided into four groups (rounded, ellipsoid, one-sided
compressed and irregular). In turn, studying the vertical
structure of the form of the crowns of the Scots pine, our
own classification was proposed. For each sample tree,
the form of the crown was determined from digital photo-
graphs, having previously marked the crown contour with
a colour filter (Fig. 1). Comparing each crown, 5 types of
crowns were identified with any particular form (cylinder,
inclined cone, ball, spherical sector and hemisphere). To
confirm the form, the crown was measured at three points,
in the upper and lower parts of the crown at a distance of
one metre, taking into account the scale and the middle of
the crown length.
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Fig. 2. Correlation between average crown diameter and steps of thickness

Statistical analysis of the maximum crown radii by cardinal points

Statistical indicators North N-E East S-E South S-W West N-W
Average 2,1 2,0 23 2,0 1,9 1,9 2,0 1,7
Standard error 0,3 0,3 0,3 0,3 0,3 0,2 0,3 0,3
Median 1,6 1,7 1,9 1,8 1,5 1,6 1,5 1,6
Mode 1,6 0,5 0,7 0,5 1,6 0,7 0,6 0,7
Standard deviation 1,4 1,4 1,6 1,4 1,4 1,3 1,5 1,3
Sample variance 2,1 1,9 2,6 1,8 2,1 1,7 2.4 1,8
Excess 1,6 1,3 0,3 1,4 2,2 0,0 0,3 2,9
Asymmetry 1,3 1,2 1,0 1,3 1,6 1,0 1,2 1,7
Interval 5,8 5,3 5,7 5,4 5.8 4,5 5,2 5,3
Minimum 0,4 0,4 0,4 0,4 0,4 0,4 0,4 0,4
Maximum 6,2 5,7 6,1 5,8 6,2 4,9 5,6 5,7
Accuracy of experience 13,1 13,0 13,3 12,6 14,4 13,3 14,6 14,6
Coefficient of variation 69,5 68,8 70,5 66,9 76,4 70,4 77,2 77,0
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Fig. 3. Vertical structure of wood and pine plantations

The difference between these parts has allowed to
determine whether the crown is adequately formed. For
example, the upper and lower parts in a spherical shape
should be approximately equal to each other, and the
middle should be larger; measurements at these points in
a cylinder form are approximately equal to each other.

Comparing the crown forms visually determined by
photographs and measurements, it can be said that the
errors were insignificant, and this allows the crown to be
considered a regular geometric figure with a high degree
of probability.

Having studied the aggregate crown forms of the
Scots pine, several groups of predominance of one form
or another can be distinguished. In steps with a thickness
of 8 and 12 cm, the cylindrical form is most common, an
inclined cone is rarely found. The presence of this form
can be explained by the canopy that has not yet closed,
while climatic factors favourably affect the development
of the crown, there is no marked competition.

Trees of 16 and 20 steps are dominated by a spherical
form, with a rare cone form. Such a form as a spherical
sector occurs singly in 20 and 24 steps, this form was
most likely formed due to species competition, since the
spherical sector is a figure with a narrow base and an
increasing diameter. The presented crown contour
contributes to greater absorption of solar energy.

In the 24th and 28th steps, the spherical form of the
crown is clearly distinct.

In the 28th and 32nd steps, it is impossible to
distinguish any predominant form. In this case, the form
depends on stand completeness, the availability of light
and competitor trees. Lack of light, high completeness of

planting and species competition promotes the formation
of various crown forms.

Starting from the 36 cm step and ending with 44 cm,
the spherical form is predominant, the hemisphere and the
spherical sector are rare.

After necessary calculations it was established that the
horizontal projection of the Scots pine crowns is a circle.
This allows a crown to be seen as a stereometric figure
and its volume to be calculated. (I. N. Vetoshkina, A. A.
Weiss [3]).

A separate stereometric formula was applied for each
crown form determined earlier:

V= %nd %h, circular cylinder; 2)

V= énd 2h, circular cone; 3)

V= %nd 2, sphere; 4)

V= % nd*, hemisphere; %)
2 5

V= gnr h, sphere sector. 6)

where d — crown diameter, m; 2 — crown length, m;
r — crown radius, m; A, — sector height, m.

According to the radii measured earlier and the
calculated diameters, the crown volume of each sample
tree was determined by the thickness gradation. To do
this, we used stereometric formulas for calculating the
volume (2)—(6). In order to determine the dispersion
degree of dots by volume, a graph of the volume on
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diameter dependency at chest height was drawn. The
diagram shows that the spread of points is insignificant up
to the 20th degree of thickness. Therefore, a linear
equation was used for small-sized trunks. The model type
is as follows: V =0.951 - d1,3. The correlation coefficient
is 0.922, the standard error is 6.1 m3. The equation is
reliable and trustworthy, F > 3(62), the coefficient of the
equation turned out to be significant. To create the final
table, the initial model was calibrated in degrees of
thickness (820 cm).

Determining the volume of the crown for large-sized
trees requires taking into account a number of values: the
diameter of the trunk, the place of the tree in the canopy,
the vertical structure of the crown, adjacent trees
competition, etc.

CONCLUSION

It has been determined that the form of crowns within
a tree stand varies considerably. At the same time each
tree species is characterised by its own typical,
predominant form of the crown. Therefore, by studying
the form of the crowns of Scots pine in the Kuraginsky
forestry, it was discovered that the form of the crowns of
small trees is close to cylindrical. Trees up to 28 cm have
the form of a sphere, as well as a spherical sector. It is not
possible to determine any form for trees with diameter
from 28 to 32 cm, as the crown habitus is diverse. Large
trees (36-44 cm) have a sphere form. Such diversity of
crowns at different steps of their thickness indicates that
pine crowns are very likely to be affected by wind loads.

It is difficult to suggest one universal formula for de-
termining the crown volume of a pine tree, as errors are
very common. It is recommended to calculate crown vol-
ume separately for large and small trees.
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PE3YJBTATBI CPABHEHUA HU3KOTEMIIEPATYPHBIX 3K30- U SHIOTEPM
IIPU 3AMEP3AHWHA BOJIbl U IVIABJIEHUM JIBJIA B TKAHSIX 2-JIETHEA XBOU
Y HEKOTOPBIX BU/IOB XBOMHBIX TEPEBbEB’

H. A. Tuxonosa', U. B. TuxonoBa"?, A. A. Auuckuna’, C. P. JJockyros', /I. A. Cemensikun'
y

'UncruryT neca umenn B. H. Cykauesa CO PAH
3CO MJI CO PAH (®UIL KHII CO PAH)
Poccuiickas ®eneparnms, 660036, KpacHospck, AkagemMropook, 50/28
E-mail: selection@ksc.krasn.ru

Onucanvl pe3ynomamsl CPAGHUNENbHO2O UCCIe008aHUA BeyHO3eNeHbIX X8olHblX 6udoe Cubupu (Picea obovata
Ledeb., Pinus sibirica Du Tour., Pinus sylvestris L., Abis sibirica Ledeb.) no xapaxmepy HuzkomemnepamypHsix 9K30-
mepm u dnoomepm npu samopadicusanuu 00 —80 °C u ommausanuu 2-1emueii X60u, NPOSEOCHHO20 C NOMOUBIO0 Ougpe-
penyuansrou ckanupyrowei karopumempuu ([{CK). Yemarnoesneno, umo xeos 0epegves nepeducienHblx 6U008, coopan-
Has 8 Hauae-cepeoune 0CeHU, OMAUYAemcs: KaKk no memnepamype Hayaid i OKOHYAHUs KPUCIATIU3AYUY 600bl, Max u
no memnepamype Hauaia niaeneHus abod, KOIUYecmey 6bl0eIusUecoCs U NOLOWEHHO20 Menid, KOIUYeCmBY CEsA3aH-
HOU 6800bl. Oyenena UHOUBUOYATbHAS USMEHYUBOCHIb XBOU NEPEHUCTEHHBIX BUO08 0ePe6bes NO meMnepamypam Hadaid,
NUKOS8 U OKOHYAHUS KPUCMALTUIAYUU B00bL NPU ee OXNANCOEHUU, d MAKICe MEMNepamypam Ha4and, NUKa U OKOHYAHUs
niasnenus avoa npu Haepesanuu. Ommeuen obwuii xapaxmep uzmenenuti JJCK-npoguneii bonvue yacmu obpasyos
npu oxaadxcoeruu ux 0o —80 °C. B obpasyax uawe nabnooanuce 2 sK30mepmuieckux nuxa, pesxce — 1 unu 3—5 nuxos.
Ananuz OauHbX C8UOEMENbCMEYEN 0 HENPEPLIEHOU ObICMPOL KPUCMALIUZAYUL 800bl 8 2—3 PA3HLIX MKAHSX X60U NPU
ckopocmu oxaadcoenus obpazyos 10 °Couun . Paznuuus no mevnepamypam noenouenus menia npu niagnenuu avod
6 0bpasyax, 6 Yeiom, Co2NACYIOMCs ¢ OMMEYEHHBIMU PA3TULUSMU N0 MEMNEPAMYPAM BbLOCeHUS. MeNid Npu KPUCma-
auzayuu pacmeopos. bonee evicokas gusuonocuueckas Mopo30CmMoUKOCmb 6bl6NIeHd Y X0U el CUDUPCKOU U NUXMIbL
cubupckotl, a makaice 0epegbed CoCHbl 00bIKHO8eHHOU U3 Axymuu. Ilonyuennvie pesynvmamosl NOOMEEPOUNU BO3MOHC-
Hocmb ucnonvzosanus eapuarnma J{CK ¢ 6bicmpoti ckopocmvio 0XaaxncoeHust 0isk OYeHKU MOPO30CMOUKOCIU 0epesbes,
HO360I0U€20 YBEeNUUUNb 00bEM 8bIOOPKU OePedbes.

Knrwouegvie cnosa: xgoiinvie 6udbl, YCMOUYUBOCHb X60U K HUSKUM memnepamypa, oupgepenyuanvhas ckanupyio-
was Kaniopumempusl.
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THE RESULTS OF COMPARISON OF LOW-TEMPERATURE EXOTHERMS AND ENDOTHERM
DURING FREEZING AND MELTING WATER IN THE TISSUES OF 2-YEAR-OLD NEEDLES
IN SOME SPECIES OF CONIFEROUS TREES

N. A. Tikhonova', I. V. Tikhonova"?, A. A. Aniskina', S. R. Loskutov', D. A. Semenyakin'

'Sukachev Institute of Forest SB RAS
*WSB of IF SB RAS (FIC KSC SB RAS)
50/28, Akademgorodok, Krasnoyarsk, 660036, Russian Federation
E-mail: selection@ksc.krasn.ru

The results of a comparative study of evergreen coniferous species of Siberia (Picea obovata Ledeb., Pinus sibirica
Du Tour., Pinus sylvestris L., Abis sibirica Ledeb.) are described in terms of low-temperature exotherms and endo-
therms during freezing to —80 °C and thawing of 2-year-old needles carried out using differential scanning calorimetry
(DSC). It has been established that the needles of the trees of the listed species, collected in early-mid-autumn, differ
both in temperature of the beginning and end of water crystallization, and in temperature of the beginning of ice melt-
ing, the amount of released and absorbed heat, and the amount of bound water. Individual variability of the needles of
the listed tree species was estimated in terms of the temperatures of the beginning, peaks, and end of water crystalliza-
tion during its cooling, as well as the temperatures of the beginning, peak, and end of ice melting during heating. Gen-
eral character of changes in the DSC profiles of most of the samples when they are cooled to —80 °C is noted. In the
samples, 2 exothermic peaks were observed more often, than 1 or 3—5 peaks. Analysis of the data indicates a continuous
rapid crystallization of water in 2-3 different tissues of needles at sample cooling rate 10 °C min™'. Differences in heat

* PaGoTa BBINMONHEHA npu ¢punaHcoBoi noanaepkke PODOU u KKOITH u HT, rpant Nel5-44-044008-p_cubupsb_a.
The work was supported by the Russian Foundation for Basic Research and KKFPN and NTD, grant No. 15-44-044008-r_sibir_a.
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absorption temperatures during ice melting in the samples, on the whole, are consistent with the noted differences in the
temperatures of heat release during crystallization of solutions. A higher physiological frost resistance was found in the
needles of Siberian spruce and Siberian fir, as well as Scots pine trees from Yakutia. The results obtained confirmed the
possibility of using the DSC variant with a fast-cooling rate to assess the frost resistance of trees, which makes it possi-

ble to increase the sample size of trees.

Keywords: coniferous species, needle resistance to low temperatures, differential scanning calorimetry.

INTRODUCTION

Study of the resistance of woody plant species to
adverse environmental factors remains relevant for both
fruit growing and forestry. It is known that coniferous
species growing in Siberia are generally resistant to low
temperatures [16; 17]. However, “swaying” of weather
observed in the last decade, which manifests itself in sud-
den changes in temperature over short time intervals, in an
increase in the amplitude and frequency of changes within
a year/season [10], disrupts the established course of
phenological rhythms in coniferous species. In particular,
there are changes in timing of onset of phenological phases
in different species of woody plants [1; 9 and others]. It
was noted that, due to global climate change, abnormally
warm winters led to a change in the timing of onset of
stages in the development of coniferous pollen and, as a
result, to a greater irregularity of their seed production (in
terms of quantity and quality of seeds) [8; 11; 13]. Earlier
pollen emergence by 10-18 days in common pine was also
noted in the south of the Krasnoyarsk Territory and in
Khakassia (in the period 2003-2015 compared to 1996—
2001, except for 2009 and 2013). Along with this, in the
period from 2001 to 2005 in the same place, a high content
of underdeveloped and empty seeds was observed in the
cones. It should be noted that unidirectional trends in
climate change for such intrazonal species as Siberian
larch, Scotch pine, Siberian spruce, Siberian cedar pine,
Siberian fir, in general, do not pose a great danger
compared to increase in fluctuations within seasons, when
long warm periods in autumn, in winter or spring are
replaced by quick freeze. Reproductive tissues are espe-
cially sensitive to low temperatures during their formation,
development and growth. It is known, that during the
evolution, species have developed mechanisms to protect
hibernating tissues from damage by freezing water crystals,
such as the formation of ice crystallization centers in the
extracellular space, changes in the structure of cell
membranes, the synthesis of compounds that lower the
freezing point of water, an increase in content of bound
water, partial dehydration and others [2; 6; 12; 14; 15; 19;
20; 24; 27]. Differential scanning calorimetry (DSC)
methods provide great opportunities for studying frost
resistance of plants [3]. However, most of the works known
that use these methods to study frost resistance of woody
plants were performed on wood tissues and buds [6; 7; 18;
19; 22; 23; 24; 26].

The needles of evergreen coniferous species have been
underexplored in this regard. In connection with the
above, the purpose of the research was to study the
process of ice crystallization and melting during freezing
and thawing of tree needles in order to assess the
possibility of a wider use of DSC methods in predicting
the response of coniferous species to quick freeze and
negative temperatures in early autumn, on a significant
sample of trees.
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MATERIALS AND METHODS

The studies were carried out using the methods of
differential scanning calorimetry on 2-year-old needles.
Samples were collected in early to mid-September from
Scots pine trees (Pinus sylvestris), Siberian cedar pine
(Pinus sibirica), Siberian spruce (Picea obovate), Siberian
fir (A4bis sibirica), spruce Siberian form blue (Picea
obovata f. glauca), also from common juniper (Juniperus
communis) and American arborvitae (Thuja occidentalis),
growing in the Arboretum of the V.N. Sukachev Forest
Institute of the Siberian Branch of the Russian Academy
of Sciences in Krasnoyarsk [5]. For comparison, samples
of needles were collected in the Scots pine population in
the Priobsky forest of the Altai Territory and on the river
Orosu in Yakutia; Siberian spruce (in the same place, in
Yakutia); Siberian cedar pine and Siberian fir in Turuk-
hansk, on the northern border of the distribution of spe-
cies. The total sample was 35 trees. For analysis, the
middle part of intact needle was cut out, weighed with an
accuracy of 0.0001 g, and placed in an aluminum crucible
with a lid. An empty aluminum crucible served as a refer-
ence. Mass of a sample varied from 1.13 to 6.55 mg. All
measurements were performed on a DSC 204 F1 instru-
ment (NETZSCH, Germany). The sample in a helium
atmosphere was subjected to gradual cooling from +10 to
—80 °C, and then to heating to +30 °C at a rate of 10 °C
min/min”' (flow rate of protective gas is 40 ml/min ",
purge gas flow rate is 70 ml/min~". This cooling rate, ac-
cording to L.K. Lozino-Lozinsky [4], is considered to be
borderline between “slow” and “fast”. The instrument was
calibrated according to the instructions using the refer-
ence substances supplied with the instruments.

Processing of the measurement results — determination
of temperature of the beginning and end of water crystal-
lization in needles, the amount of heat released (absorbed)
in cooling-heating cycle, glass transition temperature and
change in heat capacity, temperature of the beginning and
end of melting — was carried out using the software pack-
age, “NETZSCH Proteus Thermal Analysis 4.8.4”.

RESULTS AND DISCUSSION

When analyzing the results, we took into account that,
at cooling rate used in the experiment, living tissues usually
die at the initial temperature of water crystallization [6; 19].
Despite this, with the help of analysis and others listed
above indicators of DSC profiles, it is possible to obtain
additional information on the potential frost resistance of
tree needles (their pre-adaptation in early autumn), without
taking into account the ability to adapt and harden off with
gradual temperature changes over several days to weeks.

It is necessary to note general nature of changes in
thermodynamic values under conditions of fairly rapid
cooling of most samples of Scots pine needles and some
samples of Siberian spruce, Siberian fir and common ju-
niper needles (Fig. 1, a). In most samples, 2 exothermic
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peaks stand out. In contrast, 1 Siberian spruce tree, 2 Si-
berian fir trees, and all 6 Siberian stone pine trees from
Turukhansk, as well as 2 Scotch pine trees from Yakutia,
have 3-5 peaks on the exotherm (Fig. 1, b). Obviously,
each of the subsequent peaks of curve reflects the in-
volvement of new cellular structures and solutions in
crystallization process — the more diverse they are, the
more obstacles there seem to be for formation and spread
of growing ice crystals and the more diverse the composi-
tion of the samples according to their physicochemical
properties (crystallization temperature of solutions). The
curves obtained are significantly different from those for
slow freezing of buds at a rate of —5...—10 °C/h™" [6],
where one first main maximum stands out, associated
with a large separate low-temperature spike in the curve —
with a change in state of supercooled water inside cells
and cell membranes. All samples of Siberian spruce form
needles of 2 Siberian fir trees from Turukhansk, needles
of 1 Siberian spruce tree from Yakutia, and needles of 2
Scotch pine trees from Priobsky forests are more similar
to them (Fig. 1, ¢).

The observed exotherms testify to continuous rapid
crystallization of water in 2-3 different tissues of needles.
The first peak is probably associated with freezing of wa-
ter in cells of the xylem, phloem, and in intercellular
spaces of vascular bundle, which contain a larger amount
of free water compared to other needle tissues (Fig. 2).
The second is associated with crystallization of water
inside the cells of parenchyma. These two peaks are rarely
equivalent in terms of rate of heat release per unit fresh
mass of the sample mW/g, more often the second one
prevails over the first one or the first one over the second
one. The second peak was higher in the samples of most
Scots pine trees and individual trees of other species, the
first peak was higher in the needles of most Siberian
spruce trees and individual Siberian fir and Siberian stone
pine trees.

It should be noted that with slower cooling of the nee-
dles, the value of the first peak will be much larger than
the second one due to outflow of free water from cells to
centers of ice crystallization in extracellular space and
establishment of thermodynamic equilibrium with ice at
—17-25 °C [6], when water remaining in cells (about
25-30 %) can be preserved in a supercooled state up to a
temperature homogeneous nucleation, down to —80 °C
[25]. In cryopreservation, on the contrary, higher cooling
rates (1000 °C/min') are used, at which formation
of ice crystals that disrupt the intracellular structure is
unlikely [3].

Along with an increase in number of exothermic
peaks, some samples exhibit lower peak onset tempera-
tures and a larger range of freezing temperatures for water
in the sample. At the same time, in Siberian fir and indi-
vidual samples of Siberian spruce, which significantly
differ in lower temperatures of the onset of water crystal-
lization (see table), 1-2 main high-temperature exother-
mic peaks and 1 small low-temperature peak predominate
in the sample. The literature also provides conflicting
information: a single exothermic peak can be observed
both during slow cooling in living tissues of the most
frost-resistant plants, and in plants that have already died
as a result of rapid cooling [3].

It was found that the temperature of the onset of water
freezing in a high-temperature part of the DSC profile
(T1) in live needle samples varies from —6.1 to —17.7 °C.
The main distinct peaks of heat release are observed at
temperatures of -9.7...-16.4 °C (T2) and -11.2...
—27.3 °C (T3), respectively. The temperature of the end of
a heat release process varies from —23.5 to —39.0 °C (T5);
in some samples, a slight release of heat was observed at
low temperatures — from —38.8 to —58.2 °C. In addition, in
a low-temperature part of DSC profiles of 29 out of 35
samples, from 1 to 3 changes in heat capacity associated
with the glass transition of supercooled water were re-
vealed. They were observed mainly at temperatures of —
37.8...-39.3 °C, in some trees at temperatures of —
40.7...—68.4 °C. Obviously, if the number of peaks in the
high-temperature exotherm indicates differences between
the species in anatomical structure of the needles, then the
values of the listed temperatures are more related to the
biochemical differences in the composition of solutions in
the samples. Thus, the differences between needle
samples are 11.6 °C (according to T1), 6.7 °C (T2), 16.1
°C (T3) and 15.5 °C (T5), i.e., the smallest differences are
observed in the temperature of the first peak (T2) and 2
times greater - in other temperatures. In one of the review
works on cryobiology, it was also noted that, unlike ani-
mals, plant cells are characterized by a large freezing
temperature range, up to 9 °C [21].

At a rough estimate of variability of DSC profiles
within a tree, we also compared 3—4 samples each in 5
Scots pine trees (one of the most heat-loving species) and
2 samples each in 2 Siberian stone pine trees, 1 Siberian
fir tree, and 1 Siberian cedar pine from the Arboretum of
the IL SB RAS (Fig. 3). Preliminarily, it can be noted that
the largest range of values within a tree was revealed for
temperatures T3 and T5. For clarification, additional stud-
ies are required on needles collected in different parts of a
tree crown.

As a result of comparing the used characteristics
of DSC profiles, lower temperatures (t = 2.67-32.56,
p < 0.0000-0.048) for the start and end of heat release (T1
and T5) during cooling of samples of fir needles Siberian
fir from the Arboretum of the IL SB RAS, Siberian fir
from Turukhansk, and Scots pine and Siberian spruce
from Yakutia, as well as lower temperatures for the end of
heat release in the needles of all forms of Siberian spruce
from the Arboretum (table) were established reliably.
Higher temperatures for the beginning and end of water
crystallization were obtained from the analysis of samples
of Siberian pine (of different origin) and most of the sam-
ples of Scotch pine from the Altai Territory. It is interest-
ing that minimum temperature of the beginning of water
crystallization (—17.7 °C) and glass transition temperature
(—68.4 °C) were observed in the North American species,
American arborvitae. Differences within species between
samples from geographic populations (lower temperatures
of beginning and end of heat release in needle samples
from northern habitats) turned out to be unreliable for all
species, except for Scotch pine (t = 6.09, p < 0, 0005).
Scotch pine was also distinguished by greater variability
of the temperatures of the beginning and end of water
crystallization within the species.

603



Tuxonosa H. A., Tuxonosa U. B., Aruckuna A. A., Jlockytos C. P., Cemensikun JI. A. Pe3ynpraTsl cpaBHEHHS ...

1

JACK /(MmBT1/Mmr)
IK30 |;mm 057G

o -21.1°C, 2559 mblicha

Thec S0°C, 1984 mllvha
|

[ 171°C, 043N S

ny

-1 - .
e 1.4°C R
=2 | hac 017G, 1636
Siascieer 33.9°C, 03957 Mt r 4G, 2000 ke
-80.0 -60.0 -40.0 -20.0 0.0 20.0
Temueparypa /°C
a
JACK /(mB1/mr)
25 T IKI0 Thac 196 °C, 2 450 sallvhar
2
1'5 Thac 109°C, 1163 mbbvhar
1 i
: \ Hasano: 8.7 °C, 0.3546 wbdhar
0-5 -
0 Mimachossee Cpr 0 313 [IadiK) ny
05 Sisracsmne 60 |.'u 01132 malbuhar ’ i .
Jnavetme -18.8 7C, 02228 MBuhr "m?_e‘c
-1 Hasana: 62°C
-1.5
-2 - - - . I . I :I 3!"_(1. -\?wﬂlvlh
-60.0 -40.0 -20.0 0.0 20.0
Temmeparypa /°C
b
3
JACK /(mBr/mr)
T IK30 Thec -11.5 °C, 5.395 mBrhv
5
4 Jeavesme 329°C, 05462 bl har
3 '-\\\. Teac -19 3'(;,_\7\109 iy
2 Ay
1
0 A nu
=1 Fnaerme 18.3°C, 05201 .ﬂmr “
3 T Kowen 4.1°C
-3
15°C, 4018 mBrir
4
-80.0 -60.0 -40.0 -20.0 0.0 20.0
Temmeparypa /°C
C

Fig. 1. DSC profiles of freezing (upper line) and defrosting (lower line) of needles:
a — Scotch pine; b — Siberian pine; ¢ — Siberian spruce f. blue
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Fig. 2. Cross section of Scotch pine needles:
1 — xylem; 2 — phloem; 3 — sclerenchyma; 4 — transfusion tissue of the conducting bundle; 5 — resin channel; 6 — stomata; 7 — folded
parenchyma; 8 — endoderm; 9 — epidermis and hypodermis

Average values (first row) and limits (second row) of exo- and endotherm temperatures when freezing
and thawing 2-year-old needles of compared evergreen species

Tempreture, °C

Types of conifers

Pinus Pinus sibirica | Picea obovata Abis sibirica Juniperus Thuja oc-
sylvestris communis cidentalis
Water crystallization

T1* -9,0 -9,4 -11,9 -13,5 -10,2 -17,7
-14,1...-6,1 -10,2-8,8 -14,0-9,1 -14,9-12,0

T2 -10,2 -10,3 -12,8 -17,2 -13,0 224
-16,4...-9,7 -11,2-9,2 —14,9-10,4 -27,3-13,1

T3 -19,8 -14,3 -20,1 —20,4 -17,9 -
—26,3-12,4 -19,6-11,4 —22,9-13,5 —22,7-18,7

T4 -20,9 -21,1 -25,0 - -19,5 -
—23,7-17,2 —24,3-14,1 —26,1-233

T5 -32,8 -29,6 -35,3 -34,4 -35,0 -31,6
—39,0-22,0 —34,2-23,5 —38,8-32,9 —37,9-29,4

Ql, ix/r 1274 116,8 133,6 112,2 109,7 156,3
57,6-173,6 82,7-157,4 127,1-140,5 76,5-145,7

Ice melting

T6 -18,2 -18,1 -19,6 -19,8 -21,3 -18,3
—28,0-13,4 —-18,8-16,3 —23,2-183 -21,7-15,8

T7 +5,8 +2,6 +3,5 +1,5 +2,5 +0,8
+0,2+10,2 +0,2+5,2 +1,9+5,8 —1,2+4,6

T8 +14,5 +8,7 +10,3 +6,9 +9,1 +6,0
+4,6+23,4 +4,3+13,6 +7,7+14,5 +2,6+11,6

Q2, x/r -141,9 -129,3 —-148,9 -119,5 -111,8 -125,5
-57,3-181,2 —99,8-167,0 —-139,3-157,3 —76,3-148,5

Q2-Q1, Ax/r 29,9 33,0 27,9 29,7
9,7-48,0 15,6-43,1 20,8-31,3 19,1-40,9 30,4 9,0

Notice. T1 is the start temperature; T2 is the temperature of the first peak; T3 is the temperature of the second peak; T4 is the
temperature of the third peak; T5 is the temperature of the end of heat release; T6 is the start temperature; T7 the temperature of the

first peak; T8 is the end temperature of ice melting. Single samples of J. communis and T. occidentalis were used.
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Fig. 4. Dependence of the amount of heat absorbed during ice melting on the amount of heat released during
crystallization per unit mass of water (1) and unit of absolutely dry mass of needles (2)

Differences in the temperatures of heat absorption dur-
ing melting of ice in the samples (T6-T8), in general, are
consistent with the noted differences in T1-T5. However,
in Scotch pine, the needles of some trees were character-
ized by the lowest temperature of the beginning and peak
of heat absorption during ice melting (T6, T7), and in
Siberian pine — low peak temperature of heat absorption
(T7).

As can be seen from fig. 4, there is a negative correla-
tion between the amount of heat (Q1) released during
crystallization and absorbed (Q2) during ice melting,
which is closer to Q values per absolutely dry mass of the
sample and weaker for Q per unit mass of water. This also
indicates a greater variability of the samples in terms of
the composition of solutions and the proportion of bound
water in them than in terms of the thermodynamic charac-
teristics of mechanical and other tissues of dry matter of
needles. At the same time, the range of Q1 and Q2 values
per unit of absolutely dry mass of needles was 4 times
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wider. In general, samples of needles of different tree
species are distributed in one series of Q2 versus Q1 de-
pendence, with the exception of American arborvitae,
whose leaf structure is very different from other conifer-
ous species.

CONCLUSIONS

As a result of the studies, it was found that evergreen
coniferous species are characterized by high intraspecific
variability of DSC profiles, both in shape of the curves
(by the number of peaks) and in the listed temperatures,
reflecting differences in composition and amount of the
compound, lowering freezing point of liquid in the sam-
ples of needles. Taking into account the needles collected
in the southern, central and northern regions of Siberia in
early autumn, the differences between the samples of co-
niferous species in terms of temperatures of exo- and en-
dothermic curves were 7-21 °C: the minimum differences
were in the temperature of the first peak of water crystal-



XBoiiHbIe O0peanbHOi 30HEL. XL, Ne 7 (cnenuansHblii), 2022

lization (6.7 °C ), higher - by the temperature of the be-
ginning (11.6 °C), the second peak (16.1 °C) and the tem-
perature of the end of water crystallization (15.5 °C), as
well as by the temperature of the beginning (14.6 °C),
peak (11 .4 °C) and the end (20.9 °C) of ice melting.

The general nature of changes in the DSC profiles of
most of the samples upon cooling to —80 °C at a rate of 10
°C/min"" was noted: more often 2 exothermic peaks, less
often 1.3-5 peaks. The observed exotherms testify to the
continuous rapid crystallization of water in 2-3 different
tissues of needles at a cooling rate of samples of 10
°C/min"'. The first peak is presumably associated with the
crystallization of water in the cells and intercellular
spaces of the conducting bundle, the second peak is asso-
ciated with the crystallization of water inside the cells of
the parenchyma. Of the two main peaks, in Scotch pine,
more often, the second peak prevails over the first in
terms of the rate of heat release per unit wet weight of a
sample; in Siberian pine and Siberian spruce, the first
peak more often prevails.

In general, a higher frost resistance was noted for the
needles of Siberian spruce and Siberian fir, as well as for
Scotch pine trees from Yakutia. Higher temperatures for
the beginning and end of water crystallization were ob-
tained from the analysis of Siberian pine samples (of dif-
ferent origin) and most of the samples of Scotch pine
from the Altai Territory. The minimum temperature of the
beginning of water crystallization (-17.7 °C) was ob-
served at American arborvitae. This sample also signifi-
cantly differed from the others in terms of the ratio of the
amount of released and absorbed heat.

The conducted studies indicate the possibility of using
the DSC variant with a fast cooling rate to assess frost
resistance of trees, which makes it possible to increase a
sample size of trees. Further research is needed to clarify
the value of endogenous and individual variability of trees
according to the listed characteristics.
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3OPEKTUBHOCTb PABHOI'YCTOTHOI'O PEXKUMA JIECOBBIPAIIIMBAHUSI
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Hccnedosanvl 35-nemmnue sKkCnepuMeHmanbhvie pazHo2ycmomuble nocaoku cocHvl 00bikHogeHHoU (Pinus silvestris
Ledeb) 18 eapuanmog cycmomaul 8 noosone rodcHou maiieu (Kpacnoapckuii kpatil). Paccmompenst ocobenHocmu OUHa-
MUKU pocma U npoOyKMUGHOCMU PA3HO2YCIMOMHbIX YEHO308, HAYUHASL C MOMeHma co30anusi. [lokazano, umo niom-
HOCMb NOCAOOK KYIbMYp USHAYANLHO Onpeoensem UHOUSUOYANbHbIU CYeHapuli Xo0a pocma U pa3eumus YeHo308 8 Npo-
yecce gopmuposanus. Tlonyuenvt 2ycmomno-3a8ucumvle XapaKxmepucmurkyu UsMeHeHust 3anacd, ouamempd, 6biCOmbl
Kynvmyp. [{okazano, 4mo ¢ 603pacmom O4eHb 2yCmbvle YEeHO3bl YMmpaiueaiom npuopumem no HOKA3AMENIM NpoOyK-
MUBHOCMU, 4 ONMUMALLHASL 2YCMOMA KYJIbIMYP NOCMENEHHO CMewdemcst Ha 6o0iee HU3Kue 2yCmomol NOCAOKU.

Kniouesvie cnosa: Pinus silvestris Ledeb., zycmoma nocadku, 603pacmuas OUHAMUKA, MaKcayuonHvle NoKa3amenu,
1ooicHas matea, Kpacnospcekuil kpaii.
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EFFICIENCY OF REAFFORESTATION REGIME OF PINUS PLANTATIONS
OF DIFFERENT DENSITIES IN SOUTHERN TAIGA OF CENTRAL SIBERIA

L. S. Pshenichnikova

Sukachev Institute of Forest SB RAS, Federal Research Center “Krasnoyarsk Science Center SB RAS”
50/28, Akademgorodok, Krasnoyarsk, 660036, Russian Federation
E-mail: taiga@ksc.krasn.ru

Are investigated 35-years experimental plantations of pine (Pinus silvestris Ledeb) at 18 variants of densities in the
southern taiga subzone (Krasnoyarsk Krai). The peculiarities of growth dynamics and productivity of dense-variety
cenoses, starting from the moment of their planting, were considered. It has been proved that the density of planting
cultures initially determines the individual scenario of the course of growth and development of cenoses in the process
of formation. Density-dependent characteristics of changes in stocking, diameter and height of cultures are obtained. It
is proved that with age, very dense cenoses lose priority in terms of productivity, and the optimal density of cultures
gradually shifis to lower planting densities.

Keywords: Pinus silvestris Ledeb, planting density, age-related dynamics, inventory parameters, southern taiga,

Krasnoyarsk Krai.

INTRODUCTION

Stand density is the most important in productivity
among biocenotic indicators. In sparse stands, due to
insufficient use of environmental resources, stands are
formed with decreasing productivity. The tree experiences
a growth depression in dense and excessively dense
stands, which inevitably causes a loss of growth and
reduced productivity. In other words, the density of the
stand is adjusted by natural regulators to the resource
potential of the particular ecotope environment. There is a
reason to believe that it is possible to achieve the
maximum possible total productivity of wood of the
desired size and quality by regulating the density [5; 8; 7;
11; 17].

Judging by the current density and fullness of our
forests, the average fullness of which is 0.65, we can
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conclude that the forest stands significantly under-utilise
the resources of the environment to form timber products.
Studies and calculations show that more wood products in
1.5-2 times can be obtained from a unit area only by
increasing the density of stands with the same climatic
and edaphic resources compared to its available supply in
the current stand [1; 2]. Consequently, the conclusion
about a large reserve for increasing productivity through
low- and medium-height stands is confirmed, and the idea
that increasing the density of green cover will allow to
sharply increase its biological productivity at the energy
input to the biosphere [6; 18] materializes.

The issue of planting density of forest cultures has
been discussed for more than 150 years and is still
important in forestry. V. N. Sukachev [16] believed that
the form and direction of competitive relations between
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plants, determined mainly by plant density, significantly
change the lifetime state of forest phytocenoses and
determine the morphostructure and productivity of
different density cultures.

Until recently, the effect of planting density in pine
cultures has been judged by a large number of studies, but
mainly in the European part of the country. The first
significant experience with planting cultures of different
densities was established in the forestry dacha of the
Timiryazev Agricultural Academy, when the optimum
density of pure and mixed pine, spruce and larch cultures
for the middle belt of Russia was found on the basis of
experimental data.

Noteworthy is the long-term 65-year monitoring of
experimental pine cultures in the Serebryanoborsky
experimental forestry area with planting densities of 2, 4,
8, 16, 32 thousand pieces/ha. By the age of 30 years, the
most productive pine plants here were those with planting
density of 4 and 8 thousand spices/ha. Later, thinning was
carried out in all plots [3; 9; 12].

35-year experimental cultures of pine with seven
variants of density (from 2.5 to 30 thousand pieces/ha),
created in 1940 in Boyarsky FES of the Ukrainian
Agricultural Academy are of great interest. During the
systematic observations it turned out that pine crops with
planting density from 2.5 to 7 thousand had good growth,
high productivity and stability. The planting density of 5
thousand was proposed as a recommendation. [15].

A review by A. P. Ryabokon [14] on optimising the
density of pine stands shows that the variability in
planting density norms is due to different methodological
approaches to the study of the density of coniferous
cenoses.

The undoubted value have the materials summarised
over a century on pine plantations of different densities in
the former Soviet Union, where the criteria for
optimisation in terms of productivity and sustainability
were discussed [19].

Most foresters clearly recognise that natural factors
play a dominant role in determining optimum densities,
and recommendations for optimum planting densities are
regional by natural and climatic zone.

Planting of variable-density cultures in the taiga zone
of Siberia is very limited, although pine forest cultures are
being established over large areas [4]. The considered
multivariant experience of pine cultures is yet the only
one.

The aim of the work was to assess the reaction of pine
cultures to planting density in the dynamics of their
structure and productivity over a 35-year growth period.

OBJECTS AND METHODS OF RESEARCH

Experimental plantations of Pinus sylvestris L. were
laid in 1982 by workers of the Forest Institute of the
Siberian Branch of the Academy of Sciences under the
direction of A.I. Buzykin in the southern taiga subzone
(Bolshemurtinsky forestry, Krasnoyarsk Krai) on grey
forest soils from agricultural use in homogeneous upland
forest conditions.

The experiment with planting with 2-year-old
seedlings was an ascending row consisting of 18 density
variants: (Variant No. — density, thousand pcs./ha):

1 2 3 4 5 6 7 8 9

0,5 0,75 1 1,5 2 3 4 6 8

10 11 12 13 14 15 16 17 18

10 12 14 16 24 32 64 96 128

The collecting of field materials included a total
estimation of trees on each section, measuring heights and
diameters on the surveyed trees (at least 25 pieces).
Cultures heights were determined from height curves with
reference to the average diameter of the stand. Stem stock
was calculated using volume tables for young pine trees
[10]. The data was processed in Excel. Unfortunately, one
variant (No. 8) with a planting density of 6,000 pieces/ha
was excluded from the analysis because it was damaged.

Only direct (immediate) measurements and counts
were used in the taxation and statistical processing, then
the totals and averages of each density variant were
analysed and the effect of density on growth and
productivity of young stands at each age was assessed.,
The marginal planting rows in contact with gaps were
excluded from the processing to eliminate its effects. The
methodology is described in more detail in previous
publications [2].

The different densities of the studied cultures represent
an example of different use of the productivity of the same
growing conditions. This kind of data allows to be
interpreted as “density curves” of changes in stock, height,
diameter, phytomass and other parameters [1; 20; 21; 22].
Density curves make it possible to find the density that
ensures the maximum bioproductivity of stands.

RESULTS AND DISCUSSION

Changes in stand density and decline with age.
Studies have shown that as a result of natural thinning of
cultures with age, there was a unidirectional and gradual
decrease in the current density of the remaining living
part of the cenosis by variants of the experiment. If the
initial density between the rarest and densest variant in
pine plantations (0.5 and 128 thousand pcs./ha) differed
256 times, then at the age of 35 years it differed 48 times
(0.56 and 11.75 thousand pcs./ha) (Fig. 1).

The survival rate of pine seedlings after planting was
very high in all experiment variants (on average 82 %),
and the total number of healthy plants averaged 60 % (see
Fig. 1).

Three years after planting, the intensity of fall-off of
5-year-old pine trees had a random stochastic character.
In subsequent years, the role of the regulator of their
density was determined by the competitive relationship
between the trees and the natural thinning increased as the
cenoses grew and the crowns closed.

Tree elimination was more intensive in dense planting
variants. So, in the interval of planting density of 0.5-16
thousand pieces/ha, the initial density decreased by 35
years approximately 2 times. It decreased 4 times in the
interval of planting of 24-32 thousand pieces/ha; 6 times —
at planting density of 48 thousand pieces/ha; 10—11 times —
in the interval of 64—128 thousand pieces/ha (Fig. 1, a).

There was no further thinning after the accidental fall-
off in single sparse stands and their density has remained
virtually unchanged since 12 years of age.
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Age-related changes in the average diameter of
stands. The average diameter of pine trees, from 12 to 35
years of age, increased most intensively in single-growing
trees (69 times), the increase in sparse stands
(24 thousand pcs./ha) was 4-5 times. It was about 3—4
times in thickened and dense stands (8-128 thousand
pcs./ha).

The tightness of the correlation between the average
diameter and density of pine cenoses during the formation
of young stands was high and increased with growing age.
Thus, closeness of correlation between average diameter
of stands and density (R?) at the age of 12 years, was 0.74,
at 15 years — 0.89, at 20-35 years — 0.9-0.98 (Fig. 2).

The difference between the maximum and minimum
values of the average diameter in the dense row of pine
trees at 12 years was 1.7, at 15 years — 2.5, and at 20-35
years — 3.3-3.8.

With increasing age, the range between the extreme
values of average diameters widened. Thus, the amplitude
of pine diameters at 12 years of age ranged within 1.7 cm
(2.4)—(4.1), at 15 years — 5.3, at 20 years — 11.0, at 25
years — 14.8, at 30 years — 18.5, at 35 years — 19.9 m. The
diameter range for 23 years increased by 11.7 times.
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The figures of the average cenosis diameters increased
with decreasing of current density. However, the effect of
density on tree distribution by thickness was limited to a
certain range of current density figures at each studied
age. While at 12 years, the average and maximum stand
diameters depended on the current density in the interval
up to 30 thousand pieces/ha, at 35 years — up to 8, after
which virtually the same figures were observed.

The thinnest trees marked the boundary beyond which
they began to die off. The diameter of such trees at 12—15
years of age did not exceed 1 cm. With age, due to the
natural process of thinning growth, the lower limit of di-
ameters shifted upwards and at 35 years of age, the di-
ameter of thin trees was 6-9 cm.

The change in the average height of stands from the
current density was not unambiguous. Regardless of age,
the average height of trees from the free-growth state to
the cenosis one initially increased as the crowns were
closing in, but decreased with further increase in stand
density (Fig. 3). Compared to the average diameter, the
closeness of the correlation between tree height and cul-
ture density is low, as tree height responds poorly to
changes in cenosis density than diameter does.
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Fig. 1. Change in densities amplitude with age () and post-planting survival (b) in pine cenoses
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Fig. 2. Dependence of average diameter of pine cenoses on their current density at ages:
1 — 12 years; 2 — 15 years; 3 — 20 years; 4 — 25 years; 5 — 30 years; 6 — 35 years
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The difference between the maximum and minimum
figures of average heights from 12 to 35 years was almost
constant, averaging 1.2 to 1.3 times, while for diameter
the difference varied from 2 to 4 times.

The interval between the extreme figures of average
heights increased with age. Thus, the range of heights of
pine trees at age 12 was 1.0 m (2.5-3.5), at age 15 years —
1.3, at age 20 years — 1.4, at age 25 years — 1.8, at age 30
years — 2.7 and at age 35 years — 3.7. The height ampli-
tude increased 4 times in 23 years, from 1.0 to 3.7 m: the
amplitude of the average diameter increased almost
12 times.

Changes in stocking and current growth of stands with
age. It follows from the above that planted cultures of
sparser density have an advantage in terms of average
stocking rates over denser ones. However, the growth in

-10
6) y=3.10 x*-0,0003x + 16,037

stock per hectare has a different pattern due to the number
of remaining trees in the area. At different age stages, the
maximum stock of the stand was formed by different
number of trunks.

From 12 to 20 years there was a proportional increase
in the stock with cenosis density, with its maximum oc-
curring in the most dense variant. After 25 years, the
stock increased with growing cenosis density to a certain
maximum, followed by a gradual decrease. In each time
interval, these indicators had a parabolic dependance.
Over time, the maximum stock gradually shifted towards
lower density. At 25 years, the maximum stock occurred
at the current density of 11.3 thousand pieces/ha, at 30
years — at a density of 9.1, and at 35 years — at a density
of 67 thousand pieces/ha and amounted to 500 m’/ha
(Fig. 4).
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Fig. 3. Dependence of average height of pine cenoses on their current density at age:
1 — 12 years; 2 — 15 years; 3 — 20 years; 4 — 25 years; 5 — 30 years; 6 — 35 years
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Fig. 4. Dependence of the stem stock of pine cenoses on their current density at ages:
1 —12 years; 2 — 15 years; 3 — 20 years; 4 — 25 years; 5 — 30 years; 6 — 35 years
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Fig. 5. Variation of stock with age (1) and current growth (2) depending on planting density in pine cenoses

For comparison, in Fig. 5 stem stock is correlated with
current wood growth in relation to planting density. The
figure shows that the cultures stock in 15 years was pro-
portional to planting density, and the current growth
reached a maximum at planting density of 32,000 pcs/ha,
then decreased. At the age of 20, the stock increased inten-
sively up to planting density of 32,000 plants/ha, and the
peak of current growth corresponded to planting density of
24,000 plants/ha. At the age of 30-35 years stocking lev-
eled off, and even slightly decreased, starting from plant-
ing density of 24 and 8 thousand pieces/ha respectively;
the current growth increased intensively up to planting
density of 12 and 4-8 thousand pieces/ha. Thus, by the age
of 35 years the maximum figures of current growth and
stocking were observed at planting density of 8 thousand
pieces/ha, which corresponded to the actual density of 4.9
thousand pieces/ha. With further densification of planting,
the stock figures leveled off, i.e. fluctuated within insig-
nificant limits, and the current growth decreased.

CONCLUSION

Thus, the results of the 35-year experience indicate a
continuing influence of pine planting density on the main
productivity indicators of cenoses. Changes in density and
thinning of cenoses during the formation of young trees
are regulated in accordance with the volume and supply
of vital environmental resources through changes in the
number and size of individuals. For normal growth and
development, a woody plant needs some optimal living
space (feeding area), the amount of which changes with
growth and depends on the size of the tree. The older the
stand, the lower the optimum density.

At the end of observations, the variant with planting
density of 8 thousand pieces/ha turned out to be the most
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optimal in terms of productivity out of 18 variants of
planting density. This variant had a survival rate of 86 %
after planting, resulting in an initial density of 6,900
pieces/ha. At the age of 35 years, the fall-off was 39 %,
and the planting density decreased to 4.9 thousand
pieces/ha. Due to the low age of the cultures, it can be
argued that the process of shifting the optimal silvicultural
and taxation indicators to less dense variants of cultures
will continue until the end of the phase of young stands
formation.

Based on the preliminary results of the experiment, it
is possible to increase the criterion for planting density
suggested in the “Guideline...” [13] for economic reasons
by the amount of expected drop-off (up to 40 %) to 6-8
thousand seedlings per ha in similar regional conditions of
the taiga zone. in similar regions. [13]. Compared to
sparse planting density, such denser cenoses in the proc-
ess of formation are closer to natural forest plantations in
terms of growth and development, as natural self-
regulation, biological stability increases and there is no
need to supplement cultures. Thinning is possible in cor-
recting excessive densities.

The author is grateful to D.S. Sobachkin and R.S. So-
bachkin, researchers at the Sukachev Forest Institute, for
their participation in collecting field materials in 2015.
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MOKA3ATEJIA 50-TIETHEH COCHBbI KEJJPOBOI CUBUPCKOMI MOCJIE IEKAIIUTAIIAU KPOHBI
HA IINTAHTAIUUA «JI311-1» (ITPUT'OPOJHAS 30HA I'OPOJA KPACHOAPCKA)

P. H. MatBeeBa, O. ®. ByropoBa, B. B. Hap3sies, /I. A. I'puniios, B. C. UBanoB

Cubupckuii rocyaapcTBEHHBIH YHHBEPCUTET HAyKU M TEXHOJIOTHH UMeHH akanemuka M. @. PemerneBa
Poccwuiickas @enepanust, 660037, r. KpacHosipek, npoctr. uM. ra3. «KpacHosipckuii pabounii», 31
E-mail: selekcia@sibgtu.ru

Tpusedenvl dannvle 0 pocme U CeMEHOUEHUU OeKANUMUPOBAHHBIX 0ePEe6bes COCHbL KeOPOBOU CUOUPCKOU HA NAAH-
mayuu «JI2I1-1» ¢ Kapaynvnom nechuuecmee Yuebno-onvimmnoeo necxosa Cubl’Y um. M. @. Pewemnesa. Obpeska
KPOH nposedeHa y Oepesves 8 28-1emuem duosoeuieckom go3pacme c yoaienuem om 4 0o 10 mymosox Ha evicome om
1,7 0o 2,8 m. Uepez 9 nem Oepegvsa bviiu noosepeHymuvl HOGMOPHOU Oekanumayuu ¢ yoanienuem 6—8 mymogox auou-
pyrowux nobe2os. B 50-nemuem 6o3pacme xoumponviuvie depegvs docmuenu gicomol 8,9 m. Cpedusis gvicoma oexanu-
muposanHvix Oepesves cocmasuaa 7,9 m, umo na 12,6 % menvuwie, uem 6 konmpone. Koagpguyuenm usmenuusocmu
nokazameineti 0eKanUMuUpoOBaHHbIX 0epedbes eblule, YeM Y KOHMPOIbHbIX. [luamemp cmeona KOHMPOIbHLIX U OeKanu-
MUposaHHuix depesves 6 S0-n1emnem 6o3pacme He umeen cyuwecmsennvlx pasauduil. Ilocie obpesxu Kpomvl Ha Oepesb-
ax gopmupyromest  ocHosHom no 1-2 auoupyrowux nobeza. Ilo mpu audupyrowux nobeea obpasosanocs y 47 % Oe-
pesves, no uemvipe — 6cezo y 3 % oepesves. B 2017 2. wuwxu obpazosanuce Ha 34 % KoOHMpoIbHbIX Oepesbes, 46 % —
O0eKanumupo8aHHbIX.

Knrouesste cnosa: cocna keoposas cubupckas, 0eKanumayust Kpowwl, usmenuusocms, Cubupo.
Conifers of the boreal area. 2022, Vol. XL, No. 7 (special), P. 616619

INDICATORS OF 50-YEAR-OLD SIBERIAN CEDAR PINE AFTER DECAPITATION OF THE CROWN
ON THE PLANTATION “LEP-1”(SUBURBAN AREA OF THE CITY OF KRASNOYARSK)

R. N. Matveeva, O. F. Butorova, V. V. Narzjaev, D. A. Grishlov, V. S. Ivanov

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
E-mail: selekcia@sibgtu.ru

The results of studies about the growth and yield of dekapitation trees pine Siberian Cedar at plantation “LEP-1""in
the Karaulny territory of the Training and Experimental Forestry SibSU are given. Trim crowns held at the 28-year-old
in the biological age trees from 4 up to 10 interstitial site at a height of 1.7 to 2.8 m. Through 9 years trees were
subjected to repeated delete 68 interstitial site of leading shoots. Control trees aged 50 years reached a height
of 8.9 m. The average height of the cropped trees amounted to 7.9 m, which at 12.6 % lower than in control trees.
Coefficient variability of cropped trees is higher than of the control trees. The diameter of the trunk control and
cropped trees in a 50-year-old has no significant differences. After trimming crown trees are formed mainly by 1-2
leading the escape. Three leading escape was formed at 47 % of the trees, four —in 3 % of the trees. In 2017 g. bumps
were formed on 34 % of control trees, 46 %-cropped trees.

Keywords: pine Cedar Siberian, crown dekapitation, variability, Siberia.

INTRODUCTION scientists, but abroad too: Jae-Seon Yi et al. [18] noted an

The main way to reduce the height of trees today is
decapitation, that is, cutting the upper part of the crown at
different intensities. Reducing the height of trees at breed-
ing sites, i.e., creating low-growing plantations, can make
it possible to make cuttings, collect cones, hybridize, and
other work without climbing to a great height into the
crown of a tree [1; 6; 9; 17; others]. In Russia, crown de-
capitation is carried out with Sukachev's larch, Norway
spruce, Scotch pine and Siberian pines [2; 3; 8; 16].

The issue of the possibility of decapitation of the
crowns of cedar pines was studied not only by domestic
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increase in the production of Korean pine by 1.4-2.2
times after decapitation.

At the time, N. P. Bratilova and S. S. Shamova [2; 3]
studied the effect of crown decapitation of cedar pines at
the age of 42-57 years.

Although numerous experiments have been con-
ducted, the question of the benefits or harms of deciduous
conifers topping remains unanswered. Opinions on the
effectiveness of decapitation of the crown of conifers, as
well as its effect on growth and productivity, are different.
AL Iroshnikov [8] noted that pruning the upper part of
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the central shoot of Siberian larch stimulates seed produc-
tion, but excessive removal of the crown can, on the con-
trary, reduce the production of the tree.

Stimulation of the onset and increase in the intensity
of seed production after crown decapitation in Scots pine
was noted also in the works of Y. A. Danusyavichus [6],
V. I. Dolgolikov [7], E. P. Prokazin [11] and others.

D. Y. Girgidov [5], A. L. Sidor [14], V. V. Tarakanov
and others [13], V. L. Cherepnin, N. A. Kuzmina [15]
noted the negative effect of crown decapitation on seed
production of trees in the first few years after pruning. M.P.
Sinkevich, M.A. Klinov [12] pay attention to a possible
decrease in the viability of trees by 70-75 % due to crown
pruning. According to V.V. Tarakanov and others [13],
controversial results regarding the data obtained after de-
capitation of conifers are associated with the variety of
crown pruning regimes used by them, as well as the peculi-
arities of development of decapitated trees depending on
the type of tree species, area of growth, etc. He noted that
the crown pruning at the age of stable seed production is
most effective for conifers, for Scotch pine in particular.

OBJECTS AND METHODS

OF RESEARCH

The object of the study was Siberian cedar pine trees
growing on the plantation “LEP-1”, located on the terri-
tory of the Karaulny territory of the TTraining and Ex-
perimental Forestry of the Reshetnev Siberian State Uni-
versity. The planting was carried out in 1977 using
10-year-old seedlings. Pruning of tree crowns was carried
out in 1996 with removal of 4 to 10 whorls at the height
from 1.7 to 2.5 m. In 2005, the trees were subjected to
repeated decapitation with the removal of 6-8 whorls
from the leading shoots [10].

The research program included a comparison of bio-
metric indicators of Siberian cedar pine trees with a de-
capitated crown and without decapitation (control trees)
in height, trunk diameter at a height of 1.3 m, shoot
growth in height for 2016-2018, and the number of cones.
The study data were statistically processed using the Mi-
crosoft Office software package.

RESULTS AND DISCUSSION

By the age of 50, non-decapitated trees (control)
reached a height of 8.9 m with a low level of variation.
The average height of decapitated trees was 7.9 m, which
is 12.6 % less than in the control. The level of variability
is high. At the same time, the coefficient of variability of
decapitated trees is higher than that of the control ones
(Table 1).

The diameter of the trunk of decapitated trees and the
control ones differs slightly (tf = 0.93), which is consis-
tent with the data of N.P. Bratilova, S.S. Shamova [2].
The level of variation of the indicator is high in both vari-
ants.

Growth of leading shoots in height in 2016-2018 was
16.4-19.4 cm without significant differences between
decapitated and control trees. The growth variability coef-
ficient of decapitated trees is higher than that of control
trees. The central shoot of decapitated trees after pruning
the crown is replaced by the shoots of the whorl closest to
the cut. Basically, 1-2 leading shoots are formed on the
tree. Three leading shoots were formed in 47 % of trees,
four shoots had only 3 % of trees. The average diameter
of one best shoot was 9.5-10.9 cm. A significant differ-
ence in the diameter of shoots was found only in trees
with one and three leading shoots (Table 2).

Decapitated trees, which form a larger number of lead-
ing shoots, are also distinguished by a large diameter of
shoots.

Analysis of the distribution of decapitated trees by
trunk diameter showed that it is symmetrical (A < 0.5)
with a shift to the right, the distribution is peaked (E < 0.5
in modulus). The distribution in height is peaked, ex-
tremely asymmetric with a shift to the right, the asymme-
try is negative (Table 3).

In control trees, the range of distribution along the di-
ameter of the trunk is peaked, the asymmetry is weak.
71 % of the trees are in the range of 9-18 cm. In terms of
height, the asymmetry is positive, with a shift to the left,
76 % of the trees are in the range of 7.5-8.9 m.

The influence of the cutting height on the trunk di-
ameter was traced (Table 4).

Table 1
Comparative analysis of biometric indicators of decapitated and control trees
Trees X +o +m V, % ty
with tos = 2,01
Height, m
Not decapitated (control) 8,9 0,98 0,18 11,3 -
Decapitated 7,9 1,69 0,19 21,3 3,82
Diameter of trunk, cm
Not decapitated (control) 16,2 4,13 0,75 25,5 -
Decapitated 15,4 3,88 0,42 25,2 0,93
A sprouted shoot 2016, cm
Not decapitated (control) 17,6 5,13 0,93 29,1 —
Decapitated 16,4 7,09 1,29 432 0,75
A sprouted shoot 2017, cm
Not decapitated (control) 19.4 4,89 0,89 252 -
Decapitated 16,6 5,87 1,07 354 2,01
A sprouted shoot 2018, cm
Not decapitated (control) 19,2 6,35 1,37 33,1 -
Decapitated 16,4 5,82 1,27 354 1,50
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Table 2
Diameter of leading shoots on decapitated trees with different numbers of them, cm
Trees having leading shoots, pcs. X +a +m V, % t
1 9,5 3,23 0,34 34,0 2,32
2 9,9 3,30 0,38 33,3 1,59
3 10,9 3,25 0,50 29,8 -
Table 3
Characteristics of the distribution of decapitated trees by trunk diameter and height
Indicator Decapitated Control Critical value
in diameter of trunk in height in diameter of trunk in height at 95th probability level
Mediana 16,1 9,0 16,0 8,2
Mode 16,0 10,1 14,0 8,0
Excess —0,20 0,34 0,01 3,01 0,814
Asymmetry —0,48 -1,11 0,19 0,28 0,163
Minimum 6,0 3,0 8,1 74
Maximum 25,0 11,3 25,0 114
Table 4
Stem diameter depending on the number of removed whorls and cutting height
Number of removed whorls, pcs. | Cutting height, m Min, cm Max, cm X ,cm %to x
9-10 1,7 6,0 22,0 14,9 96,7
7-8 2,0 7,1 24,1 15,9 108,2
4-6 2,8 10,1 24,3 16,6 100,6
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The formation of cones on trees in the control and experimental variants

It has been established that the diameter of the trunk
differs insignificantly according to the prunning options.
There is no correlation between the cutting height and
trunk diameter (r = 0.06).

In 2017, cones were formed in 34 % of control trees,
46 % of decapitated trees, 1-27 pcs. of cones on a tree.
Basically, 48—-54 % of the trees formed 1-2 cones each
(see the picture).

CONCLUSION

Studies have shown that when the crown of 28-year-
old Siberian Cedar pine trees is decapitated, biometric
indicators decrease: height, growth of the leading shoot,
trunk diameter of 50-year-old trees, but their reproductive
capacity increases.
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AHAJIN3 ®JIOPBI COOBIIECTB C YYACTHUEM JUNIPERUS EXCELSA SUBSP.
POLYCARPOS (C. KOCH) TAKHT. IPEJATOPHOI'O JAT'ECTAHA

I'. A. CaabikoBa

[opHblit 6oTannueckuii can JlarectaHcKkoro Hay4yHOro 1eHTpa Poccuiickoii akazemun Hayk
Poccuiickas ®enepanus, 367000, r. Maxaukana, yia. M. I'ampkuesa, 45
E-mail: sadykova gula@mail.ru

Ilpedcmasnenvl pesyivmamol anaiusa pacmumenvuvlx coobuecms [Ipedzopnozo [azecmana ¢ yuacmuem KpacHo-
KHUdCHO20 suoa Juniperus excelsa subsp. polycarpos (C. Koch) Takht. Paccmompena maxkconomuueckas u Ouomopgho-
Jlo2udeckas cmpykmypa guopul, npogeden 2eopaghuuecKkuil aHanu3, GblsGIeHbl IHOeMUUHbLE, PETUKMOBble U OXPAaHse-
Mble 8uobl, 3anecennvle 6 Kpacnvie knueu Poccuu u Pecnyonuxu [lacecman.

Boisigneno 239 6udoe evicutux pacmenuti, omuocawuxcs k 163 podam u 58 cemeiicmeam, onpedenen cnekmp ce-
meticms (As-Po-Ro), xapakxmepHulii 05151 KCepOGUMHOCNENHO20 PIOPOYEHOMUYECKO20 KOMIIEKCA CPEOHEEe8PONELCKO20
muna. Buomopgonocuueckuili cnexmp mooxcoicesenoguix peokonecuu Ilpedzopnoeo [azecmana omHocumcs K 2eMuk-
PUnRMoQUMHO-MEPOPUMHOMY MUY, COOMBEMCMBYIOWULL 8 YeloM apuoHoll ¢iope. Bvicokas 0ons peaukmos u 3HOe-
muxos (21,3 u 21,5 %, coomseemcmeenno) om 06ujeeo 4ucia U008 8 COCMABEe MONCHCEBEN08bIX PEOKONIeCUll ceude-
menscmeyem 00 Ux peiuKkmosomM XapaKxmepe, 3Ha4UmenbHoM c80e00pasUl U CYWecmaenHol PO A6MOXMOHHBIX NPO-
yeccos 6 hopmuposanuu Ghropsl apuogwvix peoxonecutl [lpedzopnozo [lacecmana.

Ananuz cmpykmypol ¢hnopel modicocesenosvlx peokonecuil Ilpedeopnozo [lacecmana noxasvieaem e20 npuepanuy-
HOe NOJIoJICeHUe, Ha CMmblKe O0PeanbHO20 U OPeBHECPeOU3eMHOPCKO20 nooyapcme 1 onapkmuxy, 6 30He KOHMAaKma e6-
PO-CUOUPCKOLL U UPAHO-MYPANCKOU obnacmel, xapaxmephoul 6 yeiom u 0 Kaskasa c 6onee 2nyboxoii u opesueil cési-
3510 C UPAHO-MYPAHCKOU (DIOPOIL.

Knroueswie crnosa: gropa, apuonvle peoxkonecvs, eeoepa@uueckutl AHaIU3, IHOeMUKU, PeTuKmol, OUOMopgonocuye-
ckuil ananuz, Juniperus excelsa subsp. polycarpos, I[Ipedzopnviii /Jacecmat.
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ANALYSIS OF THE FLORA OF COMMUNITIES WITH THE PARTICIPATION
OF JUNIPERUS EXCELSA SUBSP. POLYCARPOS C. KOCH FOOTHILL DAGESTAN

G. A. Sadykova

Mountain Botanical Garden of Dagestan Scientific Center Russian Academy Sciences
45, M. Gadjieva Str., Makhachkala, 367000, Russian Federation
E-mail: sadykova gula@mail.ru

The paper presents the results of the analysis of plant communities of Piedmont Dagestan with the participation
species of the Red Book Juniperus excelsa subsp. polycarpos (C. Koch) Takht. The taxonomic and biomorphological
structure of the flora was considered, a geographical analysis was carried out, endemic, relict and protected species
identified in the Red Books of Russia and the Republic of Dagestan were identified.

239 species of higher plants belonging to 163 genus and 58 families have been identified, the spectrum of families
(As-Po-Ro) characteristic of the xerophytic-steppe florocenotic complex of the Central European type has been
determined. The biomorphological spectrum of juniper open woodlands of Piedmont Dagestan belongs to the
hemicryptophyte-terophytic type, corresponding generally to the arid flora. The high proportion of relicts and endemics
(21.3 and 21.5% of the total number of species, respectively) in the composition of juniper open woodlands indicates
their relict nature, significant peculiar and role autochthonous processes in the formation of the juniper forests of
Piedmont Dagestan.

Analysis of the structure of the flora of juniper open woodlands of Piedmont Dagestan shows its cross-border
position at the junction of the boreal and ancient Mediterranean kingdom of the Holarctic, in the zone of contact of the
Euro-Siberian and Iranian-Turanian regions, characteristic generally and for the Caucasus with a deeper and ancient
connection with the Iranian-Turanian flora.

Keywords: flora, arid open woodlands, geographical analysis, endemics, relicts, biomorphological analysis,
Juniperus excelsa subsp. polycarpos, Piedmont Dagestan.
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INTRODUCTION

The analysis of cenoflores, in contrast to the territorial
flora analysis, is more informative and allows to reveal
the ecological and geographic patterns of community
formation.

This paper presents the results of the research of cen-
oflores in Foothill Dagestan with the rare species Junipe-
rus excelsa subsp. polycarpos C. Koch. The issues
of taxonomic and biomorphological structure of commu-
nities, geography, endemism, and relict plant species
that determine the originality of floras and directly
correlate with their genesis and transformation are con-
sidered.

Analysis of cenoflores with J. excelsa subsp. polycar-
pos is important not only for revealing the mechanism of
their genesis, but also for solving the issues of ex situ
conservation of the species populations and reproduction
of its gene pool.

RESEARCH METHODS

Communities with J. excelsa subsp. polycarpos were
studied in two areas of Foothill Dagestan: Talginsky and
Gubden.

1. The Talginsky area is situated in the south-west, 20
km from Makhachkala at the foot of Kukurtbash moun-
tain in the Istisu-Kaka gorge or Talginsky gorge at heights
from 400 to 600 m above sea level on slopes of southern
and northern exposures with steepness from 5 to 50°.
Soils are light-chestnut to brown, depending on altitude
level, formed on fine- and medium-clastic limestone with
rocky outcrops up to 30 %.

2. The Gubden area is located in the Central Foothill
Dagestan, 5 km from the village of Gubden, on the south-
ern spurs of Chonkatau Ridge and the northern spurs
of Shamkhaldag Ridge (Gubden area) at a height
of 785-910 m above sea level on western, south- and
northwestern slopes with a steepness of 25 to 45°, on
chestnut low-humus, clastic-rubbly, clay-carbonate soils
with outcrop of parental rocks and presence of de-alluvial
hillocks, 10—15 c¢cm deep.

Table 1

The flora of the communities was analyzed according
to generally accepted methods of floristic research [21].
The taxonomic belonging and nomenclature of species are
given according to the “Dagestan Flora List” [16]. The
analysis of geographical elements was performed using
the classification of elements of the Caucasian flora de-
veloped by A.A. Grossheim [5-7]. The analysis of life
forms was carried out according to the H. Raunckier's
system [2; 15]. The Red Book of the Republic of Dages-
tan [12] and the Red Book of the Russian Federation [13]
were used to identify rare and protected species. The list
of endemics was compiled according to the annotated list
of endemics of the Caucasus by S.A. Litvinskaya and
R.A. Murtazaliev [14]. The relics were identified accord-
ing to the analytical lists of relics of the flora of Dagestan
[1] and the abstracts of the floras of the North Caucasus
republics [8; 9; 19; 23].

RESULTS AND CONSIDERATION

Systematic flora structure.

Taxonomic analysis is the most important part of flora
analysis, where the composition and order of families in
the spectrum reflect the features of the flora. The first 10
families are considered most informative, of which the
first three reflect the most important regional features of
the flora [10; 22]. The next three families are used in the
assessment when the first three families in the compared
floras are too heterogeneous.

239 species of higher plants belonging to 163 genera
and 58 families were identified in the flora of juniper
(J. excelsa subsp. polycarpos) sparse woodlands of Foot-
hill Dagestan. The families Asteraceae (33 species),
Poaceae (23), and Rosaceae (16 species) are leading by
the number of species (see Table 1).

The families Asteraceae and Poaceae retain their posi-
tion in the head part of the spectrum, which is a typical
feature of Eurasian boreal floras, in connection with which
this flora type can be referred to the Rosaceae type, since
the flora type in the Holarctic floristic realm is determined
by the third member of the first triad of families [22].

The number of species in the spectrum of juniper woodlands flora families

(J. excelsa subsp. polycarpos) of Foothill Dagestan

Families Rank Number of genera Number of species %

Asteraceae 1 24 33 13,8
Poaceae 2 14 23 9,6
Rosaceae 3 12 16 6,7
Lamiaceae 4 11 15 6,3
Fabaceae 5 6 14 5,6
Brassicaceae 7 10 12 5,0
Caryophyllaceae 6 7 12 5,0
Apiaceae 8 6 7 2,9
Boraginaceae 9 6 7 2,9
Rubiaceae 10 2 7 2,9
Ranunculaceae 12 4 5 2,1
Dipsacaceae 11 2 5 2,1
Cistaceae 13 2 4 1,7
Crassulaceae 14 2 4 1,7
Papaveraceae 15 3 4 1,7
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This spectrum of families (As-Po-Ro) slightly differs
from the As-Po-Fa spectrum typical for the Caucasus and
represents a xerophytic steppe florocenotic complex of
the Central European type. The family Rosaceae in the
first triad of leading families indicates the proximity to
the Central European floras, and juniper woodlands of
Foothill Dagestan in their formation, probably, as in gen-
eral, arid woodlands of Foothill Dagestan, experienced a
distinct influence of boreal floras [20].

The floristic spectrum of the second triad of leading
families is headed by Lamiaceae, followed by Fabaceae
and Brassicaceae with the number of species ranging
from 12 to 15. The leading position of Lamiaceae and the
presence of Brassicaceae in the second triad is generally
characteristic of the flora of the Caucasus. Whereas the
shift of Fabaceae into the second triad indicates a de-
crease in the influence of Mediterranean and Central
Asian flora [22], whereas, on the contrary, Fabaceae oc-
cupies the leading position for juniper woodlands of High
Mountain Dagestan [18].

The difference in the participation of the families
Rosaceae and Fabaceae in the taxonomic spectrum of the
flora of juniper woodlands may also indicate a change in
the steppe and forest-steppe zones (10).

Overall, the leading families account for 146 species
comprising 61 % of the flora. Small families (45 species)
account for 9.2 % of the flora. These are such families as
Ranunculaceae, Dipsacaceae, Cistaceae, Crassulaceae,
Papaveraceae. The number of oligotypic (22) and mono-
typic (21) families is significant (21.0 and 8.8 %, respec-
tively).

Geographical analysis. A special place in the flora
analysis is occupied by the comparison of spectra of geo-
graphical elements. Geographical analysis of the flora allows
to obtain information on the history of flora formation, its
relationship with the surrounding flora, and the ways of spe-
cies migration, and can be a fundamental factor in the socio-
logical evaluation of rare and endangered plant species.

Table 2

For the geographical analysis of the cenoflora of juni-
per woodlands (Table 2), the areal classification of
A.A. Grossheim was used [5].

Thus, in the studied communities, the greatest number
of species of xerophilic type of areal (75 species, 33.8 %),
of which species of the Mediterranean class (45 species,
20.3 %) are predominant. The Nearctic class includes
28 species and the Central Asian class includes 2 species.

Species of boreal type (70 species, 31.5 %) are also
well represented. Palaearctic (34) and European (25) spe-
cies prevail here.

The high percentage of xerophilic type species in the
area is associated with their migration to the Caucasus
from Asia Minor, Iran, and Central Asia, which were the
centers of development of xerophytic elements, while the
distribution of boreal elements is associated with the mi-
gration of species from the north in the Quaternary period
and close links with the floras of Europe and Palaearctic
in general [3].

In the flora of the studied juniper communities,
a significant role is played by species of the Caucasian
type of the areal (49 species, 22.1 %), which indicates
a important role of autochthonous processes and is an
indicator of a high level of endemism [17]. The steppe
type of the areal is represented by 22 species: 13 species
belong to the Sarmatian and 8 to the Pontic classes of the
areal.

Species of desert (3) and ancient forest (3) types are
singularly represented here.

The weak representation of species of these types of
areal is associated with their young age in the flora of the
Caucasus and their appearance in the Caucasus only at the
beginning of the Quaternary period as a result of marine
regression.

Biomorphological analysis. The biomorphological
structure of flora serves as an indicator of environmental
conditions, reflecting the nature of plant adaptation to
them.

Geographical analysis of the flora of juniper woodlands (J. excelsa subsp. polycarpos) of Foothill Dagestan

Areal type Areal class Number of % of total number of
species species

1. Ancient (Tertiary) Forest Minor Asian-Mediterranean Ancient 1 0,5
Hyrcanian 2 0,9
Total 3 1,4

2. Boreal Holarctic 11 5,0
Palearctic 34 15,3
European 25 11,3
Total 70 31,5

3. Steppe Pannonian 1 0,5
Pontic 8 3,6
Sarmatian 13 5,8
Total 22 9,9

4. Xerophilic Mediterranean 45 20,3
Trans-Asian 28 12,6
Central Asian 2 0,9
Total (%) 75 33,8

5. Desert Turanian 3 1,3

6. Caucasian Caucasian 49 22,1
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The biomorphological analysis of the flora of the stud-
ied juniper communities, carried out by C. Raunckier
classification, revealed the absolute dominance of
hemicryptophytes — 124 species (55.6 %). Percentage of
therophytes is significant — 44 species (19.7 %), which
survive the unfavorable season of the year as dormant
seeds. The large number of hemicryptophytes is a feature
of the temperate-cold Holarctic flora, and the significant
number of therophytes is a feature characteristic of the
xeric territories of the Ancient Mediterranean [11].

The proportion of phanerophytes in the flora of the
studied communities is 13.1 %, among which microphan-
erophytes (Phm) is 5.8 % (Table 3). The number of
chameophytes and cryptophytes is equal (5.8 %).
Chameophytes are mainly represented by families La-
miaceae (Thymus daghestanicus Klok. et Shost., Thymus
marschallianus Willd., Ziziphora serpyllaceae Bieb,
Satureja subdentata Boiss. etc.), Cistaceae (Helianthe-
mum grandiflorum (Scop.) DC., Helianthemum dagh-
estanicum Rupr.ex Boiss., Fumana procumbens (Dun.)
Gren. et Godr.), Asteraceae (Anthemis fruticulosa Bieb.,
Artemisia salsoloides Willd.) Cryptophytes are repre-
sented by the families Alliaceae (Allium atroviolaceum
Boiss., Allium rotundum L.), Asparagaceae (Asparagus
verticillatus L., Asparagus officinalis L.), Liliaceae
(Tulipa biebersteiniana Schult. et Schult. f., Gagea bulb-
ifera (Pall.) Salisb.), Orchidaceae (Orchis militialis L.,
Orchis morio subsp. picta (Lois.) K. Richt.), Iridaceae
(Iris pumila L., Iris notha Bieb.) and 3 monotypic families
Convallariaceae, Hyacinthaceae, Asphodelaceae.

Thus, the biomorphological spectrum of the flora of
juniper woodlands of High Mountain Dagestan is hetero-
geneous, revealing the features of plant adaptation to soil
and climatic conditions. In general, the biomorphological
spectrum of juniper woodlands of High Mountain Dages-
tan is of the hemicryptophytic-terophytic type, corre-
sponding to arid flora in general (Table 5).

Rarity analysis. There are 10 species included in the
Red Books of the Russian Federation and the Republic of
Dagestan in the composition of juniper woodlands of
Foothills Dagestan: Artemisia salsoloides, Eremurus
spectabilis Bieb, Hedysarum daghestanicum Rupr. ex

Table 3

Boiss., Iris notha, Iris pumila, Juniperus excelsa ssp.
polycarpos, Orchis militaris, Orchis morio subsp. picta,
Stipa pennata L., Stipa pulcherrima C. Koch. In addition,
5 species (Celtis caucasica Willd., Crambe gibberosa
Rupr., Matthiola caspica (Busch) Grossh., Psephellus
galushkoi Alieva, Salvia verbascifolia Bieb. are included
in the Red Book of the Republic of Dagestan.

Endemism analysis. Endemics are of particular im-
portance in the analysis of the flora, indicating the origi-
nality of the flora and the directionality of florogenetic
processes [4; 11].

48 endemics are represented in the communities with
J. excelsa subsp. polycarpos, of which 20 species (41.7%)
are endemics of the Caucasus (Astragalus denudatus
Stev., Bromopsis biebersteinii (Roem. et Schult.) Holub,
Campanula sarmatica Ker Gawl., Cerastium ruderale
Bieb., Dictamnus caucasicus Sims, Koeleria luerssenii
(Domin) Domin, Onobrychis petrea (Bieb. ex Willd.)
Fisch., Haplophyllum villosum (Bieb.) G. Don. fil., Gal-
ium brachyphyllum Roem. et Schult. etc.) and 8 species
are endemics of the Greater Caucasus (Elytrigia gracil-
lima (Nevski.) Nevski, Pedicularis daghestanica Botani,
Polygala sosnowskyii Kem.-Nath., Salvia canescens C. A.
Mey, Scorzonera filifolia Boiss., Thymus daghestanicus,
Rosa elasmacantha Trautv., Cerastium holosteum Fisch.
ex Hornem.) (table 4).

There are 20 species of endemics of the Eastern Cau-
casus (Anthemis fruticulosa, Astragalus alexandri Char.,
Fraxinus excelsior L., Hypericum asperuloides Czemn. ex
Turcz., Kemulariella rosea (Stev.) Tamamsch., Matthiola
caspica, Milium vernale Bieb., Onobrychis bobrovii
Grossh., Oxytropis dasypoda Rupr. ex Boiss., Psephellus
boissieri (Sosn.) Sosn.), of which 8 are endemics of
Dagestan (Campanula daghestanica Fomin, Dianthus
awarica Char., Helianthemum daghestanicum, Satureja
subdentata, Psephellus daghestanica Sosn., Psephellus
boissieri, Psephellus galushkoi, Scabiosa gumbetica
Boiss.).

The high degree of endemism (21.5 % of the total
number of species) indicates a significant role of autoch-
thonous processes in the formation of the flora of juniper
woodlands of Foothill Dagestan.

Biomorphological spectrum of flora of communities with J. excelsa subsp. polycarpos

Biomorph Ph Ch HK K T

Phmg Phms Phm Phn
Number of species 1 4 13 11 13 124 13 44
% of total number 0,5 1,8 5,8 5,0 5,8 55,6 5,8 19,7

Table 4

Endemics in the flora of juniper woodlands (J. excelsa subsp. polycarpos) of Foothill Dagestan

Endemic groups Number of species % of total number of endemics
Greater Caucasus endemics 8 16,7
Caucasus endemics 20 41,7
Eastern Caucasus endemics 20 41,7
Dagestan endemics 8 16,7
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Table 5
Relicts in the flora of juniper woodlands (J. excelsa subsp. polycarpos) of Foothill Dagestan
Relict group Number of species % of total number of relicts
Rt 24 47,1
Rg 5 9,8
Rx 22 43,1

Relict analysis. The relict analysis reflects historical
stages of species contribution in the formation of the
flora, as well as the relationship through them with other
floras. To identify relics A.A. Grossheim's classification
[7] was used, according to which the relics of Tertiary
(Rt), Glacial (Rg) and Post-Glacial (Rx) periods are rep-
resented in the studied area.

There are 51 relict plant species in the flora of com-
munities with J. excelsa subsp. polycarpos belonging to
43 genera and 29 families. One third of them (16 species)
are represented by woody plants (Cerasus incana (Pall.)
Spach, Cotinus coggygria Scop., Cotoneaster integirri-
mus Medic., Fraxinus excelsior, Ligustrum vulgare L.,
Pyrus salicifolia Pall., Quercus petraea subsp. Petraea ex
Liebl., Ephedra procera Fisch. et C. A. Mey., Juniperus
communis subsp. oblonga (Bieb.) Galushko, J. polycar-
pos, Rhus coriaria L., Rhamnus pallasii Fisch. et Mey.,
Spiraea hypericifolia L., Ephedra procera, Viburnum
lantana L.).

Tertiary (24 species) and xerotermic (22 species) rel-
icts are represented in almost equal proportions. Tertiary
relicts are: Alyssum daghestanicum Rupr., Asparagus
verticillatus, Asplenium ruta-muraria L., Bromus brizi-
formis Fisch. et Mey., Campanula daghestanica, Ceter-
ach officinarum Willd., Geranium robertianum L., Hedy-
sarum daghestanicum, Helianthemum daghestanicum,
Hypericum asperuloides, Juniperus excelsa ssp. polycar-
pos, Ligustrum vulgare, Medicago daghestanica Rupr.,
Onobrychis bobrovii, Primula macrocalyx Bunge, Salvia
canescens, Salvia verbascifolia, Scabiosa gumbetica,
Thalictrum foetidum L., Thesium ramosum Kaune etc.

The relicts of the xerotermic period are remnants of
floras characteristic of the Caucasus during interglacial
arid epochs. In the investigated flora they are represented
by the following species (43.1 %): Artemisia salsoloides,
Astragalus onobrychioides Bieb., Eremurus spectabilis,
Festuca ovina L., Fumana procumbens, Haplophyllum
villosum, Helianthemum grandiflorum, Iris pumila, Koel-
eria cristata (L.) Pers., Onobrychis cornuta (L.) Desv.,
Scabiosa micrantha Desft., Stipa capillata L., Thymus
daghestanicus, Astragalus brachylobus DC., Euphorbia
szovitsii Fisch. et Mey., Euphorbia glareosa Pall. ex Bieb.
etc.

There are 5 species (9.8%) of glacial relics: Trisetum
rigidum (Bieb.) Roem. Et Schult., Sedum subulatum (C.
A. Mey.) Boiss., J. oblonga, Cotoneaster integirrimus,
Sorbus torminalis L.

CONCLISION

Structure analysis of the flora of juniper woodlands of
Foothill Dagestan shows its border position at the junc-
tion of the boreal and ancient Mediterranean sub-regions
of the Holarctic, in the contact zone of Euro-Siberian and
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Iranian-Turanian regions, which is also typical of the
Caucasus in general [17] with a deeper and older connec-
tion with the Iranian-Turanian flora.
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TEHETUYECKAS TU®OEPEHIAALIUA HONYJIALMMA PICEA OBOVATA L.
B PETUOHAX CUBUPHU

E. A. llunkuna, A. A. Uoe, M. A. llleanep, T. B. Cyxux

Hentp 3amuTtsl eca KpacHosipckoro kpast — putuan OBY «Poccuiickuii IEHTp 3allUThI JIecay
Poccuiickas ®@enepanus, 660036, KpacHosipck, AkagemMropoaok, 5S0a, kopi. 2
E-mail: shilkinaca@rcth.ru

IIpeocmasnensvl pe3ynomamol UCCIEO08AHUS 2eHEMULECKO20 PA3HOO0OPA3UA eNu CUbUPCKOl, npouspacmaiowujell 8 pe-
euonax Cubupu. Ycmarnoeneno, umo ocHO8HAA 00JiA 2eHEMUYECKOl USMEHYUBOCU NPUXOOUTNCS HA GHYMPUNONYIAYY-
ounylo usmenyusocmuv (93 %). Yemxo npocnesicusaemcs pacnpedenenue UCCie008aHHbIX NONYAAYUN HA 2 OCHOBHBIX

Kiacmepda no ceHemudecKkum ()ucmaHb;uﬂM.

Knrouesvie cnosa: env cubupckasi, eenemuueckoe paznoodpasue, ougpepenyuayusi.
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GENETIC DIFFERENTIATION OF PICEA OBOVATA L. POPULATIONS
IN THE REGIONS OF SIBERIA

E. A. Shilkina, A. A. Ibe, M. A. Sheller, T. V. Sukhikh

Centre of Forest Health of Krasnoyarsk Krai — Branch of the FBI “Russian Center of Forest Health”
2 build., 50a, Akademgorodok, Krasnoyarsk, 660036, Russian Federation
E-mail: shilkinaeca@rcth.ru

The results of the genetic diversity study of Siberian spruce growing in the regions of Siberia are presented. It was
revealed that major share of genetic variability accounts for intra-population variation (93%). The distribution of the
studied populations into 2 main clusters at genetic distance is apparent.

Keywords: Siberian spruce, genetic diversity, differentiation.

INTRODUCTION

Siberian spruce (Picea obovata Ledeb.) is one of the
dominant species of dark coniferous forests in Russia. Its
distribution area extends from the north of the European
part of Russia to the Pacific coast (Cherepanov, 1995).
However, in spite of the wide area and studies of genetic
variability of the species, many questions concerning the
structure, genetic diversity, intra- and interspecific differ-
entiation of P. obovata remain open. Currently, different
types of genetic markers are most commonly used to
study genetic variability and geographical subdivision of
species [5; 6; 11]. Among them, microsatellite DNA loci
are widespread. They are tandem repeats of short nucleo-
tide motifs relatively evenly dispersed throughout the
genome. They can be used to obtain data on multilocus
genotypes of individuals, calculate the main indicators of
intraspecific variability, and describe population proc-
esses [4; 8; 11; 12; 16].

The aim of this work was to obtain data on genetic di-
versity, population structure and differentiation of Sibe-
rian spruce growing in Siberia using nuclear DNA mi-
crosatellite analysis.

STUDY MATERIALS AND METHODS

Samples from 9 populations of Siberian spruce grow-
ing in natural stands on the territories of Krasnoyarsk
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Krai, Tomsk, Kemerovo, Irkutsk Oblasts, and the Tyva
Republic were used as objects of the study. The names of
the samples and their locations are presented in Table 1
and Fig. 1.

The volume of population samples was 32 trees. Total
DNA was isolated from 100-200 mg of dried needles.
DNA isolation was performed using the modified CTAB
method [9].

The isolated DNA was used for polymerase chain re-
action (PCR) with five pairs of microsatellite primers —
EATC1B02, EATCIB03, UAPgAG105, Pa 33, Pa 36.
PCR was performed using a commercial reagent kit
“ScreenMix” (Evrogen Joint Stock Company, Russia).
Amplification was performed on a T100 Thermal Cycler
(BioRad). Characteristics of the microsatellite loci se-
lected for the study and conditions of PCR amplification
are shown in Table 2.

Amplification products were separated by electropho-
resis in 6 % polyacrylamide gel using tris-EDTA-borate
electrode buffer and stained in ethidium bromide solution.
PCR products were visualized in ultraviolet light using a
gel-documentation system. Data analysis was performed
using

Vilber Lourmat Bio Capt v.12.5.0.0 software. Genetic
diversity parameters were calculated using GenAlEx6
software [15].
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Table 1

Geographical location of the studied samples of Siberian spruce

Sample name Location Geographic Forest vegetation zones and their composition
area coordinates (Ministry of Natural Resources and Environment,
Order No. 367 of 18 August 2014)
Khor-Tagnanskaya Irkutsk Oblast, Zalarinsky 53,13N South Siberian mountain zone,
Forestry 101,28 E Altai-Sayan mountain-taiga region
Nazimovskaya Krasnoyarsk Krai, Yeniseysk 59,66 N Taiga zone,
Forestry 90,80 E West Siberian southern taiga plain area
Stepnaya Krasnoyarsk Krai, Karatuzsky | 53,56 N South Siberian mountain zone,
Forestry 92,54 E Altai-Sayan mountain-taiga region
Kuraginskaya Krasnoyarsk Krai, Kuraginsky | 53,80 N South Siberian mountain zone,
Forestry 93,86 E Altai-Sayan mountain-taiga region
Izhmorskaya Kemerovo Oblast, Izhmorsky 55,94 N Taiga zone,
Forestry 86,52 E West Siberian southern taiga plain area
Argat-Yulskaya Tomsk Oblast, 57,83 N Taiga zone,
Ulu-Yulskoye forestry 86,09 E West Siberian southern taiga plain area
Nybegskaya Tomsk Oblast, Verkhneketsky | 58,28 N The taiga zone,
Forestry 84,74 E West Siberian middle taiga plain area
Balgazinskaya Tyva Republic 50,91 N South Siberian mountain zone Altai-Sayan moun-
95,01 E tain forest-steppe region
Todjinskaya Tyva Republic 52,33 N South Siberian mountain zone,
95,97 E Altai-Sayan mountain-taiga region
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Figure 1. Schematic map of the sample locations of P. Obovata
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Table 2

Characteristics of microsatellite loci selected for genetic variability analysis of Siberian spruce

Ne Locus Motif t,°C Expected amplicon | Number of Literary
of annealing size, p.n. alleles resource
1 EATC1B02 (ATC); (AT); 57 197215 5 Scotti ea, 2002;
Ekart et al., 2014
2 EATCIEO3 (CAT)4 CGT(CAT)g 57 134-209 5 Scotti ea, 2002
3 UAPgAG105 (AG)y, 53 161-171 5 Hodgetts ea, 2001;
Rungis ea, 2004;
Ekart et al., 2014
4 Pa 33 (CGG), 62 107-119 2 Fluch ea, 2011
5 Pa 36 (CGG), 62 185-197 4 Fluch ea, 2011

RESULTS AND THEIR DISCUSSION

Analysis of the electrophoretic spectra of the ampli-
cons of five nuclear microsatellite loci in 9 samples of
Siberian spruce revealed from 2 to 8 allelic variants. All 5
analyzed loci were polymorphic. Examples of electro-
phoregrams demonstrating the variability of the studied
microsatellite loci are shown in Fig. 2. The highest allelic
diversity was found at the EATCIE03 and UAPgAG105
loci. The locus Pa 33 was the least variable, the heritabil-
ity of which was determined by two allelic variants. The
mean number of alleles per locus ranged in the samples
from 2.6 to 4.4, the effective number of alleles from 1.765
to 2.398, the values of observed and expected heterozy-
gosity from 0.344 to 0.525 and from 0.307 to 0.510 re-
spectively (Table 3).

The average values of these indicators for the studied
samples were: N, = 3.511; Ng = 2.157; Ho = 0.438;
Hg = 0.428. The highest effective number of alleles per
locus was detected in the Khor-Tagnanskaya sample
(2.398), and the lowest in the Todjinskaya sample (1.765).
A deficit of heterozygous genotypes was detected in five
samples of Siberian spruce.

The structure and degree of genetic subdivision of Si-
berian spruce samples were determined using Wright's F-
statistics [10]. For each of the 5 polymorphic loci, coeffi-
cients of inbreeding of the individual relative to the popu-
lation (Fj), inbreeding of the individual relative to the
species (Fj) and inbreeding of the population relative to
the species as a whole Fjs were calculated. Using the data
shown in Table 4, we see that the value of Fj, coefficient
at EATCIB02, EATCIEQ3, UAPgAGI105, Pa 33 are nega-

Pa 36
s
'
—
197 197
_J.,___..ﬂra g e e e B
191
' e

tive, indicating an excess of heterozygous genotypes. The
Pa 36 locus indicates a deficiency of heterozygous geno-
types. Analysis of the population structure using the Fgy
index showed that inter-population genetic variation ac-
counts for 7 % of the variability detected in the samples.

The remaining variability (93 %) is represented within
samples (Table 4). It has been noted that such a low level
of interpopulation differentiation is generally characteris-
tic of conifers [1; 2; 7].

The estimate of genetic differences between the stud-
ied samples was calculated using the Nei (DN) method
[13]. The value of this index in the studied samples
ranged from 0.014 to 0.143 (Table 5). According to Krut-
ovskiy et al. [3], the value of genetic distance between
populations in general for conifers is in the range 0.008-
0.013. Thus, the results indicate a high level of genetic
differentiation of the studied samples (Fig. 3).

Based on genetic distances (D), a dendrogram show-
ing the genetic relationships between the studied samples
of Siberian spruce (Fig. 4) was constructed. According to
this diagram, the samples are distributed in two main clus-
ters. The first cluster is formed by the Argat-Yulskaya and
Nybegskaya samples (Tomsk Oblast), the second cluster
is formed by all other samples, which are divided into 3
groups. The first group includes the Khor-Tagnanskaya
sample growing in the Irkutsk Oblast, the second group
includes samples located in the north of Krasnoyarsk Krai
and Kemerovo Oblast, the third group includes samples
from the Tyva Republic and southern districts of Kras-
noyarsk Krai.
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Figure 2. Electrophoregrams of nuclear microsatellite loci Pa 36 and EATC1E03 of Siberian spruce.
Numbers 191, 197, 134, 137, 161 in the electrophoreograms of Pa 36 and EATC1E03 indicate alleles

of amplified DNA fragments; M — electrophoretic standard
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Table 3
Indicators of genetic variability in the studied samples of Siberian spruce
Samples NA NE HO HE F

Argat-Yulskaya 3,000 1,949 0,394 0,365 0,065
Balgazinskaya 3,200 2,004 0,425 0,410 0,047
Izhmorskaya 3,800 2,306 0,438 0,450 0,002
Kuraginskaya 4,400 2,310 0,481 0,490 0,007
Nazimovskaya 3,200 2,280 0,500 0,462 0,052
Nybegskaya 3,400 2,101 0,400 0,406 0,039
Stepnaya 3,800 2,302 0,431 0,456 0,036
Todjinskaya 2,600 1,765 0,344 0,307 0,067
Khor-Tagnanskaya 4,200 2,398 0,525 0,510 0,033
On average for all studied samples 3,511+0,257 2,157+0,156 0,438+0,039 0,428+0,036 —-0,006+0,026

Note: Ny — number of alleles per locus; Ng — effective number of alleles per locus; Hp — observed heterozygosity; HE — expected

heterozygosity; F'— Wright fixation index; &+ — standard error.

Table 4
Values of Wright's F-statistics
Locus FIs Fir FsT
EATCI1B02 -0,077 0,077 0,143
EATCIEO3 —0,022 0,062 0,083
UAPgAG105 —-0,039 —-0,029 0,010
Pa 33 —0,040 -0,011 0,028
Pa 36 0,102 0,181 0,088
average —0,015+0,031 0,056+0,037 0,070+0,024
Table 5
Genetic distances of M. Nei (DN) between the studied samples of Siberian spruce
<
s .
< =3 > <
g § S, Z s g s =
Samples z 5 8 = g 3 5 - -
3 s z = - g = > =
= ISy 1 N 5] B
g = g = & S ;é = =
S 2 = & = = B oy 5
Z M =~ < Z m = N N
Nazimovskaya 0,000
Khor-Tagnanskaya 0,075 0,000
Izhmorskaya 0,034 0,057 0,000
Argat-Yulskaya 0,099 0,050 0,063 0,000
Nybegskaya 0,136 0,082 0,094 0,014 0,000
Balgazinskaya 0,026 0,051 0,028 0,086 0,114 0,000
Todjinskaya 0,069 0,055 0,049 0,080 0,123 0,025 0,000
Stepnaya 0,077 0,052 0,081 0,117 0,134 0,025 0,042 0,000
Kuraginskaya 0,060 0,048 0,059 0,112 0,143 0,025 0,035 0,016 0,000
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Figure 3. Projection of Siberian spruce populations on a two-coordinate plane (PSA analysis)
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Figure 4. Dendrogram based on Nei's genetic distances [14]
using pairwise unweighted method of clustering (UPGMA)

CONCLUSION

Thus, a study of DNA polymorphism of nine samples
of Siberian spruce growing in Irkutsk, Kemerovo, Tomsk
Oblasts, Krasnoyarsk Krai and the Tyva Republic re-
vealed their genetic diversity at five nuclear microsatellite
loci and a high degree of genetic differentiation. Intra-
population variability (93%) accounted for the bulk of the
identified genetic variability. There is a clear distribution
of the studied samples into 2 main clusters by genetic
distances. There is a significant differentiation of samples
from Tomsk Oblast from all others.
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OCOBEHHOCTH UCHTIOJIb30BAHUA KOMILIEKCHOI'O OHEHOYHOI'O TOKA3ATEJISL
P XAPAKTEPUCTHUKE ®OPMHUPOBAHMUSA IPEBOCTOEB JIMCTBEHHUIIbI CUBUPCKOU

C. JI. leBeseB, M. 1O. Illos0xo0Ba, I1. B. Muxaiinos, U. . Kpacukos, P. A. Yymakos

Cubupckuii rocyapcTBEHHBINH YHHBEPCUTET HAYKU M TEXHOJIOTHH UMeHH akanemuka M. @. PemerneBa
Poccwuiickas @enepanust, 660037, r. KpacHosipek, npocrr. uM. ra3. «KpacHosipckuit pabounii», 31
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B necnoii maxkcayuu u necosoocmee uChOIb3yemes 3HAYUMeNIbHOe YUCLO MEemMOo008 U NPUEeMO8 OYEHKU COCMOSIHUS
ounamuxu opesocmoes. OOHUM U3 HUX S6TISLeMCsl NPUMEHEHUe MAK HA3bIAeMO20 KOMNIEKCHO20 OYEHOUYHO020 NOKA3d-
meJisi UMeIowWe2o euje Ha3ganue «Kodaphuyuenm HanpsjceHHOCmu pocmay, KOmopbill paccyumvléaemcst KaK OmHoule-
Hue cpedneti svicomur Opesocmos (H, M) k niowadu nonepeunozo ceuenus cpedneeo depesa 6 dpesocmoe (G, cm’) na
svicome 1,3 m. Lenvio pabomvl 16UN0Ch YCMAHOBNEHUE GEIUYUHBL DMO20 KpUmMepust U 0CobenHocmeli €20 OUHAMUKU
8 HOPMANBHLIX U MOOANbHLIX OPe8OCmosx ucmeennuyvl cubupckot ¢ Cubupu. Ha ocnose mamepuanoe namyphoi
makcayuu 434 evidenos, a maxoice ananusa 0egsamu madiuy xo0a pocma HOPMAIbHbIX U MOOALbHBIX OPeBOCTNOes -
CMBEHHUYbL CUOUPCKOTL 3eTIeHOMOWHOL 2PYNNbL IMUNOE ieca OISl pa3iudnblx pecuonog Cubupu, ycmanogieHa OUHAMUKA
CPeOHUX BeUHUH NOKA3AMENs, OCYWEeCMBIeHd OYeHKA Cmenenu Onocped08aHHOCU GeUYUNbL KOMNIEKCHO20 OYEHOU-
HO20 nokazameisi MaKCayuoHHbIMU Xapakxmepucmuxamu opegocmoes. Paccmompenst 603moacnocmu uchonb3068anus
0aHHO20 nokazamens O CPAGHUMENbHOU XAPAKMEPUCIUKU 0COOEHHOCMEN opMUPOBAHUsL OPEBOCIOEE 8 PA3IUYHBIX
J1ecopacmumenbHbiX YCi1oGUsIX.

Knrouesvle cnosa: KomniekcHulll 0YeHOUHbII ROKA3AMenb, TUCMBEHHUYA CUOUPCKAS, MOOATbHbIE OPEBOCOU, HOP-
ManbHble OPesoCmou, 0CODEHHOCIU POPMUPOBAHUSL.
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FEATURES OF USE OF THE COMPLEX ESTIMATED INDICATOR AT CHARACTERISTIC
OF FORMATION OF FOREST STANDS OF THE LARCH SIBERIAN

S. L. Shevelyov, M. Yu. Sholokhova, P. V. Mikhaylov, 1. I. Krasikov, R. A. Chumakov

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
E-mail: shewel341@yandex.ru

In forest valuation and forestry the considerable number of methods and receptions of assessment of a condition of
dynamics of forest stands is used. One of them is application of the so-called complex estimated indicator having still
the name “coefficient of tension of growth” which pays off as the relation of average height of a forest stand (N, ) to
the cross-sectional area of an average tree in a forest stand (G, cm?’) at the height of 1.3 m. The purpose of work was
establishment of size of this criterion and features of its dynamics in normal and modal forest stands of a larch Siberian
in Siberia. In work on the basis of materials of natural valuation 434 having manufactured and also the analysis of nine
tables of the course of growth of normal and modal forest stands of a larch of the Siberian zelenomoshny group of types
of the wood for various regions of Siberia, dynamics of average sizes of an indicator is established, assessment of
degree of an oposredovannost of size of a complex estimated indicator is carried out by taxation characteristics of
forest stands. The possibilities of use of this indicator for comparative characteristic of features of formation of forest
stands in various forest vegetation conditions are considered.

Keywords: complex estimated indicator, larch Siberian, modal forest stands, normal forest stands, features of
formation.

INTRODUCTION

The considerable number of methods and techniques
are used in modern scientific practice of research in forest
inventory and forestry to assess the condition of dynamics
of forest stands. One of them is the so-called complex
estimated indicator (CEI).

The purpose of this work is to establish the criteria
and its dynamics in normal and modal tree stands of Sibe-
rian larch in Siberia.
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To accomplish this task we analyzed 9 tables of the
growth of Siberian larch stands in various forest regions
of Siberia. We also analyzed data from field-taxation
of 434 modal stands formed in stable (climax) forests.

The object of the research is Siberian larch forest
stands growing in the Velminsky district forestry of the
Severo-Yeniseysk forestry of Krasnoyarsk Krai.

Nowadays, the forests of the Velminsky district for-
estry are experiencing the least anthropogenic impact,



XBoiiHbIe O0peanbHOi 30HEL. XL, Ne 7 (cnenuansHblii), 2022

compared to the forests of adjacent territories. It is as-
sumed that the growth and formation of forest stands of
the forest massif, which was the object of the study, are
due only to environmental factors. The forest vegetation
of this region is typical for the forests of the Yenisey
Range, which is the basis of the Central Siberian Plateau
taiga forest region.

The Yenisey Range is a high southwestern part of the
Central Siberian Plateau, stretching from the basin of the
river Kan in the south to the mouth of the river Pod-
kamennaya Tunguska. The climate of this area is sharply
continental. The average annual rainfall ranges from 500
to 700 mm. The average annual temperature is about
-5 °C. There are 121 days with temperatures over +5. The
height of the snow cover exceeds 1 m.

The Yenisey Range, together with the East Sayan Pla-
teau, is a part of the Baikalid system [1]. The prevailing
heights are 700-900 meters above sea level, with the
highest point being the Yenisey Polkan (1104 m a.s.l.).
The valleys of the rivers cutting through the range
(Velmo, Bolshoy Pit, Teya, etc.) are of considerable width
and are often swampy.

Soddy-calcareous soils are typical for the studied area.

Vegetation is described in the works of A. Ya. Tuga-
rinov [2], K. N. Igoshina [3], E. N. Falaleev [4] and oth-
ers. Pine-larch forests predominate. In the detailed typo-
logical classification of larch forests, E.N. Falaleev [4]
identified four groups of forest types: larch forests on
stony soils, including one type of forest, Ledum larch
forest; green moss larch forests, combining two types of
forest: lingonberry larch and green moss larch forest;
larch forests are herbaceous, also uniting two types of
forest: forb larch forest, coastal larch forest. The fourth
group of types of larch forests is long-moss-sphagnum
larch forests which includes blueberry larch and sphag-
num larch.

RESEARCH METHODS

The Complex Estimated Indicator (CEI), also known
as the “tension coefficient of growth” for stands is calcu-
lated as the ratio of the average stand height (H, m) to the
cross-sectional area of an average tree in the stand (G,
cm?) at the height of 1.3 m:

CEI=H-100/G,5. 1)

Accordingly, it is calculated for a single tree as the ra-
tio of the height of the tree to the cross-sectional area at a
height of 1.3 m, expressed in centimeters.

The physical meaning of the complex estimated indi-
cator is in the characteristic of the size of the part of the
tree trunk, the formation of which is provided by a unit of
cross-sectional area.

This indication was proposed by K.K. Vysotsky [5] more
than half a century ago and has found application in various
aspects of the study of forest stands and single trees.

It is used to assess the vital state of stands [6; 7], the
coefficient is used in the study of the hydrophysical prop-
erties of wood [8], to characterize the degree of thinning
of natural and artificial forest stands [8—10], etc.

CEI calculations are made both for forest stands and
for individual trees with the division of the latter by size,
which, in our opinion, is not entirely justified, since it
would be more logical to rely on the differentiation of
trees by age, which mediates the dynamics of the main
taxation features as single trees, and tree stands.

Often the use of CEI to characterize the state of single
trees makes it difficult to take into account all the factors
that determine its value. For example, noting that the low-
est CEI is characteristic of edge or park trees [7], they at-
tribute this only to an increase in their nutritional area and
moisture supply, forgetting about the light regime, which
largely determines the height and shape of tree trunks.

There is an assumption that the indicator of the state of
CEI is appropriate for characterizing forest stands, when
average taxation signs are used for its calculation.

The influence of regional forest conditions on the
growth and development of forest stands does not require
any evidence. Such factors as climate, soil, orography de-
termine the nature of changes in the size of trees, as well as
the processes of renewal and thinning of forest stands. For-
est growth, forest management, forest inventory zoning are
based on regional growth patterns and the quality of forest
stands. It is very likely that both regional peculiarities of
growth should be reflected in the values of the CEI.

Statistical characteristics of the main average inven-
tory indicators of Siberian larch forest stands, which were
the object of the research, are given in table 1.

Thus, natural, rather old-aged, large-sized stands of Sibe-
rian larch were assessed. The maximum age of stands
reaches 220 years. Modal forest stands have maximum rela-
tive density 0.9. The CEI value was calculated for individual
stands by dividing the average height of the main species of
Siberian larch, by the cross-sectional area corresponding to
the average stand diameter of this forest element.

RESULTS AND THEIR DISCUSSION

The analysis of the peculiarities of the dynamics of the
complex estimated indicator was started by determining
the dependence of its value on the inventory characteris-
tics of stands at different age stages. For this purpose, the
values of the coefficient of pair correlation between the
CEI and the main inventory characteristics of forest
stands in the studied area of different age groups were
calculated (Table 2).

Table 1
Statistical characteristics of some inventory indicators of larch stands
Statistical indicators Age, years Height, m Diameter, cm Stock m*/ha

Average 138 18,9 23,0 158
Standard error 1,9 0,3 0,3 2.4
Median 160 20 26 160
Mode 170 23 28 190
Standard deviation 54,2 7,5 8,1 70,4
Accuracy of experience, % 1,4 1,4 1,2 1,5
Coefficient of variation, % 39,3 40,0 35,3 44,7
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The analysis of the data from Table 2 shows that there
is a trend towards a decrease in the value of the correla-
tion coefficient between the CEI and the average age of
the stand with an increase in the latter.

The interdependence of CEI and the average height of
forest stands is somewhat different. It is relatively low
(-0.17; —0.22) at the stages of middle age and maturation
of stands, i.e., during periods of intensive growth and
thinning. At the ripeness stage, the interdependence of
traits reaches a maximum (—0.69), then, with a decrease in
the growth rate of trees in height and continued growth in
diameter, it decreases.

With the average diameter of forest stands, CEI has a sig-
nificant stable correlation from —0.80 to —0.96. For the array
as a whole, without dividing forest stands into age groups, the
correlation coefficient between these indicators is —0.92.

The correlation of CEI with the stock is not high,
since its assessment does not take into account the degree
of influence on the stock of forest stands.

In the works of V. D. Shul’ga and others [11; 12], based
on the analysis of data from tables of the growth course of
normal plantations of class 1 bonitas of the main forest-
forming species of the country, the statement is made that
“the ratio of the height of a tree to the cross-sectional area at
the inventory diameter (complex estimated indicator — CEI)
or a single average volume of a tree trunk, is practically the
same for all species according to age classes” (Article 24).

Table 3 shows a fragment of data characterizing the
CEI values for larch, as well as the average values of the
indicator for normal and modal (obviously stable — cli-
max) forest stands.

Table 2

To establish the peculiarities of the dynamics of the
CEI value in normal forest stands of Siberian larch of
class I bonitet, three tables of the growth were used, com-
piled by V. S. Zolotukhin for Gorny Altai and E. N. Fa-
laleev [13] for the regions of Central Siberia, which were
subjected to mathematical modeling by A. Z. Shvidenko
and others [14] (Picture 1).

The limited number of tables taken for analysis is ex-
plained by the fact that most of these standards built for
different regions of Siberia do not have enough data on
the forest stands of class I bonitet’s patterns of growth,
since these stands are quite rare.

The average dynamics of CEI with a high degree of
adequacy is displayed by the Weibull function of the type.
2

o
y=a-b-e®

while a = 17,916; b = 15,843; ¢ = 451,502; d = -1,816.

The resulting data (Table 4) are quite similar to those
given in [11; 12] (Table 3), from which the conclusion
about the relative stability of the dynamics of CEI in nor-
mal stands of different forest plantations may be made.

Unfortunately, the works of V. D. Shulga et al. [11;
12] do not specify which tables of the growth rate of nor-
mal stands were used in the calculations, and, therefore, if
even one table coincides with the one used in this work,
the comparison cannot be considered correct.

The dynamics of the complex estimated indicator in
modal (stable) stands of Siberian larch was established on
the basis of the data from the six growth rate tables made
for different regions of Siberia (Table 5).

Paired coefficients’ correlation between CEI and indicators of inventory

Age groups Average inventory indicators
Age, years Height, m Diameter, cm Stock m*/ha

Middle — aged 0,51 -0,17 0,84 0,14
41-80 years old
Ripening 0,59 0,22 -0,96 -0,33
81-120 years old
Ripe 0,24 —0,69 -0,93 —0,44
121-160 years old
Overmatured -0,37 -0,44 -0,89 -0,17
161-200 years old
Overmatured -0,08 -0,34 -0,80 0,22
201 and more years old

Table 3

The value of the complex estimated indicator according to V. D. Shulga (2007)

An object CEJ, cm/cm?, at the age, years
20 30 50 70 100

Larch 22.9 12.6 7.3 5.0 3.8
Average for normal 20,7 12,3 6,6 4.5 3,2
stands
Average for obviously stable 4,0 3,5 3,5 3,5 2,0
stands

Table 4

Dynamics of average CEI values in normal stands of Siberian larch

Age, 10 30 50 70 90 110 130 150 170 190 210
years

CEI 17,9 11,7 7,0 5,0 4,0 3,4 3,1 2,9 2,6 2.4 23
cm/cm?

634



XBoiiHbIe O0peanbHOi 30HEL. XL, Ne 7 (cnenuansHblii), 2022

— ¢4 — Mountain
ecoregions of
‘Western Siberia

- - - Central Siberia

R Middle and

southern taiga of
Central Siberia

25,0 -
0.0 4
% t
= \
g 5.0 1 \.
= \s
5 10,0 v*
LN
5.0 +
0.0 T T
0 50 100

T T 1
150 200 250 300

Average age of stands, years

Fig. 1. Dynamics of a complex estimated indicator in normal stands of Siberian larch

Table 5
Growth progress tables used to calculate the CEI

Ne Region, year of publication Author

1 The Khantyka River Basin, 1971 A. A. Dzezyulya

2 South Yakutia, 1975 I. F. Shurduk

3 Mountain Altai, 1958 V. S. Zolotukhin

4 Lake Baikal Basin, 1973 A. E. Tetenkin, V. T. Busoedov, Y. M. Popova

5 Southern districts of the Krasnoyarsk Krai, 1969 E. N. Falaleev, V. S. Polyakov

6 Tyva, 2013 S. L. Shevelev, 1. I. Krasikov

Table 6

Dynamics of average values of CEI in modal stands of Siberian larch calculated by growth tables

Age, 10 30 50 70 90 [ 110 [ 130 [ 150 [ 170 [ 190 [ 210 [ 230 [ 250 [ 270
years
CEI 232 | 147 [ 93 | 68 | 54 |44 [ 38 | 30 [ 29 [ 27 ] 24 [ 23 | 21 | 20
cm/cm’
L2
20
(o]
815
g
210
5
0
0 50 100 150 200 250 300

Average age of stands, years

—o— Shurduk,1975

—a—  Tetenkin, etal. 1958
—@ - Shevelev, Krasikov 2013

—&- Dzezyulya, 1971
— . = Zolotukhin, 1958
——— Falaleev, 1969

Fig. 2. Values of CEI cm/cm’ of modal stands of Siberian larch

The graph in Fig. 2 illustrates the change in the value
of the CEI in modal larches of different ages.

It turned out that the indicators calculated for regions
differing in forest conditions, especially in the period up
to 100 years, have significant differences. Although it was
not possible to establish an obvious dependence of the

CEI value on forest growing conditions, there is a ten-
dency to decrease the value of the indicator with a simpli-
fication of growing conditions.

The larch forests of the mountainous regions in the
Republic of Tyva and the Khantayka River basin are
characterized by the highest value of the CEI, the larch
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forests of the southern regions of Krasnoyarsk Krai have
the lowest value of the indicator.

Of course, the question of the correlation of the aver-
age value of the CEI with forest-growing conditions re-
quires more detailed study using not only the data of the
growth tables, but also the materials of full-scale inven-
tory, as well as climatic, soil, and other characteristics of
forest-growing areas.

The dynamics of the average values of the CEI for
modal stands, obtained using growth tables, is approxi-
mated by equation (2), the adequacy of which corre-
sponds to 7 = 0.998.

The coefficients are equal:

a=30,153; 56=29,677; c = 31,820; d =-1,149.

Table 6 shows the results of tabulating the equation.
Thus, based on the analysis of the tables of the Siberian
larch stand’s growth, the series characterizing the dynam-
ics of the complex estimated indicator in normal and mo-
dal stands were obtained. However, it should not be for-
gotten that the data characterizing the change in the initial
values for the CEI — average heights and average diame-
ters, according to which the cross-sectional area of the
average in the tree stand was established when construct-

ing growth tables, were subjected to mathematical or
graphical alignment (depending on the method of con-
structing the table), therefore, the dynamics of the CEI
obtained on the basis of field-taxation data are of some
interest (Table 7).

It should be noted that the value of the CEI in the
young trees of the first class of age reaches 63.8 cm/cm?,
however, they are not included in the processing, since
they are taken into account in the forest in insignificant
quantities.

The graph in Fig. 3 illustrates the dynamics of a com-
plex estimated indicator of modal stands of Siberian larch,
obtained by various methods. It turned out that the values
of the CEI found according to the full-scale taxation
slightly exceed the values of the indicator established
using the growth tables of modal larch trees, however,
they fit perfectly into the data field shown in Fig. 2.

The nature of the dynamics of the CEI modal larch
forests of Siberia differs greatly from the data for obvi-
ously stable stands of larch given in the works [11; 12].
Perhaps “obviously stable stands” in these works meant a
slightly different plant formation, sparse stands of park
type, where the value of the CEI is insignificant.

Table 7
Dynamics of average values of CEI in modal stands of Siberian larch of the Velminsky district forestry
Age, 10 30 50 70 90 110 130 150 170 190 210
years
CEI - 19,4 11,4 8,2 6,6 5,5 4,9 4,5 4,1 3,8 3,6
cm/cm’
25
25 :
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Average age of stands, years

Shul'ga V. D.

Growth progress tables

— — Velminsky district forestry

Fig. 3. Comparison of the dynamics of the complex estimated indicator in the modal stands of Siberian larch

CONCLUSION

It must be admitted that the complex estimated indica-
tor (CEI) currently has not found wide application in do-
mestic forestry practice. The reason for this is the lack of
knowledge about the values and dynamics of this indica-
tor for various forest-forming species in different forest
conditions. Knowledge of the general patterns of the dy-
namics of a complex estimated indicator, the establish-
ment of regional standardized CEI values will make it
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possible to use it not only in characterizing the dynamics
of forest stands, but also in forest inventory zoning.

As a result of the study, some peculiarities of the dy-
namics of the complex estimated indicator in the stands of
Siberian larch were established, the average series of the
indicator for normal and modal stands were found, and
the degree of mediation of the CEI by the main taxation
characteristics of the stands was established.
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OIIEHKA OFBEMOB TOILISIKOBOM JIPEBECUHBI B PEKE EHUCEIR
HA YYACTKE OT YCTbh-MAHBI 10 KPACHOAPCKA

B. II. Kopnaues, A. U. Ilepe:xxniun, A. A. Auapusic, H. O. lllynkosa, E. A. Biagpikun

Cubupckuii rocy1apcTBEHHBIN YHHBEPCUTET HAYKH U TEXHOJOTHIA UMEHHU akanemMuka M. @. PemerneBa
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C 1931 no 1991 20061 neconepepabamviéaiowyum NPeORPUIMUSIM U YETI0JI03HO-O0YMANCHOMY KOMOUHAMY 20pooda
Kpacnosipcka ocnosnoii obvem Opesecunvl nOCMasisancs 600HbIM nymem 6 koutenix co Cnusneeckoeo petioa u petioa
Kpacnospcroeo neconepesanrounoco kombunama (JIIIK). [pesecuna na Crusnesckuil petio nocmynaia us pexu Mana
1O MOIEnposoody, UCKIIOHAIOWeMy 6b1X00 Jleca NPonavisarueli opesecutvl Ha cy006ol xo0. Ilosmomy ochoguasn macca
MONJISIKOBOU OpedecUtbl pACNoaA2alach Ha OHe Y3KOU NOJI0CoU 80016 npagozo bepeza p. Enucell, wupuna Komopou He
npesviwana 100 m. [pesecuna, nocmynarowasn no peke Mana 6 mMonenpogoo mepsna 4acms 3anacd niagyyecmu npu
cniage HenocpedcmseHHo no pexke Mawna, npu npoxoxcoeHuy no Moaenposooy, HAX0HCOeHUlU ee 8 3anaHu, 8 npoyecce
copmuposounslx pabom, gopmuposanuu koweneil. Iloamomy uacme ee ocena Ha OHo pexu Enuceil 6 monenposode u
6 akeamopuu Oelicmayiouux 8 mo epemsa npeonpuamui. Ilpusedena oyenka 00vemos 3amoHysuLell OpesecuHvl Ha peke
Enucei na yuacmxe om nocenxa Ycmo-Mana 0o 2opoda Kpachospcka, nonyueHHas npu 8blNOJIHeHUU HAMYPHbIX 00-
cnedoganutl npubpescrol axeamopuu pexu Enucell 6 mecme Oeticmeogaguie2o panee Monenpogood. B coomseememeuu
€ NPOBEOEHHBIMU UCCIEO08AHUAMU 8 NPUOPEICHOU aKeamopuu npaeozo bepeza pexu Enucell na yuacmke om ycmovs
pexu Mana 0o yuacmra Kpacnospcxuii JITTK 6 uepme 2opoda Kpacrospcka samonneno om 65 0o 88 muic. m° Opesecu-
Hul. Hccnedosanus no oyenke Kauecmsa 3amonieHHOU Opegecutbl NOKA3bI8AIOM, YUMo UMEWUECs 3anacbl 3amonieH-
HOU OpeBecuUnoll Maccvl Mo2ym Obimb B061€UEHbl 8 NPOMbBIULIEHHOE NPOU3800Ccme0. Boeneuenue 6 npouzeo0cmeo 3Ha-
YUMENbHBIX 00beM08 OPEBECUHOT MACCHL NO360IUM HE MOILKO NOIYYUMb IKOHOMUUECKYIO 8bl200Y, HO U OWYMUMbLIL
9KON02UYECKUL IPPeKm om ouucCmKU aKkeamopuu npudbpedxcHoll 301sl pexu Enuceil.

Knroueswie cnoea: necocnnas, monisakosas 0pesecund, 1ecoChIAGHOU pelid, GOOHbIL MPAHCNOPM Jlecd, MOJe8ol Jie-
COCnIas, KOwenb.

Conifers of the boreal area. 2022, Vol. XL, No. 7 (special), P. 638-641

ESTIMATION OF VOLUME OF FLOODED WOOD IN R. YENISEI FROM THE ESTUARY
OF R. MANA TO THE STATION KRASNOYARSK FOREST COMPLEX

V. P. Korpacheyv, A. I. Perezhilin, A. A. Andriyas, N. O. Shunkova, E. A. Vladykin

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
E-mail: ivr@sibgtu.ru

From 1931 to 1991, timber processing enterprises and the pulp and paper mill of the city of Krasnoyarsk were supplied
mostly by water in bag booms from the Sliznevsky raid and the raid of the Krasnoyarsk timber-handling plant (THP).

Wood on the Sliznevsky raid came from the river Mana through the loose wood line, excluding the exit of the forest
of passing wood on the ship channel. Therefore, the bulk of the sinker wood was located at the bottom of a narrow strip
along the right bank of the r. Yenisei, the width of which did not exceed 100 m. Wood flowing through the Mana River
to the mall pipe lost part of its buoyancy margin when rafting directly along the Mana River, passing through the loose
wood line, finding it in the pool, in the course of sorting works, forming bag booms. Therefore, part of it settled on the
bottom of the Yenisei River in the loose wood line and in the waters of the enterprises operating at that time. The article
provides an estimate of the amount of sunken wood on the Yenisei River in the area from the village of Ust-Mana to the
city of Krasnoyarsk, obtained when performing full-scale surveys of the coastal water area of the Yenisei River at the
site of the previously loose wood line. In accordance with the studies carried out in the coastal waters of the right bank
of the Yenisei River, from 65 000 to 88 000 m’ of timber were flooded in the section from the mouth of the Mana River
to the Krasnoyarsk THP site within the city of Krasnoyarsk. Studies assessing the quality of flooded wood show that
existing stocks of flooded wood mass may be involved in industrial production. The involvement in the production of
significant volumes of wood mass will not only provide economic benefits, but also a tangible environmental effect from
cleaning the waters of the Yenisei coastal zone.

Keywords: timber floating, sinker wood, booming ground, water transport of the forest, loose floating timber, bag
boom.
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INTRODUCTION

In 2017 the volume of logging in Russia exceeded 200
million m’, in the Krasnoyarsk Territory — 23.1 million
m’ and it tends to increase [1; 2]. More than 60 % of for-
est resources are located near waterways. Thus, during the
period of the largest volumes of timber harvesting in
1985-1990, the volume of water timber transport reached
24 % of the whole volume of timber transportation. Loose
floating accounted for about 30 % of the total volume of
water timber transport [3].

With all the economic efficiency of timber floating, in
comparison with other types of timber transport, for vari-
ous reasons, losses of wood are inevitable, which during
loose floating amounted to 3—4 % [4]. In the river beds of
the rivers of Krasnoyarsk Territory and the Irkutsk Region
previously used for timber floating, there are 452 thou-
sand m’ of sunken wood [4], among which 85 % is larch
wood.

For the period from 1931 to 1991 the volume of the
loose floating along the Mana River in the Krasnoyarsk
Territory amounted to 40 million m® according to archival
materials.

For many years, timber processing enterprises and the
pulp and paper plant in Krasnoyarsk were supplied with
the main volume of wood by water in bag booms from the
Sliznevsky booming ground (Fig. 1) and the booming
ground of the Krasnoyarsk timber-handling plant (THP).

Timber for the Sliznevsky booming ground came from
the Mana River through a loose wood line, which ex-
cluded the exit of the floating timber to the ship channel.
Therefore, the main mass of sunken wood is located at the
bottom of the Yenisei River in a narrow strip along its
right bank. The width of the strip did not exceed 100 m.

From the lower reaches of the Yenisei timber was de-
livered to the Krasnoyarsk THP in barges and unloaded
mainly by heeling into the boom of the sorting ground.
Timber was delivered to the Krasnoyarsk Woodworking
Plant (WWP) by barges and unloaded by cranes at the
mooring facilities of the booming ground.

Vern-Mana

Fig. 2. Survey area diagram

Timber coming from the Mana River through the loose
wood line lost part of the buoyancy reserve when rafting
directly along the Mana River, passing through the loose
wood line, being in the boom, in the process of sorting
work, and forming bag booms. Therefore, part of it settled
on the bottom of the Yenisei River in the loose wood line
and in the water area of enterprise grounds (Fig. 2).

Fig. 1. Sliznevsky booming ground on the Yenisei River
in 1990

Initially an assessment of the volumes of sunken wood
and the development of a technology for its salvage in the
the stretch of the Yenisei River from Ust-Mana to Ot-
dykha Island was carried out by the Department of Forest
Water Transport of the Siberian Technological Institute in
1987. The volume of sunken wood was estimated with the
help of divers. In 1989-1990 the British company "Ros-
BRI" was engaged in timber salvage. It worked on timber
salvage for only one navigation along the right bank at a
distance of 10 km from the mouth of the Mana River in
the place of the most intense accumulation of timber.
About 7 thousand m® of timber was salvaged. Later on no
one was engaged in sunken wood salvage.

Yenosnwe of6o3HAYEHNS
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Kpacnospesadi JITITK
Mlammsmcardi Gk

Camenciad peils

639



Kopmaues B. I1., [lepexunun A. U., Aagpusic A. A., llynakosa H. O., Bragsikun E. A. Onenka 00beMOB TOIUISIKOBOIA . ..

In this regard, there is a need to conduct field studies
to assess the available stocks of sunken wood in the area
under consideration.

RESEARCH RESULTS

Throughout the considered section of the river, the fire-
wood is placed unevenly. Most of the wood has settled in
areas with low flow rates.

The volumes of flooded wood were determined on the
sites located within 27.0...25.2 km, 25.2...24.0 km from
Krasnoyarsk; in the area of the Sliznevsky booming; in the
area of the “Shaluninsky byk” rock and the Krasnoyarsk
THP and WWP booming grounds.

The length of the surveyed stretch was divided into
distances equal to 50 m. At the same time, stretches with
separately located logs (rarely), stretches of accumulation
in 1...2 layers and 2...3 layers were observed. The results
of the examinations are given in Table 1.

The volume of sunken wood in the stretch was deter-
mined according to the data in Table 1 as follows. The
volume of wood per 1 m” was determined with its single-
row placement with an average diameter of a log d = 0.31
m, the length of a log segment 1 m.

Three segments of 1 meter long can be placed on 1 m*
stretch with a gap of 7 cm on the curvature of logs, bark,
and protruding uncut branches:

2
y -,
4

3,14-0,317

3=0,226m%/s. (1)

The average log volume V;at/=6.5m,d =031 m s
0.49 m.
The volume of wood in a stretch with a rare location:

Table 1

iV, :@0,49=764 m, )
Sy 40
where S is the area of timber accumulation (Table 1);
Sy, 1s the area per one assortment (according to observa-
tions, it is 40 m?).

The volume of timber on the area with the arrange-
ment of timber in 1 ... 2 layers:

1/1:

V,=8-V,-1,5=42920-0,226-1,5=14 550 m*. (3)

On the area with the arrangement of timber in 2...3
layers:

V,=S-7,-3=13800-0,226-3=9356 m>.  (4)

Thus, on the area of 27,0..25,2 km the volume of
sunken wood will be 24670 m”.

The volumes of sunken wood in other areas were de-
termined by a similar method. The results of determining
the volumes of occurrence of sunken wood are presented
in Table. 2.

In the process of surveying the first stretch, a compari-
son was made of the estimated volume of sunken wood
occurrence with the actual volume. 7200 m’ of sunken
wood was salvaged on trial area of 15,720 m®. Accord-
ing to the calculation, 5320 m® of wood was flooded in this
area, i.e. in fact, the calculated volume is underestimated
by 1.35 times. If this factor is extended to all sites, the
expected volume of sunken wood is 88,520 m’.

There are two ways to solve this problem. The first one
is to leave the sunken wood at the bottom of the Yenisei as
an invisible monument to the costs of timber floating in
the 1970-s and 1980-s. The second is to salvage the
sunken wood and use it in industrial production, clearing
the bottom of the Yenisei from this wood.

The intensity of the location of sunken wood in the area from 27.0 to 25.2 km

Distance from Area of accumulation, m?
the city of Krasnoyarsk, km rarely 1-2 layers 2-3 layers
27,00-26,00 40 000 - -
26,00-25,95 2000 1850 -
25,95-25,90 3400 5070 -
25,90-25,85 4100 4500 -
25,85-25,80 3500 4300 -
25,80-25,75 1750 3700 1700
25,75-25,70 1500 4000 1200
25,70-25,65 900 4300 450
25,65-25,60 2000 1600 750
25,60-25,55 600 1300 1750
25,55-25,50 - 1300 1750
25,50-25,45 - 1600 750
25,45-25,40 - 2000 1750
25,40-25,35 200 2400 1200
25,35-25,30 1800 500 -
25,30-25,25 400 1500 1000
25,25-25,20 200 3000 1500
Totally 62 350 42 920 13 800
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Table 2
Volumes of sunken wood occurrence in the study zone
Zone name Distance from the city of Krasnoyarsk Volume, m’
L. 27,0-25,2 24 670
Zone of the Yenisei River
25,2-24,0 19 000
Sliznevsky booming ground 20,5-18,8 13 000
Shaluninsky byk 13,0-12,0 800
Booming ground of the
9,0-7,0 5300
Krasnoyarsk THP
Booming ground of the
7,0-6,5 2800
Krasnoyarsk WWP
Totally 65570

Studies evaluating the quality of sunken wood show:

— species composition of sunken wood in the zones
under consideration is: larch — about 50-60 %; conifers
(pine, spruce, fir) — 35—45 %; birch and aspen — about 5 %
(data of the Department of Transport, Construction and
Water Use, SibGTU);

— spruce, pine, fir, cedar, larch are the most suscepti-
ble to changes in initial properties during prolonged expo-
sure to water [5];

— spruce wood, when in water for more than 7-10
years, acquires a blue or gray-blue colour [5], fir changes
colour in the sapwood part of the trunk, pine is subject to
changes in the sapwood part [6];

— the colour of the larch does not change if it is in the
water for less than 10 years; when the larch is in the water
for more than 20 years, the end parts are covered with
a sticky mass of black colour from 1 to 3 mm, the rest of
the part changes its colour to darker one compared to
freshly cut [7];

— mechanical tests of larch that has lain in water for
about 50 years have shown that the tensile strength in
static bending has decreased by 23.4 %, the compressive
strength along the fibres has decreased by 22.9 % in com-
parison with wood not subjected to loose floating [8].

It is noted in [7] that birch sunken wood has no re-
strictions on its use in the woodworking industry; larch
can be used without restrictions; the rest of the wood can
be used in the production of wood concrete.

CONCLUSION

Thus, in the zone under consideration the volume of
sunken wood is more than 65 000 m’.

Cleaning the river bed from sunken wood will allow
not only improving the ecological state of the water body,
its hydrological and recreational conditions, but also in-
volving additional volumes of wood raw materials into
production without increasing felling.

The timber salvage technology does not require the
manufacture of special equipment, since the timber is
salvaged at shallow depths. To salvage timber, it is pro-
posed to use the LS-41 sunken timber salvage unit or a

floating crane, barges with a carrying capacity of 500 to
1000 tons, an Angara-type tugboat and a boat KS-100D.
The cost of sunken wood salvage and its unloading on the
bank in Krasnoyarsk is 2...2.5 times lower than the cost of

logging.
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K BOIIPOCY IIOCTPOEHUS HOPMATHUBOB 110 MATEPUAJIAM FOCYI[APCTBEHHOFI“
MHBEHTAPU3IIUNU JIECOB HA IPUMEPE HACAKJIEHUU JINCTBEHHUIIBI JAYPCKOU
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Poo nucmeennuya — ooun u3 naubonee pacnpocmpanennvix Ha Poccuiickom Jlanvnem Bocmoxe npeocmasumeneti
cemeticmea cochosvie. [Ipogedennas 20cy0apcmeennas UHBEHMAPU3AYUsL 1eco8 NOKA3Ad, Ymo ¢ Xabaposckom Kpae
nIoWA0k, 3aHUMAeMas TucmeeHnuyell oaypckot, cocmaeisem — 33,7 % om obweui niowaou aecos, nucmeennuya Kas-
Haoepa — 0,2 %. B JlanbHe80CmoyHOM MAeHCHOM IECHOM PAtioHe TUCBEHHUYA GopmMupyem npeumyujecmeenHo iec-
Hvle nacadcoenus, 6 Ilpuamypcko-IIpumopckom X60UHO-UUPOKOIUCIBEHHOM JIeCHOM DPALiOHe NPAKMUYecKU 6e30e
scmpeuaemcsi ¢ npumMecsblo bepesvl Uy enu. B yeiom no kpaio ommeuaemcs HU3KOe Kauyecmeo OpedecuHbl TUCTNBEHHU-
yvl. U3 obwezo uucia yumennuvix oepegves — 3747666,7 molc. wm. MeHbute nON08UHbL (46,6 %) omHeceHo K 0enogbim
cmeonam, 29,8 % — k nonyoenogoim u 27,1 % — opossnvim. Jlucmeennuya daypckas — 00Ha u3 Hauboiee u3y4eHHbIX
OpesecHbix nopoo 6 pezuone. /st 5mot Hopoovl 8 NPOULIOM CHoAemuy 6bLia paspabomana OOUUPHA HOPMAMUGHAS
6aza. B xauecmee IKCNEPUMEHMANLHO20 MAMEPUATA NPUGTIEKATU NPOOHblEe NIOWAOU, MAKcayuonnvle evioeivl. Tou-
HOCHb OYEHKU 3anaca ¢ ROMOWbIO 9Mo20 mamepuaia eapbuposaia om +10-35 %. Huszkas mounocms ucxooHo2o ma-
mepuana, Kax cieocmeue, 0aeaud HU3KYI0 moyHOCMb pa3padoOmaHHbIX HopMamueos. Ilpu 2ocyoapcmeenno ungeHma-
puzayul 1eco8 0OCHOBHOU MAKCAYUOHHBIL NOKA3AMeNb — 3anac Opesocmost, 8 3AGUCUMOCHIU OM JIeCHO20 pauloHd, onpe-
densiom ¢ 3aparee 3a0aHHOU moyHocmoio (£2,5-5 %). Tounocme paspabomanuvix Ha MOU OCHOBE HOPMAMUBOE NO
onpedenenuto 3anaca 6yoem ananocuunou. Ilo mamepuanam 2ocyoapcmeenHol UHBEHMAPUAYUU TECO8 U3YUEHbl B3AU-
MOCBA3U MAKCAYUOHHBIX NOKA3amenell MUCmeeHHuybl oaypckou. /s pacyema omoupanucy pezpeccuu ¢ nHaubouee 6bvl-
cokumu Kodppuyuenmamu oemepmunayuu. Jano obocnosanue uzeecmmomy coomuoutenuio 3/2, ucnoav3yiowemycs
071 onpedeneHuss ONMUMALLHO20 KOIUYECMEA CMBOJIO8.

B kauecmese npumepa na 0Onom u mom dkce IKCHEPUMEHMATLHOM Mamepuaie nocmpoensl 08e mabauybl Xo0d poc-
ma, 6 KOMopvIX OUHAMUKA CPEOHUX 3HAYEHUL MAKCAYUOHHBIX NOKA3ameell pacCUumana no pasHolM YPAGHEHUsIM pe2-
peccuu. Pasnvle pespeccuu 0Ka3anu GIusHue Ha OUHAMUKY 3anaca OpesoCcmoes IUCMEEHHUYbL OaYPCKOU.

Knrouesvle cnosa: maxcayuonnwlil noKazamensb, MOOEIbHble 0ePedbsl, TUCMECHHUYA, HOPMAMUGHL.
Conifers of the boreal area. 2022, Vol. XL, No. 7 (special), P. 642—-646

TO THE ISSUE OF BUILDING STANDARDS FOR MATERIALS OF THE STATE INVENTARIZACII
FORESTS BY THE EXAMPLE OF PLANTATIONS OF LARIX DAHURICA

N. V. Vyvodtsev, Li Changsuan, G.V. Tselikov

Pacific National University
136, Tikhookeanskaya Str., 004193, Khabarovsk, Russian Federation
E-mail: @pnu.edu.ru

Genus Larix — one of the most common in the Russian far East representatives of the pine family. The conducted
GIL showed that in the Khabarovsk territory the area occupied by Larix dahurica is 33.7 % of the total forest area,
Kayanader larch is 0.2 %. In the far Eastern taiga forest area, larch forms mainly forest plantations, in the Amur-
Primorsky coniferous-deciduous forest area, it is found almost everywhere with an admixture of birch or spruce.
In General, the edge is marked by low quality Larix dahurica wood. Of the total number of trees accounted for —
3747666.7 thousand pieces. less than half (46.6 %) attributed to business trunks, 29.8 % — to poludelovym and 27.1 % —
wood. Larix dahurica is one of the most studied tree species in the region. This led to the development of an extensive
regulatory framework for this breed. The involvement of unsystematic experimental material indicated its low accuracy
and, as a consequence, low accuracy of the developed standards. At the state inventory of the woods the basic taxation
indicator — a stock of a stand define with the predetermined accuracy (2,5-5 %). Therefore, the accuracy of standards
developed on the basis of these materials will be similar. According to the materials of the state inventory of forests, the
interrelations of taxation indicators of Larix dahurica are studied. Regressions with the highest determination
coefficients were selected for practical calculations. The justification of the known ratio 3/2, used to calculate the
optimal number of barrels, is given. As an example, on the same experimental material, two tables of the growth course
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are constructed, in which the dynamics of the average values of taxation indicators is calculated according to different
regression equations. Different regression had an impact on the dynamics of the stock of forest stands of Larix dahurica

Keywords: taxation indicator, model trees, larch, standards.

RELEVANCE OF THE ISSUE

According to the Federal Forestry Agency Act on
March 9, 2011 Ne 61 “On Approval of the List of Forest
Zones of the Russian Federation and the List of Forest
Areas of the Russian Federation”, the forests in Kha-
barovsk Krai are referred to the 2-nd forest zone and the
2-nd forest areas. The Taiga zone includes the Far East
Taiga forest area, and the Coniferous-Leaf forest area
includes the Priamursko-Primorsky Coniferous-Leaf for-
est area. The total size of these areas is 78.858 million
hectares. Daurian larch predominates in the Far Eastern
taiga forest area. At present, the first cycle of the State
Forest Inventory (hereinafter referred to as SFI) has been
completed for the forest areas of the country. The SFI
sample area is a statistically reliable information base on
forest plantations of forest areas, obtained with a certain
accuracy and which is an information databank, based on
which new regulations can be developed, including
growth progress tables (hereinafter referred to as GPTs).

The first Russian “Experimental Tables of Stock and
Growth of Normal Plantations”, constructed on sample
plots, were published in 1846 [1]. For more than 170
years of forest research their number has increased many
times, but the essence has remained the same — age-
related changes in numerous qualitative and quantitative
characteristics of the taxation features of forest stands. As
a rule, several variants of growth progress tables (modal,
norma, optimal) are compiled for the same species. They
reflect not only the stock of trunk wood, but also the stock
of the entire phytomass of stands. This is due to the fact
that many forestry programs are implemented on the basis
of GPT: productivity forecasts, calculations of ripeness
ages, size of forest use during thinning, assessment of
general and biological productivity [2—5]. The analysis of
methods for compiling GPTs shows that depending on the
goals and objectives faced by researchers, the volume of
experimental material, and the methods of obtaining it,
the accuracy of the developed standards varies considera-
bly. For example, GPT drawn up on the basis of taxation
divisions have the accuracy of determining the stock
within £35 %, and on the basis of sample areas laid down
in accordance with OST 56-69-83 — within £10 %, even if
they belong to the same class of bonitet. Few of the re-
searchers paid attention to the accuracy of determining the
stock of plantations, analyzing the accuracy of the de-
scription by different regression equations of the taxation
indicators that make up the stock [6]. Accuracy of de-
scription of regression line of taxation characteristic ulti-
mately influences the dependent variable — stock of plan-
tation, which is determined by the multiple of the sum of
section areas and species height. In other words, if we
describe tree height and diameter with errors, the errors
will affect stand stock.

Permanent sample areas of the SFI, depending on the
forest area, are laid in such numbers that allow us to de-
termine the stock of stands with an accuracy of +2-5 %.
But the stock is determined by at least two independent

indicators — species height and the sum of cross-sectional
areas. We have tested the accuracy of the final indicator,
the stock of stands, using different functions to describe
the heights, diameters, and volumes of trunks in the sam-
ple plots of the SFI laid in the Far East Forest Region in
2012-2018.

OBJECTS AND RESEARCH

METHODS

The article is based on data from permanent sample
plots laid during the SFI in the Far Eastern taiga forest
area (Khabarovsk Krai) in the period from 2012 to 2018.
A total of 1,249 permanent sample plots were used. Sites
for analysis were selected by predominance or concomi-
tance of larch Dahurian (Larix dahurica). Analysis of
changes of Dahurian larch taxation indicators with age
was carried out with the help of mathematical models,
using the methods of biometry. In searching for optimal
regression equations, the independent indicator was the
age of the model trees, the dependent indicators were:
diameter at 1.3 m, tree height, tree volume. Development
of mathematical models was performed using non-linear
functions [7]. In modelling the phyto-mass components of
trees, a stepwise growth function was used, the general
form of which is y = a - x”. It carries biological meaning
and has high flexibility [8]. The connection of trunk vol-
umes with heights and diameters at the height of 1.3 m
was described with its help. The adequacy of the equation
and accuracy of the model was checked by value of de-
termination coefficient (R%) [9].

Regression correlations are important for phytomass
calculations:

— between height and diameter at 1.3 m;

— between the height of the live crown base and the
diameter at a height of 1.3 m;

— height of live crown base and tree height;

— the height of the maximum diameter of the crown
and the diameter at the height of 1,3 m;

— the height of the maximum diameter of the crown
and the height;

— the maximum crown width and the diameter at the
height of 1,3 m;

— maximum crown width and height.

Crown width not only reflects the competitiveness of
trees in the stand, but is also an important parameter for
the interpretation of aerial photographs, since it has a
close connection with most taxonomic indicators [10].
There is no close correlation between stand height and
crown extent, but there is a close correlation between
height, crown diameter and trunk diameter in this sample.
The used equation explained 63 % of the regression.
These regressions are not described in the present work,
because the purpose of the study was to determine
the magnitude of the error in calculating the stock of
stands using different functions describing age-related
changes in height, diameter, number of trunks and trunk
volume.
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RESULTS AND DISCUSSION

Dahurian larch grows on an area of 19.98 million hec-
tares in Khabarovsk Krai. This is almost 20 % of the for-
ested area of the region. The range of variation in the
heights of the model trees measured at the sites within the
age class boundaries corresponds to the bonitization scale
compiled for Dahurian larch [3-5].

The most common method of determining stand stock
is the product of species height and the sum cross-
sectional areas. Some researchers apply the 3/2 rule. It
relates the number of plants growing per unit area to the
size, weight, or volume of the average specimen and,
hence with their total (overall) size, weight or stock [7]:

V=v.-N" (1)

V here is the stock of plantings, m/ha; N is the number
of trees, pcs./ha; v is the volume of an average tree, m”.

In the formula (1), the number of trees per hectare can
be determined on the sites of the SFI or apply the formula
[11]:

N=C/D", )

C here is a permanent value (constant); D is the aver-
age diameter of the plantation, cm

Equation (2) is based on a certain regularity. In full
plantings, the product of the density of the dominant part
of the stand by the average diameter of the trunks to the
degree of 1.5 is a permanent value; it is determined by the
biological characteristics of the species and practically
does not depend on the class of plantings, but is caused by
the type of tree species.

The numerator of formula (2) is some permanent
value (constant) that reflects the intraspecific struggle of
trees for food resources. Logically, with all other things
being equal, with a small variation, it should remain un-
changed (be constant) throughout the entire life cycle of
the plant. Its quantitative expression at each age stage is
the product of the number of trunks and the average di-
ameter to the degree (x):

C=N(@), 3)

C here is a constant value (with a dimension of pcs.
/ha (cm)?); N is the optimal number of trunks in the plan-
tation, pcs.; d — the diameter of the tree, cm.

40

The constant value (C) calculated according to the
growth progress tables of normal plantings, with the
number of trunks and the average diameter of the plant-
ings can be described by a functional dependence:

C=NdAd. “4)

The constant value (C) varies depending on the forest-
forming species and the completeness of the planting. If
the constant (C) is known, formula (4) can be used to cal-
culate the number of trunks per hectare.

Changes in the heights and diameters of model for
Daurian larch trees in the Far Eastern taiga forest region
with age are shown in Pic. 2 and 3.

The correlation between age and height, age and di-
ameter at a height of 1.3 m is shown by the logarithmic
equation:

H=6,678In (A) — 11.444, R* = 0,503,
D, = 13,753In (A) - 38,547, R* = 0,703,

H here is the height of model trees, m; D1 3 is the di-
ameter of model trees at a height of 1.3 m, cm; A is the
age of model trees, years.

The coefficients of determination of both equations
are quite high. In the first case, regression explains 50%,
in the second case — 70 % of the variation of the depend-
ent variable, i.e. they can be used to calculate the average
values of indicators.

The second type of regression, describing the depend-
ence of the heights and diameters of model trees on age, is
represented by a degree equation (Table 1).

Thus, two types of regression differing in the coeffi-
cient of determination were selected on the same experi-
mental material. The values of heights and diameters in
the growth progress tables were calculated using two
types of regression: logarithmic (Table 2) and degree (Ta-
ble 3). The constant C is taken to be the same for both
options (C = 90000). It was calculated according to tables,
developed previously for the growth of normal larch plan-
tations of I-1II quality classes [1-3].

Other values of forest inventory features (the sum of
basal areas, working stock, average and current change in
stock) are calculated using formulas well-known in forest
inventory.

35
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f(x) =6,68 In(x) - 11,44
R2=0,5
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Pic. 2. Graph of the dependence of the height (H) on the age (A) of the model trees of the Daurian larch
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Pic. 3. Dependency graph of diameter per 1.3 m (d1,3) on age (A) of Dahurian larch model tree

Table 1
Regression equations for the connections of forest inventory indicators
N/nn Regression types Regression equation of correlation Coefficient of
determination R’
1 D;;=f(A) D =0,6981A™" 0,81
2 H=f(A) H=1,9251A%"1 0,68
3 S=f(A) S =6E—05A1" 0.82
4 D;;=f(H, W) D =12,864H + 13,333W — 44,852 0.63
5 V=f(D, H) V =0,000050168241 - D752 . |l1496653 0,84

Note. A —tree age; W — crown width, m; S — square of growth, m>.

Table 2
Dynamics of forest inventory indicators of Dahurian larch stand
(height and diameter are calculated using logarithmic equations)

Age, Height, | Diameter, Number | Volume of View Sum of cross Stock, Stock change, m’/ha
years m em of trunks, | one tr3unk, height - secno;lal W/ha average current
pcs. m areas, m~/ha

30 11,3 8,2 2138 0,03296 6,2 11,3 77 2,33 —
50 14,7 15,2 1511 0,13203 7,2 27,4 199 3,97 6,45
70 16,9 19,9 1114 0,24891 8,0 34,6 277 3,95 3,90
90 18,6 23,3 800 0,36673 8,6 34,1 293 3,26 0,85
110 19,9 26,1 675 0,48388 9,0 36,1 326 2,96 1,65
130 21,1 28,4 595 0,60044 9,4 37,7 357 2,74 1,55
150 22,0 30,4 537 0,70105 9,6 38.9 376 2,51 0,95
170 22,9 32,1 495 0,81819 10,1 40,0 405 2,38 1,45
190 23,6 33,6 462 0,91783 10,4 40,9 424 2,23 0,95
210 24,3 35,0 434 1,01984 11,4 41,7 476 2,27 2,65

Table 3
Dynamics of taxation indicators of Dahurian larch stand
(height and diameter calculated by degree equations)

Age, Height, Diameter, Number | Volume of View Sum of cross- | ¢ tock, Stock 3change,
years m om of trunks, | one tI}mk, height sect10r12a1 m’/ha m~/ha
pes. m areas, m~/ha average current

30 10,3 10,4 2686 0,02296 2,72 22,8 61 1,93 —
50 13,4 13,4 1836 0,05194 3. 66 25,9 95 1,97 1,7
70 15,9 15,9 1419 0,09396 4.73 28,1 133 1,91 1,9
90 18,0 18,3 1245 0,14621 5,53 32.7 181 2,00 2,4
110 19,9 19,9 1021 0,20693 6,65 31,7 211 1,91 1,5
130 21,6 21,6 896 0,27827 7.59 32,8 249 1,91 1,9
150 232 232 305 0,35513 8,44 34.0 286 1,91 1,8
170 24,7 24,7 733 0,44475 9,30 35,1 326 1,91 2,0
190 26,1 26,1 675 0,53729 10,0 36,1 362 1,91 1,8
210 27,3 27,4 627 0,64339 10,9 36,9 403 1,92 2,0

Note. Fluctuations in taxation characteristics in the growth progress tables were not corrected.
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Thus, with the help of several regression equations
describing the height, diameter and volume of the trunk,
two growth progress tables were developed. The height
curves at the age of 110 years have the same values in
both tables and correspond to the class III of normal larch
plantations [12]. We proceeded from the hypothesis that
the forest-forming species in a forest area should be
characterized by a statistically average line, which should
be a true average, i.e., some base curve for comparison
with other lines. To this line, you can attach table of
volumes, assortment and commodity tables, and other
standards. Practice shows that the presence of such a basis
for the forest area will affect the quality of the inventory
of larch plantations. Moreover, at the next inventory
cycle, it will be possible to explain in detail possible
fluctuations of dependent variables with its help.
Moreover, it itself will change in one or another way due
to the loss of part of the trees and the increase in height. It
remains to choose the appropriate curve that would best
describe the height regression in the forest area. In our
example, the discrepancy between the logarithmic and
degree curve does not exceed 5 %. Comparison with GPT
of normal plantations [12] showed that larch plantations
of the Far Eastern taiga region on an area of 68 million
hectares correspond to class III of bonitet. The
discrepancy in reserves by age classes in the range of 30—
210 years was 12 %.

CONCLUSION

Based on sample trees measured in the state forest in-
ventory, it is possible to develop different types of stan-
dards, including growth progress tables. Calculations are
simplified by averaging the data of a taxation indicator
within the age class and then graphically aligning and
only after that describing it with some function. The main
part of the growth progress tables in the last century were
built according to this scheme. Definitely, it had a local
character and was significantly subjective.

The choice of regression equation at describing a non-
aggregated sample has an impact on the results of taxation
indicators calculations. For example, the divergence of
heights in the interval of 30-210 years is equal to 5 %,
diameters — 36 %. The value of divergence of the main
index — stock, calculated by two variants, is up to 27 %.
Therefore, by compiling of the GPT, preference should be
given to functions with a higher rate of determination. A
comparison with the current growth progress tables of
standard larch stands showed that the developed growth
progress tables belong to the III class of bonitet, and the
differences in stocking over a sufficiently long period
(Table 2) did not exceed 12 %.

How to treat the given curves? In our opinion, they are
true averages describing the general complex, because
they are based on experimental data obtained by method
of random sampling with a predetermined accuracy for a

certain forest area. It is possible to remove extreme fluc-
tuations of the features. Alternatively, the calculations
could be made for stands corresponding to the upper and
lower limits of height variation and approach the con-
struction of optimal GPTs for larch stands growing in the
Far Eastern taiga forest area.
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MOJYJIbHASI MAILIMHA JIJIS1 PABOTBI B CEBEPHBIX PAMOHAX
B. H. HeB3opos, B. H. XoJsionos, B. A. JIad3un

Cubupckuil rocy1apCTBEHHBIH YHUBEPCUTET HAYKU M TEXHOJIOTHH MMeHH akanemuka M. @. PemerneBa
Poccuiickas ®@eneparnus, 660037, r. KpacHosipck, mpoctt. uM. ra3. «KpacHosipckuii pabounii», 31
E-mail: atlm101@yandex.ru

Tlpusedenvt mpebosanust k waccu 6a3060t MAWUHbL 0I5l MEXAHUZAYUU NPOYECCa 3A20MO6KU U MPAHCHOPMUPOGKU
PAcmumenvHo20 cuipvs 8 cegephvlx pationax Kpacnospckozo kpas. Haubonee nonno omseeuaem npueedentvim mpedo-
BAHUAM COUNeHeHHas 2yceHuunas mawiuna. OOOCHOBAHHbIL 8bIOOD COUNEHEHHOU 2YCEeHUYHOU MAWUHbL OCHOBAH HA
CPABHUMENbHOM AHANU3ZE C OPYSUMU MUNAMU MPAHCNOPMHBIX MAUUH 1O ONOPHBIM, KUHEMAMUYECKUM, OUHAMUYECKUM
NOKA3amensim, npu OBUICEHUU, NOBOPOMeE U OCUCMEYIOUUM HASPY3KAM 6 X00080uU cucmeme. IIpednazaromes paznudhvie
PpewieHusi npu CO30aHUU COULEHEHHBIX 2YCEHUYHbIM MAWUH NYMEM pearu3ayuu O104HO-MOO0YIbHO20 NPUHYUNA, NPU KO-
MOPOM KOMROHOBKOU YHUDUYUPOBAHHBIX V31108 MACCOB020 NPOU3BOOCTNEA MONCEM OblMb CO30AHO CEMEUCME0 MAUIUH,
COCTNOAWUX U3 DHEpeemUdecKux Mooyell U MexXHOI02UYeCKY aKmueHvlx Mooyell, ¢ 2UOKOU mexHonozueli U ¢ npumeHe-
HUEM HOBbIX KOHYENYUIl U MEeXHUYECKUX PetleHull. DHepeemudecKull MoOyib MAWUHbL MOdcem Oblmb CO30an Ha 6aze
CYWeCmayIoWUxX KOLECHbIX MPAKMOPOS CelbCKOXO3SUCMEEHHO20 HA3ZHaYeHusl u agmomoounei. Terencku 0ist MOMOPHO-
MPAHCMUCCUOHHO20 ONIOKA U MEXHOI0SUYeCKUe MeNeNHCKU MO2Ym OblMb GbINOHEHbl 8 8U0E PAMHBIX MOOYIEl C pA3TU-
HbIMU 8APUAHMAMU XOO0BOU CUCHEMbl, HANPUMED, HA NHEGMAMUYECKUX KAMKAX U O8UICUMENb C PE3UHOBLIMU 2YCEHU-
yamu. Ha menexcku 603MOXNCHA YCMAHOBKA MOMOPHO-MPAHCMUCCUOHHBIX OJIOKO8 PA3IUYHBIX KOAECHBIX MAUWUH pPA3-
JIUYHOU MOWHOCMU, 8 PEe3YIbMAme 4e20 MONCHO CO30amb CHeKMp YHUDUYUPOBAHHBIX MAWUH PA3IUYHO20 MEXHOI02U-
YeCK020 HAZHAYEHUs U PA3HOU MOUWHOCMU, CNOCOOHBIX pabomams 8 IH00bIX YCLOBUSIX.

Hcnonvzosanue 60pmogwix yenHvlx nepeoay, 8e0yuux MOCmog asmomMoOUIbHO20 MUna nepeoneti meuexncKu, Kap-
OaHHOU nepeoayu u 3a0He20 8edyujec0 MOCMa 3d0Hell MenedcKy NO03601AI0M YAPOCMUMb nepeoavy Kpymsaue2o mo-
MeHnma Ha eedywue 36e3004Ku 2yceHuy meiedcek. I106opom counenénHol MAuUHbL MOJICEM OCYUWeCMEISAMbCsl 34 CHEm
UBMEHEHUS Yela MedcOy NPOOOIbHBIMU OCIMU IHEP2EMUYECKOl U mexHoNo2udeckou menecek. IIpoyecc peanuzyemcs
€ NOMOWbIO OUDDePeHYUATILHBIX U MOPMOZHBIX MEXAHUIMOM YCIMAHOBIEHHBIX HA NOJLYOCIX 8€0YUUX MOCHOB.

Knwueswvie cnosa: ceeepnbzepazlonbz, mexaHuzayus, CO4J1eHeHHblX MauluH, aKmueHbvle Mody/m, HOBble KOHYenyuu.

Conifers of the boreal area. 2022, Vol. XL, No. 7 (special), P. 647-650
MODULAR MACHINE FOR WORK IN THE NORTH AREAS
V. N. Nevzorov, V. N. Cholopov, V. A. Labzin

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
E-mail: atim101@yandex.ru

The requirements for the chassis of the basic machine for mechanization of the process of harvesting and
transportation of plant raw materials in the northern regions of the Krasnoyarsk Territory are given. The articulated
caterpillar machine most fully meets the above requirements. The substantiate choice of articulated tracked vehicles
based on comparative analysis with other types of vehicles in support, kinematic, dynamic indicators, when moving,
turning, and operating loads in the running system. Various solutions are proposed the articulated caterpillar machine
vehicles by imple-menting the block-modular principle, in which the layout of unified mass production units can be
created a family of machines consisting of energy modules and technologi-cally active modules, with flexible
technology and with the use of new concepts and technical solutions. The energy module of the machine can be created
on the basis of existing wheeled tractors of agricultural purpose and cars. The trolley for the motor-transmission unit
and the technological trolley can be made in the form of frame modules with various variants of the running system, for
example, on pneumatic compactors and crawlet drive with rubber tracks. On the trolley can be installation the motor-
transmission blocks of various wheeled vehicles of different power, whereby it is possible to create a spectrum of
standardized equipment of various technological purposes and in different capacities, capable of working in any
conditions. The use of on-board chain drives, driving bridges of the automotive type of the front trolley, cardan gear
and the rear driving bridge of the rear makes it possible to simplify the transmission of torque to the on leading
asterisks caterpillars trolley. Turning of the articulated machine can be carried out by changing the angle between the
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longitudinal axes of the energy and technological trucks. The process is realized by means of differentials and brakes

mechanisms installed on the half-axles of leading bridges.

Keywords: northern areas, mechanization, articulated vehicles, active modules, new concepts.

INTRODUCTION

Highly productive forest food resources in the north-
ern regions of the Krasnoyarsk Territory are located in
marshy and remote places with long-term vegetation
cover.

In terms of transport and operational characteristics of
vehicles, the most adapted to northern conditions is an
articulated caterpillar vehicle with a block-modular layout
scheme.

OBJECTS AND METHODS

OF INVESTIGATION

To mechanize the process of harvesting and transport-
ing plant materials under these conditions, base chassis of
a vehicle must meet a number of requirements, which, of
course, include the following [1-3]:

— ability to work on soils with low bearing capacity,
including swamps with a guaranteed exclusion of vehicle
flooding, while average specific pressure on supporting
surface should not exceed 120—130 g/cm’;

— ability to work with minimal damage to topsoil;

— movement should not lead to damage to vegetation
cover and preservation of stand,;

— possibility of quick change of process equipment;

Meeting of these requirements can be ensured by an
articulated caterpillar vehicle, which includes an energy
and technological bogie connected to each other by a draft
gear. These advantages in comparison with vehicles of
other design and layout schemes make it possible to real-
ize the following operational advantages:

— when turning, the track width of an articulated cat-
erpillar vehicle is less than that of two tracked vehicles
with tracks of equal width;

— in articulated caterpillar vehicle, a kinematic
method of rotation is used, in which a change in turning
radius occurs due to a change in the angle between longi-
tudinal axes of the trucks, and not due to a change in trac-
tion forces on the caterpillars;

— articulated caterpillar vehicle has a reduced pres-
sure on the supporting surface;

Motor-transmission unit of a wheeled tractor

=

— dynamic non-uniformity of loads along the axles
and supports of undercarriage system of an articulated
caterpillar vehicle is several times lower than that of a
two-caterpillar vehicle;

— in articulated caterpillar vehicles, it is possible to
implement modular principle of vehicles design, in which,
by arranging unified mass production units, a range of
vehicles can be created, consisting of energy modules and
active technological modules, with flexible technology
and using new concepts and technical solutions.

Creation of an articulated caterpillar vehicle and its
use is based on a comparative analysis with other types of
transport vehicles in terms of reference, layout indicators
and the ability to smoothly change radius of movement
during a maneuver.

Layout options create a range of unified machines of
medium technological purpose and different capacities,
capable to work in any conditions.

The energy module of a vehicle for operation in the
Northern regions can be created on the basis of existing
wheeled machines, which may include both agricultural
tractors and cars (Fig. 1). From a base wheeled vehicle,
the front axle and rear wheels are used. The motor-
transmission unit obtained in this way is installed on a
truck made in the form of a module, which is equipped
with a rigid frame, a rubber belt track and pneumatic roll-
ers of various design options connected with the frame by
suspensions. Rubber tracks are available in a range of
design options to reduce machine weight and find applica-
tions in various types of linked vehicles.

The connection of the output shafts of the motor-
transmission unit with the drive sprockets of the caterpil-
lar truck can be carried out, for example, using onboard
chain drives. It is possible to install motor-transmission
units of various wheeled vehicles of various capacities on
the same truck, as a result of which it is possible to create
a range of unified machines for various technological
purposes and different capacities, capable of operating in
any conditions.

Energy Module

Technology Module

QOO TCOOP

Crawler truck Chain transmission

Fig. 1. Scheme of a modular articulated vehicle
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The connection of the power caterpillar truck by a
draft gear with the second caterpillar truck, intended for
mounting technological equipment on it, and transferring
part of engine energy of a motor-transmission unit to the
second truck to activate its caterpillars forms an articulated
caterpillar vehicle with interchangeable technology — trol-
ley. The draft gear of such a machine should provide
a quick change of technological trolleys with various
technological equipment.

The caterpillars of both trucks must be leading. There
are various ways to transfer energy from an energy trolley
to a technological trolley. For a small-sized modular vehi-
cle, the device in [4] can be described as the simplest.

Let the energy trolley have a bridge / located in the
rear part with drive sprockets 2 of caterpillars, and a tech-
nological trolley — bridge 4 located in the front part with
drive sprockets 3 of caterpillars (Fig. 2). The bridge I of
the energy trolley and the bridge 4 of the technological
trolley are connected by cardan transmission /0. Thus,
torque from the engine is transmitted to all four caterpil-
lars of the machine. When turning the vehicle, thanks to
the differentials installed in all axles of the vehicle, differ-
ent speeds of the right and left caterpillars are provided.

Use of onboard chain drives allows the simplest trans-
fer of torque from the engine-transmission unit to the
drive sprockets of the caterpillars. In addition, the chain
drive allows to obtain various gear ratios of the drive by
installing interchangeable chain sprockets and thereby
change traction and speed properties of a vehicle depend-
ing on the conditions of its operation. The connection of
the bridges of front and rear trucks with a cardan drive
makes it possible to simplify the system of power trans-
mission from a front truck to a rear one, reduce the dis-
tance between trucks due to elimination of intermediate
elements and thereby improve maneuverability of a vehi-
cle, as well as simplify operations for coupling and un-
coupling the trucks.

Rotation of an articulated vehicle is carried out by
changing the angle between longitudinal axes of the en-
ergy and technological trolleys, which can be performed
using various devices. For a small-sized articulated vehi-

e SR

6

cle, it is advisable to use the simplest devices, for exam-
ple, an automobile steering control, or a device according
to Russian patent No. 2580599 [5].

Device for controlling an articulated two-cart caterpil-
lar vehicle according to a Russian patent No. 2580599
includes a brake device / of a vertical hinge at the con-
nection of the draught bar 2 of a front truck 3 and the
draught bar 4 of a rear truck 5. The brake system / is con-
nected by a drive 6 with a control (for example, a lever)
located in the driver’s cab (not shown in the figure). The
caterpillars of a front truck 3 and a rear truck 5 are con-
nected to the power plant through transmission of a vehi-
cle with a branching of energy flows to main gears 7 and
8, interwheel differentials 9, /0, output shafts 71/, 12, 13,
14, kinematically connected with the left and right cater-
pillars of trucks 3, 5.

On the output shafts 71, 12, 13, 14 of trucks 3, 5 brake
mechanisms /5, 16, 17, 18 are installed. The drive /9 of
the left brake mechanism /5 of a front truck 3 is con-
nected to the drive 20 of a right brake mechanism /8 of a
rear truck 5 and is connected to the left control (for exam-
ple, a pedal) in the driver’s cab (not shown in the Figure).
The drive 21 of a right brake mechanism /6 of a front
truck 3 is connected to the drive 22 of a left brake mecha-
nism /7 of a rear truck 5 and is connected to the right
control (for example, a pedal) in the driver's cab (not
shown in the Figure).

In the described device, complex mechanisms in con-
trolling the rotation of an articulated vehicle are excluded,
which leads to a simplification of design of a control de-
vice and an increase in its reliability.

Simultaneous rotation of a front truck in required di-
rection, and a rear truck against direction of rotation pro-
vides an articulated vehicle with a speedy turn.

Installing a braking device on a vertical hinge allows
you to adjust the moment of resistance of changing the
angle between longitudinal axes of front and rear trucks,
which allows you to reduce dynamic loads when changing
a turning radius due to smooth change in relative angular
velocity of the trucks and improve control accuracy.

De——A0

—<——3]

1> <

10

Fig. 2. Scheme of power transmission of a small-sized modular vehicle
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bohs s

3
-

Fig. 3. Control device for an articulated machine according to Russian patent No. 2580599

CONCLUSION

1. The requirements for a base chassis of a vehicle
when operating in the northern conditions of the Kras-
noyarsk Territory are proposed.

2. The use of an articulated caterpillar vehicle for
mechanization of various technological operations in the
northern conditions is substantiated.

3. When creating an articulated vehicle, a block-
modular layout scheme was proposed, which includes an
energy and technological trolley with a draft gear.

4. Possible layout and design schemes of vehicle units
were developed using unitized assembly and components
of cars, tractors and other machines.

5. Technical solutions and designs of an articulated
vehicle make it possible to mechanize technological opera-
tions and reduce the cost of highly productive forest food
products.
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