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BUOJIOI' YIS Y DKOJIOT' U, IECHOE X03S1UCTBO

YK 712.3.7
XBoitabie 6opeanbHO# 30HbL 2023, T. XLI, Ne 7 (crieruanbhsbrit). C. 553-559

HCIOJIb30BAHUE XBOMHBIX PACTEHUI B TUITIOBBIX
JAHJAIA®THBIX TIPOEKTAX'

T. 0. AkcsanoBa, O. M. CtynakoBa, E. A. YcoBa, M. B. ®uaunna, A. A. I'opouiko

Cubupckuii TOCyIapCTBEHHBIN YHUBEPCUTET HAYKH M TEXHOJIOTHI NUMeHHU akanemuka M. @. PemerHeBa
Poccwuiickas ®@eneparnus, 660037, r. KpacHosipck, mpocit. uM. ra3etsl «KpacHospckuii pabouniin, 31
E-mail: aksyanova.t@gmail.com, yamilayaola@gmail.com, eausova79@mail.ru, mashal6-98@mail.ru

B pabome npusedenvt mesucvl 06 axmyanrbHoCmu paspabomKu Munoguix JAHOUAGMHBIX NPOEKMO8 C Y4aCuemM
X60UHBIX pacmenull Ol UCNONb306AHUS 6 OA20YCMPOICMEe PA3IUYHBIX KAMe2oputl 00beKmoe ypoanusuposaHHo20
aanowagpma ua npumepe Kpacuospcka. Akmyanbnocmos 06yciogiena 0OHOU U3 8ANCHEUUUX 3A0ay AAHOUAGMHO20
NPOEKMUPOBAHUSL — CO30AHUE 2APMOHULHOU CPedbl U CHUMICEHUE GIUSHUSL P0d (HaKmopos, He2amueHo 8030€UCmeyio-
WuUx Ha cocmosinue 300posbs venosexa. Ilokasanvl haxmopul, ¢ yuemom KOmopvix noOOUPAEmcst KanCObLil dJIeMeHm
npu co30aHuu Muno6o2o i1aHowagpmuo2o npoekma. K num omnocsamess macumabnocmeo, yéemosvie peuienus, coom-
HoOweHue opm u Gaxmyp 1aHOWAPMHBIX U APXUMEKMYPHBIX INEMEHMO8 KOMNOZUYUU.

TIpeonacaemes npoekmuposams Mmunoevie JaHOUADMHbIe KOMROZUYUL C YHACTIUCM X6OUHBIX PACMENU, KaK Yen-
KO NPOOYMAHHbIE CXeMbl — MOOYJIU, KOMOPble MONCHO OPAMb 3 OCHOBY U CIPO20 CLe008AMb UM NPU NPOCKMUPOSAHUU
o3enenenuss. Mcnonwb3yss munogvie 1aHouadmmusie RPOEKmsl KAK OCHOBY, HA KANCOOM 0ObEeKme MONCHO 000a8NsMb UH-
OUBUOYATLHOCIU YTEM GHECEHUsT OONOIHUMENbHbIX CMbICLO8bIX OEKOPAMUSHBIX INEMEHIMO08, UCHONb3YS PA3HbLE CO-
yemanusi paAcmeHull U Mamepudivl 0QopmIeHUsL.

B cmamve npusooumcs ungopmayusi 0 mom, umo 6ce 03eleHeHHble MEPPUMOPUL, 8X00SUUe 6 NAAHUPOBOUHYIO
cmpyKkmypy 20pood, Kiaccu@uyupylomest no kamezopusim u munam. Ioxazana HeobXooumocms yuumléams mpebosa-
HUsL NO O1A20YCMPOUCMEY PAZIUYHBIX KAme2opull 00beKmos 20poocko2o aanowapma. [pu gopmuposanuu nanouag-
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The paper contains theses on the relevance of developing typical landscape projects with the participation of
coniferous plants for use in the improvement of various categories of urbanized landscape objects using the example of
Krasnoyarsk. Relevance is due to one of the most important tasks of landscape design — creating a harmonious

! PaGora nozzuepxana KpacHosIpckuM kpaeBbIM GOHIOM HayKH B paMKax peaii3aliy NpoekTa «Pa3paboTka TUIOBBIX IPOEKTOB
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9KOCHCTEM paitoHOB I. KpacHospcka K BO3SMOKHBIM aHTPOIIOTCHHBIM U TEXHOTCHHBIM Harpy3Kam.

The work was supported by the Krasnoyarsk Regional Science Foundation within the framework of the project “Development of
standard projects for the improvement of public areas, taking into account the environmental potential, sustainability and susceptibil-
ity of ecosystems of Krasnoyarsk districts to possible anthropogenic and technogenic loads”
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environment and reducing the influence of a number of factors that negatively affect the state of human health. The
factors from which each element is selected when creating a typical landscape project are shown. These include scale,
color solutions, the ratio of forms and textures of landscape and architectural elements of the composition.

1t is proposed to design typical landscape compositions with the participation of coniferous plants as well-thought-
out schemes — modules that can be taken as a basis and strictly follow them when designing landscaping. Using typical
landscape projects as a basis, you can add personalities to each new object by adding additional semantic decorative
elements using different combinations of plants and design materials.

The article provides information that all landscaped territories included in the planning structure of the city are
classified into categories and types. The need to consider the requirements for the improvement of various categories of
objects of the urban landscape is shown. When forming the landscape, the ecological principle of plant selection is a
priority. It is also necessary to consider the natural and climatic conditions of the region, the specific place of planting.
In addition, environmental indicators of the Territory should be considered, especially in the urbanized landscape.

Brief data are given on the features of the climate and environmental conditions of Krasnoyarsk, as a result of
which it is necessary to use coniferous plants in landscaping Siberian cities. Listed are the problems and solutions
associated with the participation of coniferous plants in urban landscaping. The article provides illustrations of
examples of typical landscape compositions involving coniferous plants.

Keywords: coniferous plants, typical landscape project, landscape compositions, landscaping, improvement,

anthropogenic landscape, urbanized environment.

INTRODUCTION

According to government reports “On the state and
protection of the environment in the Krasnoyarsk Terri-
tory” [1] the air pollution index of Krasnoyarsk for many
years has been characterized as “high” and “very high”,
which is due to stationary (enterprises), mobile (transport)
sources of pollution, as well as individual heat supply
sources for residential buildings in conjunction with the
climatic and orographic features of the city’s location.
The national project “Housing and the Urban Environ-
ment” [5] is designed to solve the problem of improving
the quality of the urban environment, which, naturally, is
impossible without optimizing the tools for landscaping.

Comfortable human life-sustaining activity depends
on the surrounding landscape, which is recommended to
be preserved as much as possible, but if necessary, make
changes taking into account the data of the pre-design
analysis of the object.

A person experiences a feeling of discomfort due to
the violation of a certain balance between natural and
anthropogenic components of the landscape, this is espe-
cially true in an urban environment. The tasks of land-
scape design include creating a harmonious environment
and reducing the influence of a number of factors that
negatively affect human health.

When implementing a landscape project, composi-
tional solutions uniting the space in a single style are de-
veloped, where they can repeat color schemes, plant
types, forms and textures of architectural and planning
elements, etc. in order to achieve harmony. The use of
such landscape design techniques is necessary when cre-
ating standard compositional solutions that will serve as
the basis for the reconstruction of existing landscape ar-
chitecture objects and the design of new objects.

THE MAIN PART

Typical landscape projects are ready-made, clearly
thought-out schemes — modules of landscape
compositions that can be taken as a basis and strictly
followed when performing landscaping.

When developing them, all the basic principles of
landscape design of urban environment objects were
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considered and each element was selected taking into
account:

— shape relationships; relationships between linear,
volumetric and planar structures (paths, lawns, groups of
plants);

— scale; proportional ratio of composition elements in
size and volume;

— color solutions; stable decorative effect at different
times of the year;

— combinations of textures;

— construction geometry.

To design standard projects involving coniferous
plants, Adobe Photoshop CS5 and Procreate software
were used.

All landscaped areas included in the city planning
structure are classified into categories and types.

According to their functional purpose, intra-city land-
scaped areas are divided into the following categories:

— limited use and purpose — territories of residential
complexes, districts and microdistricts, children's institu-
tions, schools, universities, technical colleges, cultural
and educational institutions, sports facilities, health care
institutions, areas on the territories of industrial enter-
prises;

— special use and purpose — landscaped green areas as-
sociated with the protection of residential areas from ad-
verse environmental impacts, protective zones between
industrial facilities and residential areas, sections of
highways and streets; cemetery areas; nurseries;

— public areas (parks, squares, boulevards) [6].

During field surveys and using Sentinel-2 satellite im-
ages in the city of Krasnoyarsk, the following categories
of public spaces were identified: park, square, boulevard,
forest park. The ratio of public spaces in the city of Kras-
noyarsk is given in table. 1.

The total area of public spaces of all categories is
27.92 km2, which is 7.39 % of the city’s area. The largest
area of the city is occupied by parks (6.96 %), other cate-
gories of public spaces are represented by significantly
smaller areas, a total of 162.5 hectares or 0.43 % of the
city’s area. The distribution of public spaces across the
city’s administrative districts is uneven (Fig. 1).
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The category of forest parks is present only in the
Central district (Yaryginsky drive 2/1). The largest area of
parks is in the Oktyabrsky and Sovetsky districts (1751
and 699 hectares, respectively).

The area of public gardens is distributed more evenly
across administrative districts; this category of public
spaces predominates in the Sovetsky, Tsentralny and
Sverdlovsky districts (37, 28 and 20 hectares, respec-
tively). Boulevards occupy the largest area in the Central
district — 21 hectares (Fig. 2).

Landscaping is a complex process that is associated
with the direct planting of trees, shrubs, flowers, creation
of lawns, as well as carrying out work on various types
of engineering preparation and landscaping of green
areas.

Table 1
Area ratio of public spaces Krasnoyarsk city
Categories of public spaces Area, Area, %
& P p hectares > 70
park 2 6294 6,96
square 1294 0,34
boulevard 29,6 0,08
forest park 3,5 0,01

Vegetation forms a component of the environment
that relieves stress from artificial anthropogenic space.
Definitely, the decorative abilities of living nature play
a significant role, which serve as the basis for creating the
most attractive compositions.

Oktyabrsky district |

Sovetsky district | 4

Sverdlovsky district -

Leninsky district |

Central district |

Kirovsky district -

Zheleznodorozhny district |

Public spaces

. square
. park
. boulevard

[=]
tn
=
=}

1000

Area, hectare

Fig. 1. Chart of distribution of categories of public spaces by administrative districts
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Fig. 2. Distribution of the area of public spaces by administrative districts city of Krasnoyarsk

When creating a landscape, the priority is the ecological
principle of plant selection. It is also necessary to take into
account the natural and climatic conditions of the region
and the specific planting site. In addition, the environ-

mental indicators of the territory are taken into account,
especially in an urban landscape.

Three documents were taken as a basis for the analysis of
the environmental situation in Krasnoyarsk. They were state
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report “On the state and protection of the environment in the
Krasnoyarsk Territory in 2020 [2]; state report “On the state
of sanitary and epidemiological logical well-being of the
population in the Russian Federation in 2020” [3]; analytical
review of the state of air pollution for 2020 [4].

In 2020 the level of pollution in Krasnoyarsk was
characterized as “high”. The main contribution to the lev-
el of pollution was made by suspended substances, nitro-
gen dioxide, ammonia, formaldehyde and benzopyrene
[2]. Frequent cases of exceeding the one-time maximum
permissable concentration of the following pollutants in
the city's atmosphere in 2020 were recorded. Among them
were suspended substances; sulfur dioxide; carbon mon-
oxide; nitrogen dioxide and oxide; phenol; hydrogen chlo-
ride; ammonia; formaldehyde; xylene; ethylbenzene.
Compared to 2019 the level of air pollution in the city as
a whole did not change and remained “high” [2]. An un-
acceptable carcinogenic risk has been recorded in the
city [3]. Table 2 was compiled based on the materials of
the analytical review of the state of atmospheric air pollu-
tion for 2020 [4]. 8 automated stationary sites (ASS) were
selected from the report for the quality of atmospheric air
in Krasnoyarsk and in adjacent areas (ASS “Kras-

noyarsk-Berezovka”). ASS coordinates were obtained
from the website of the Ministry of Ecology and Rational
Natural Resources Management of the Krasnoyarsk Terri-
tory [4]. The table shows the frequency of average daily
concentrations above 1 maximum permissable concentra-
tion (MPC) for 5 main pollutants: carbon monoxide, sul-
fur dioxide, nitrogen oxide, nitrogen dioxide, suspended
particles (up to 2.5 microns). This indicator allows us to
judge the percentage the ratio of days exceeding the daily
average higher concentration of pollutant 1 MPC.

Analysis of the resulting table allows us to judge
about the heterogeneity of the frequency of atmospheric
air pollution in different areas of the city. At the Kras-
noyarsk-Berezovka and Krasnoyarsk-Solnechny ASS, the
frequency of pollution with nitrogen dioxide predomi-
nates (79.5 and 38.4 %, respectively), at the Krasnoyarsk-
Pokrovka ASS — with sulfur dioxide (18.1 %), at the
Krasnoyarsk-Vetluzhanka ASS — with suspended particles
up to 2.5 um (10.5 %). The frequency of atmospheric air
pollution in 2020 above 10% for at least one pollutant
was observed at all automated observation points. A map
of Krasnoyarsk showing the concentrations of pollutants
is shown in Fig. 3.

Table 2
Repeatability of average daily concentrations above 1 MPC
ASS title PM 2.5 CO SO, NO NO,

Krasnoyarsk—Sverdlovsky 10,7 0,3 6,0 0,5 15,1
Krasnoyarsk—Kirovsky 10,6 0,0 4,1 11,0 15,3
Krasnoyarsk—Cheryomushki 11,0 0,0 5,7 43 17,1
Krasnoyarsk—Berezovka 11,3 0,0 10,8 8,3 79,5
Krasnoyarsk—Vetluzhanka 10,5 0,0 0,0 0,0 0,0
Krasnoyarsk—Pokrovka 10,1 0,3 18,1 1,7 7,4
Krasnoyarsk—Severny 11,5 0,3 9,5 4.4 20,2
Krasnoyarsk—Solnechny 5,0 0,0 10,4 0,0 38,4

N
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nocTon 3
r. Kpacrhoapcka 3a 2020 rog

Fig. 3. Repeatability of average daily concentrations of pollutants above 1 MPC

Long winters, late beginnings of the growing season
and early defoliation of arboreal trees are among the
many reasons why the use of coniferous plants in land-
scaping Siberian cities is necessary. The participation of
coniferous trees and shrubs enhances not only the archi-
tectural and artistic function of green spaces, but also im-
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proves air quality, which is an important indicator of a
comfortable urban environment. However, it is necessary
to take into account the frost resistance and winter hardi-
ness of plants; they must be adapted to the natural and
climatic conditions of the region and the specific planting
site.
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Coniferous plant species have different ecological
characteristics. Pinus sylvestris and Pinus mugo are light-
loving plants, while Picea obovata and Abies sibirica are
shade-tolerant, preferring moist, shaded places. Picea
pungens can grow well in an open, sunny location with
insufficient soil fertility. Juniperus horisontalis and Juni-
perus sabina, Microbiota decussata can grow in both full
sun and partial shade.

At the same time, when planting coniferous plants, it
should be taken into account that many of them have a
superficial, extensive root system, which, when growing,
can damage the paving of areas and sidewalks and destroy
the foundations of buildings. The litter of coniferous
plants acidifies the soil, which adversely affects the con-
dition of neighboring plants, so it is better to plant conif-
erous trees with those who prefer acidic soil (hydrangeas,
rhododendrons). Coniferous plants, especially in the first
3-5 years after planting, need additional watering and
mulching. For some species (spruce, larch) it is recom-
mended to provide structural pruning to maintain har-
mony in adulthood.

Since the needles remain on the shoots of coniferous
plants (except larch) for several years, In urban plantings,
soot, dust and dirt accumulate on the needles. Therefore, it
1s necessary to provide such type of care as regular (twice
during the growing season) washing of the crown of conif-
erous plants.

Evergreen woody plants that retain their needles for
many years have different crown shapes and different
shades of needle color. The green cone of fir or spruce and

the spreading crown of Scots pine create vertical composi-
tional constants, which is especially important in winter.

Many coniferous species change the nature of their
crown shape with age; for example, the ovoid crown
of a young Scots pine can become spreading and um-
brella-shaped over the years. However, this depends on
the type of planting, soil conditions, lighting and other
factors. In any case, there is dynamics in plant composi-
tions, which contributes to the diversity of landscape
paintings.

Coniferous plant species can be used in various types of
landscape gardening (hereinafter referred to as TLG).
These are row plantings, alleys, hedges, groups, ordinaries
(single plantings). As a result of the analysis of the partici-
pation of species in various types of landscape gardenings
(TLG), different occurrences of species of the pine family
were noted (Table 3).

During field surveys, a census of woody vegetation
was carried out and the category of condition was deter-
mined (Table 4).

In quantitative terms, the leading species on public
landscaping sites in Krasnoyarsk is Siberian larch.

It was noted that Colorado spruce is in good condition,
since specimens in unsatisfactory condition were not
identified.

Scots pine has the worst adaptation to urban environ-
mental conditions. The remaining species have a distribu-
tion of the number of specimens between the first and
second categories of condition; we can conclude that they
have good adaptive ability in an urban environment.

Table 3
Family and species composition of various TLGs in Krasnoyarsk
. TLG
Species Total solitaire group planting row planting
Colorado spruce 7 2 5 0
Colorado spruce (blue form) 78 2 0 76
Norway spruce 18 1 17 0
Siberian spruce 148 38 56 47
Siberian larch 357 13 188 156
Scots pine 115 7 67 41

Table 4

Enumeration of arboreal vegetation by model areas indicating the category of condition

Species

Condition category,

Share of the total quantity corresponding
score* to the condition category, pcs./%

Colorado spruce

2 7/100

1/1

Colorado spruce (blue form)

77/99

6/33

Norway spruce

10/56

2/11

64/43

Siberian spruce

62/42

22/15

69/19

Siberian larch

265/74

23/7

23/20

Scots pine

53/46

W[ =W N || W= W — [N —

39/34

* According to [1].
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The main factors for the unsatisfactory condition of
the plantings are:

— lack of systematic care for both young plantings
and older plantings;

— lack of an ecological approach to design, which
leads to the depressed state of plants and degradation of
plantings;

— lack of tiering of phytocenoses, which leads to low
resistance of the plant community to a complex of unfa-
vorable factors of the urban environment.

These problems arise in practice due to the large vol-
ume of work on the design of landscape architecture ob-
jects (this applies to both newly created objects and re-
constructed ones) in an extremely short time. The creation
of standard projects for landscaping and landscaping
modules will allow you to achieve the stated goals with a
minimum of time.

Typical landscape compositions with coniferous
plants can be used in urban landscape areas of any cate-
gory. However, each project requires an individual
approach and model standard design solutions should be
adapted taking into account the specific situation, the en-
vironmental characteristics of both the territory and the
plants themselves. Fig. 4-6 show examples of typical

landscape compositions of various TLGs with the partici-
pation of conifers.

Companions of coniferous plants can be not only other
conifers, but also deciduous trees and shrubs, and herba-
ceous plants. In mixed compositions, evergreen elements
can play the role of background plants for trees and
shrubs that bloom in spring and summer. In mixed com-
positions, it is recommended to select plants with similar
requirements for soil, moisture and light. If necessary,
individual environmental conditions can be created in
accordance with the requirements of certain types of ac-
companying plants. For example, roses go well with coni-
fers, but for better flowering they will require additional
feeding and care.

Groups containing coniferous plants can be designed
based on the contrast of color and crown shape. The pyrami-
dal and cone-shaped crown shapes of many spruce and fir
trees combine perfectly with the round or spreading crown
shapes of some types of spirea (Japanese spirea, dense-
flowered spirea, gray spirea, etc.). It is recommended to
complement the fine branching texture of many types of
coniferous plants with more textured types of deciduous
trees, shrubs (pear, apple, linden, hydrangeas, etc.) and per-
ennial herbaceous plants (bergenia, hostas, peonies, etc.).

a

Fig. 4. Ordinary plantings of different species:
a — typical row planting; b — alley

Fig. 5. Landscape groups:
a — all-round visibility; b — one-sided view
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Fig. 6. Regular peer review group

It is recommended to design a typical planting scheme
depending on the chosen style direction and the purpose
of the object. For example, symmetrical compositions are
more suitable for areas near administrative buildings with
strict forms, asymmetry is closer to objects with natural,
natural lines.

Depending on the functional purpose of the object,
typical landscape compositions with coniferous plants can
be supplemented with sculpture, small architectural forms
(SAF), fills, and water features. To enhance the architec-
tural and artistic function of the created compositions
with the participation of coniferous plants, it is recom-
mended to place artificial lighting elements.

CONCLUSION

Ready-made versions of landscape compositions open
up a wide field for experimentation. Using them as a
basis, you can add individuality to each landscape
architecture project by introducing additional decorative
elements, using different combinations of plants and
design materials. However, it is necessary to take into
account the requirements for the improvement of various
categories of urban landscape objects.

The use of standard landscape projects — modules will
allow you to more accurately calculate the budget and
control it when implementing the proposed project, since
it is no longer necessary to develop a complete project for

each new object; it is proposed to use a standard, pre-
developed solution, only slightly changing it to the
conditions of each specific object.

The development of standard landscape projects with
the participation of coniferous plants contributes to the
uniqueness and recognition of our city through the
creation of a landscape brand of Krasnoyarsk.
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BJIMSIHUE CYBCTPATA HA POCT U PABBUTHUE CESIHLIIEB .
COCHBI KEJJPOBOU CUBUPCKOH C 3AKPBITOU KOPHEBOU CUCTEMOU

H. I1. BpatunoBa, A. A. Koporkos, /I. A. KonoBajioBa

CuOupcKuil rocy1apCcTBEHHBIN YHHBEPCUTET HAYKU W TEXHOJOTHI UMEHHU akanemuka M. @. PemerHeBa
Poccwuiickas ®@enepanus, 660037, r. KpacHosipck, mpoctt. uM. ra3eTsl «KpacHosipckuit Paboumii», 31

Ilpusedenvl cpagnumenvivie OaHHbIE PA3GUMUSL U POCMA, DOPMUPOBAHUL YUINOMACCHI CesTHYe8 COCHbI KeOpOoBol
CUBUPCKOIL ¢ 3aKPLIMOL KOPHEBOU CUCMEMOU 8 medeHue nepeoz2o 200a svipawusanus 6 opamdicepee Cubupckozo eocy-
0apCmMeeHH020 YHUGepCcumema Hayku u mexnonozuu umenu akademuxa M. @. Pewemnesa. /[ evipawusanust cesHyes
UCNONB30BATIUCH CYOCMPAmMbl pazno20 COCMABA, OCHOB0U KOMOPLIX CIYdHCUNL Hetimpanvhblid mopgh (pH = 7) unu xokoco-
bill cyocmpam. B cybcmpamer 0obasnsanu eepmuxyaum u/unu nepaum 6 konyeumpayusax 5 u 12 %. Cemena cocnul keo-
pogou cubupckoil dvliu cobpanvt 8 Emenvanoeckom nechuuecmee Kpachosapckoz2o Kpas, noO8epeHymvl mMpaHueuHo
cmpamuguxayuu. Iloces npousseoen 6 uione 2021 2.

B meuenue nepsozo eecemayuonnozo cezona 6viiu u3yueHvl OIUHA CeMANO0AEH, NePEULHOU X80U B8CX0008, ChopMu-
POBAHHBIX BEPXYULEUHBIX NOYEK CESTHYEE, GbLCOMA U OUAMemp CIBOIUKA Y WelKlU KOPHSL U pumomaca cesinyes.

B pesynomame nposedennuvix ucciedosanuii ycmaHo61eHo, Ymo Ha TUHelHble pasmepbl U umomaccy Hao3emMHou u
HOO3eMHOU Hacmell pacmenull okasvleaem eiusiHue cocmag cyocmpama. bonvwiue pasmepst cmebinst ommeyaromes Ha
cybcmpamax u3 yucmozo HeumpanvHoeo mopga, cmecei mopgha ¢ nepaumom 5 % u gepmuxyaumom 5 % u KOKOCO8OM
cyocmpame ¢ eepmuryaumom 12 %. Omcmasanue TUHEHbIX PA3MEPOS BbIABNIEHO ) CeAHYes, 8bipauUsaemMvlx Ha YUc-
MOM KOKOCO8OM cybcmpame u mopghsinoti cmecu ¢ oobasnenuem 12 % nepauma. Cesinywl, pacmywue Ha mopg@hsanbix
cybcmpamax, opmupyiom K KOHYY Nepeo2o e2emayilOHH020 CE30HA KOPHEBYIO CUCMEMY MEHbULUX PA3MEPOS U MACCHI,
yem Ha cyOcmpamax, OCHOBHbIM KOMNOHEHMOM KOMOPbIX A6JISLeMCsl KOKOC.

Knroueswte cnosa: cocna kedposas cubupckas, 6cxoobl, cemsaoonu, NePEUHHAs X805, CesHYbl, KOPHEBAs cucmemd,
@umomacca, cyocmpam.
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THE EFFECT OF THE SUBSTRATE ON THE GROWTH AND DEVELOPMENT
OF SEEDLINGS OF SIBERIAN CEDAR PINE WITH A CLOSED ROOT SYSTEM

N. P. Bratilova, A. A. Korotkov, D. A. Konovalova

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarskii Rabochii prospekt, Krasnoyarsk, 660037, Russian Federation

The article presents the comparative data of development and growth, formation of phytomass of seedlings of
Siberian cedar pine with a closed root system during the first year of cultivation in the greenhouse of Reshetnev
Siberian State University of Science and Technology. Substrates of different composition, the basis of which was neutral
peat (pH = 7) or coconut substrate, were used for the cultivation of seedlings. Vermiculite and/or perlite were added to
the substrates in concentrations of 5 and 12 %. Seeds of Siberian cedar pine were collected in the Yemelyanovsky
forestry of the Krasnoyarsk Krai, subjected to trench stratification. Sowing was carried out in June 2021.

During the first growing season, the length of cotyledons, the primary needles of seedlings, the formed apical buds
of seedlings, as well as the height and diameter of the stem at the neck of the root of seedlings and their phytomass,
were studied.

As a result of the conducted research, it was found that the composition of the substrate influences the linear
dimensions and phytomass of the aboveground and underground parts of plants. Large stem sizes are noted on
substrates of pure neutral peat, peat mixtures with 5 % perlite and 5 % vermiculite, and coconut substrate with 12%
vermiculite. The lag of linear dimensions was revealed in seedlings grown on a pure coconut substrate and peat mixture
with the addition of 12 % perlite. Seedlings growing on peat substrates form by the end of the first growing season a
root system of smaller size and weight than on substrates, the main component of which is coconut.

Keywords: Siberian cedar pine, seedlings, cotyledons, primary needles, seedlings, root system, phytomass,
substrate.
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INTRODUCTION

Currently, using the planting material with a closed
root system is one of the promising areas of reforestation.

This type of planting material started to be used in
Russia in the middle of the 20th century, but its use was
limited by various limiting factors. Nowadays, technology
to grow the planting material with a closed root system
are improved; a large number of research has been con-
ducted to select the optimal composition of the substrate,
sizes and materials of cassettes, and others [12].

Despite modern successful experience, in different
regions of the Russian Federation there are contradictory
opinions on the advantages and disadvantages of the
technology for growing planting material with CRS. The
high efficiency of the applied technology to grow the
planting material, both with open and closed root systems,
has been established in different experimental variants
under the conditions of Altai, Voronezh, Omsk, Lenin-
grad regions, Mari El, Krasnoyarsk Territory [1; 3; 6; 7;
8; 9]. No so many research papers are devoted to growing
Siberian pine seedlings with a closed root system [2; 13].

V. P. Besschetnov et al. [3] noted that standard
seedlings of Scots pine, grown in open ground for two
years using traditional technology, are more developed
and more prepared for transplantation to a permanent
place in artificial plantings. They are characterized by a
more developed aerial part and its balanced development
relative to the root system. Seedlings with an open root
system, grown in the soil of greenhouses for one year,
noticeably lag behind standard planting material in their
development, although they are close to it due to mor-
phometric parameters. One-year seedlings with a closed
root system were the least developed. This circumstance
may be due to the limited volume of the root sphere they
occupy and an imbalance in the development of the
above-ground part and root system.

Many factors affect the success of growing planting
material with a closed root system, one of the factors is
the composition and quality of the substrate. Peat is most
often used as a substrate. High-moor peat is noted more
preferable compared to lowland. Lately, the number of
experiments on the selection of mixtures has increased,
which in the future may be a full-fledged replacement. In
recent years, in many countries, there has been an in-
crease in the number of studies on the selection of sub-
strates that are a complete replacement for peat, which is
used in most mixtures to grow seedlings with a closed
root system. One of the popular substrates to replace peat
mixtures is coconut fiber. The main characteristics of a
coconut substrate are considered to be the optimal ratio of
moisture and air in its volume and cation exchange capac-
ity (buffering capacity) [14].

A positive effect of mycorrhization of seedling root
systems is noted on the survival rate and safety of forest
crops. With mycorhization, an increase in plant growth is
observed already in the second or third year after planting.
The more unfavorable the edaphic conditions, the more
strongly mycorhization can affect the sustainability of
forest crops [4].

A. V. Zhigunov considered growth energy, being a
derived parameter from the height and diameter of the

seedling stem, to be the optimal indicator characterizing
the growth of seedlings with a closed root system [5].

OBJECTS AND RESEARCH METHODS

The object of research is Siberian pine seedlings
grown in the greenhouse of Reshetnev University on
substrates of different compositions. Mixtures were used
as substrates, based on coconut and peat to be the main
components. Substrate variants: 1 — coconut substrate
without additives, 2 — coconut substrate with 12 % perlite,
3 — coconut substrate with 12 % vermiculite, 4 — coconut
substrate with peat in a 50/50 ratio, 5 — coconut substrate
with 5 % perlite and vermiculite 5 %, 6 — neutral peat
(pH = 7) without additives, 7 — peat with 12 % perlite,
8 — peat with 12 % vermiculite, 9 — peat with 5 % perlite
and 5 % vermiculite.

Seeds of Siberian cedar pine were collected in the
Emelyanovsky forestry of the Krasnoyarsk krai and
subjected to trench stratification. Sowing was in June
2021.

During the 2021 growing season, we studied the
length of cotyledons, primary needles of seedlings,
formed apical buds of seedlings, as well as the height and
diameter of the stem at the root collar of seedlings. At the
end of the growing season, model seedlings were selected
in each variant to determine their phytomass.

RESULTS AND DISCUSSION

The average stem length of Siberian cedar pine
seedlings at the end of the first growing season,
depending on the experimental variant, varied from
2.4£0.15 to 3.8+0.20 cm. The average length of cotyle-
dons ranged from 3.1+0.12 cm to 3.7+0.14 cm. The
length of the primary needles ranged from 9.7+0.52 mm
to 13.6+0.93 mm.

Tables 1 and 2 demonstrate the growth and develop-
ment indicators of seedlings depending on the predomi-
nant component of the mixture. Thus, the length of the
stem of seedlings grown on substrates based on coconut
mixture averaged from 2.4 £ 0.15 cm to 3.4 £ 0.16 cm by
the end of the growing season. The longest stem length
characterized seedlings growing on substrates with an
admixture of vermiculite (variants 3 and 5). Plants grown
on a clean coconut substrate were characterized by small-
er length and diameter of the stem at the root collar (vari-
ant 1). The reliability of the differences is confirmed by
mathematical processing (Table 1).

Based on the totality of the studied indicators, we can
conclude that the growth and development of seedlings of
the third variant using a coconut mixture in combination
with 12 % vermiculite as a substrate is better. First-year
seedlings grown on coconut substrate without additives
lag behind in terms of growth and development.

Seedlings grown on substrates where peat was used as
the main component had an average stem length from
2.5+¢0.25 to 3.8+0.20 cm. The diameter of the stem
at the root collar varied from 1.3+0.06 to 1.9+0.06 mm
(Table 2).

561



Bparunosa H. I1., KoporkoB A. A., Konosanosa /[. A. BiusiHue cyOcTpaTa Ha pOCT U pa3BUTHE CESHIIEB COCHBI KEAPOBOH ...

Table 1
Indicators of seedlings growing on coconut mixture substrates

Variant | X, | +0 | £m | P, % | 7% | tyiftes=2,04
Stem length, cm
1 2.4 0,59 0,15 6,1 24,3 4,44
2 2,9 0,76 0,17 5,9 26,6 2,43
3 34 0,71 0,16 4,7 20,9 —
4 2,9 0,82 0,22 7,6 28,4 1,85
5 3.3 0,74 0,14 44 22,4 0,51
Stem diameter at root neck, mm
1 14 0,25 0,06 44 17,5 7,17
2 1,5 0,21 0,05 3,3 14,6 7,90
3 1,9 0,16 0,04 1,9 8,4 -
4 1,9 0,33 0,09 4,6 17,1 0,29
5 1,7 0,2 0,04 2,3 11,9 5,44
Cotyledon length, cm
1 3,3 0,43 0,11 3,2 12,8 2,00
2 34 0,45 0,10 2,9 13,0 1,39
3 3,7 0,61 0,14 3,7 16,6 —
4 3,5 0,85 0,23 6,4 24,1 0,50
5 3,7 0,71 0,14 3,8 19,3 0,00
Length of primary needles, mm
1 9,7 2,09 0,52 54 21,5 2,82
2 12,2 2,71 0,61 5,0 22,3 0,67
3 13,0 4,56 1,02 7,9 35,2 —
4 12,2 2,15 0,58 4,7 17,6 0,63
5 10,8 2,61 0,51 4,7 24,1 1,88
Table 2
Indicators of seedlings growing on peat-based substrates
Variant | X, | +0 | +m | P, % [ V% | t,if15=2,04
Stem length, cm
6 3,8 0,89 0,20 54 23,7 -
7 2,5 0,88 0,25 10,0 35,7 4,06
8 3,1 0,70 0,17 5,5 22,8 2,67
9 34 0,86 0,20 5,9 25,1 1,41
Stem diameter at root neck, mm
6 1,7 0,45 0,10 6,3 27,4 1,71
7 1,3 0,22 0,06 5,0 17,3 7,07
8 1,9 0,26 0,06 3.3 134 -
9 1,6 0,26 0,06 3,9 16,7 3,54
Cotyledon length, cm
6 3,5 0,7 0,16 4,5 19,7 -
7 3,1 0,43 0,12 4,1 14,1 2,36
8 34 0,47 0,11 3.3 13,8 0,59
9 3,5 0,61 0,14 4,1 17,4 0,20
Length of primary needles, mm
6 13,6 4,06 0,93 6,9 29,9 -
7 10,5 2,62 0,76 7,2 25,1 2,60
8 11,5 4,14 1,00 8,7 35,9 1,49
9 134 2,45 0,58 4,3 18,3 0,17

Due to table 2 data, we can conclude that the growth
and development of seedlings is better on a substrate of
pure neutral peat (variant 6). Plants grown in mixtures
with the addition of vermiculite (variants 8 and 9) also
reveal good size indicators for the above-ground parts of
seedlings. Seedlings on a peat substrate with the addition
of pure perlite lag behind in terms of growth and devel-
opment (variant 7). The differences are confirmed by
mathematical processing.
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In autumn, 2021, root growth and the formation of
phytomass of the above-ground and underground parts of
the model seedlings were compared (Fig. 1, 2).

The average length of the above-ground part of the
seedlings was 5.6 = 0.10 cm, the roots — 9.1 £ 0.62 cm. De-
spite the large linear dimensions of the root system of annual
Siberian cedar pine seedlings grown with a closed root sys-
tem, the mass of the roots is on average 2.6 times less than
the mass of the above-ground parts of the plants (Table 3).
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It has been established that in variants using coconut
mixtures, larger roots are formed than when growing
plants in peat substrates (Figure 3). Thus, the length of the
root system of annual seedlings exceeds the length of the
aboveground part of plants in variants 1, 2, 3 and 5 by
1.8-2.3 times. In variants using peat, this excess is 1.1—
1.7 times (variants 6, 8 and 9). When using a peat mixture
in combination with 12 % perlite (variant 7), the length of

the roots is less than the length of the above-ground part
of the seedling. There is a greater excess in the length of
the underground part of the plant over the above-ground
part in variant 4 in the combination of peat and coconut in
equal proportions (2.3 times) (Fig. 3).

Depending on the composition of the substrate, the
above-ground part accounts for 0.29-0.41 g, and the
roots — from 0.07 to 0.17 g of fresh phytomass (Fig. 4).

Fig. 1. Seedlings of variant 1

Fig. 2. Seedlings of variant 7

Table 3
Indicators of one-year seedlings with a closed root system
Indicator X, to +m P, % V, %

Length of the above-ground 56 0.67 0.10 1.8 12,0
part, cm
Root length, cm 9,1 4,14 0,62 6,8 453
Weight of the above-ground 034 0.07 0,01 3.0 202
part, g
Root weight, g 0,13 0,05 0,01 5,5 36,7
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Fig. 3. Dimensions of model annual seedlings with CRS depending on the substrate composition
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Fig. 4. Phytomass of model one-year seedlings with CRS depending on the substrate composition

CONCLUSION

As a result of studies of the growth and development
of one-year Siberian pine seedlings grown with a closed
root system, it has been established that the linear
dimensions and phytomass of the above-ground and
underground parts of plants are influenced by the
composition of the substrate. Large stem dimensions are
observed on substrates made of pure neutral peat, mix-
tures of peat with 5 % perlite and 5 % vermiculite, and
coconut substrate with 12 % vermiculite. A lag in linear
dimensions is detected in seedlings grown on pure coco-
nut substrate and peat mixture with the addition of 12 %
perlite. Seedlings growing on peat substrates form, by the
end of the first growing season, a root system of smaller
size and mass than on substrates with coconut as the main
component.
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POCT JIECHBIX KYJIbTYP EJIM EBPOIIEMCKOM CO3JIAHHBIX CESIHIHAMUA
C 3AKPBITOI KOPHEBOM CUCTEMOM

A. U. beaoga, P. C. XamutoB, C. M. Xamurona, E. C. [loasikoBa

'Bonorozckas rocyJ1lapCTBEHHAasl MOJIOYHOX03s1cTBEeHHas akanemus uM. H. B. Bepemaruna
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p.n. bonemue Bszemsl, ya. MHCTHTYT, BageHue 5
E-mail: r.s. khamitov@mail.ru

Ilposedena oyenka coxpaHHOCmu U pOCma KyIbmyp eiu, CO30AHHbIX CESIHYAMU C 3aKPbIMOU KOPHEBOU CUCMEMOT,
a maxoice UIMEHYUBOCIU POCMA UX ANUKATIbHO20 hobeza. O6beKmom uccied08anull A6IsIIOMcst Kyibmypbl el egpo-
netickoul 6 I psizoeeykom patione Bonozoockoti obnacmu 6 KUCTUUHBIX YCIO0GUSX Mecmonpouspacmanusl. Jlecuvle Kynb-
myput co30ansl 8 2014 u 2017 200y 00HO- U 08YXNeMHUMU CEAHYAMU el eBPONEUCKOl C 3aKPblMoli KOPHesol cucme-
MOl € YIYHULEHHBIMU HACIEOCMBEHHBIMU CEOUCMBAMU NPU OOUHAKOBOU mexHonro2uu oopabomku noygvl. Cocmas uc-
cnedyemvix HacadicoeHutl gxaoyaem om 2 00 4 eounuy Kyismugupyemou nopoosl. Hcciedyemvie Kyavmypol e Oniu-
4QIOMCs UHMEHCUBHBIM POCHOM U XOpOulell COXPAHHOCMbIO, Ymo npedonpedensem dGekmusHoCmb UCNONb306AHUSL
O0anHou mexuonoauu. /s 6cex 06Cciedyembix yuacmKko8 XapaKmepHo CHUdMCEHUe YPOSHs 8apuayuu npupocma anuKkaib-
Ho2o nobeza c gospacmom. Koppersyuonnoe omnowenue (1 = 0,93) yxazvieaem ma oueHb 6biCOKVIO 306UCUMOCHb
@rykmyayuu npupocma om gospacma pacmenuil. CHudICeHUe YPOGHS USMEHYUBOCHIU NPUPOCIA 8 (a3e UHOUBUIYATb-
H020 pocma 00yClO6IeHO, npeicoe 8ce20, OMCYMCMEUEM 3aMeHeHUst OPe8eCHOll U MPABSIHUCMOLU PACMUMETbHOCIbIO,
umo, 6 C6010 0Yepedb, 0OYCIOBNIEHO U 6bICOKOU UHMEHCUBHOCHBIO POCMA KYAbIMYD 8 COYeMAaHUU CO C80E8PEMEHHbIMU
yxodamu. Jlannvie uccnedo8anus NO3GONIOM PEKOMEHO08aMb AKMUBUUPOBANb NePexo0 1eCO80CCMAHOGIEHUS
Ha MEeXHON02UIO CO30AHUsL KYTbMYP elu C 3aKPbIMOU KOPHEGOU CUCEMOII.

Kniouesvie cnosa: env esponelickas, 1echvie KyIbmypol, CEsIHYbl C 3AKPLIMOU KOPHEBOL CUCEMOII.
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GROWTH OF EUROPEAN SPRUCE FOREST CROPS CREATED BY SEEDLINGS
WITH A CLOSED ROOT SYSTEM
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The assessment of the preservation and growth of spruce crops created by seedlings with a closed root system, as
well as their intraspecific variability of apical shoot growth, was carried out. The object of research is the European
spruce crops in the Gryazovetsky district of the Vologda Oblast in acidic conditions of the place of growth. Forest
crops were created in 2014 and 2017 by one- and two-year-old seedlings of European spruce with a closed root system
with improved hereditary properties with the same tillage technology. The composition of the studied plantings includes
from 2 to 4 units of cultivated rock. The studied spruce crops are characterized by intensive growth and good preserva-
tion, which determines the effectiveness of using this technology. A decrease in the level of variation in the growth of
the apical shoot with age is characteristic for all the surveyed areas. The correlation ratio (n = 0.93) indicates a very
high dependence of the fluctuation of growth on the age of plants. The decrease in the level of variability of growth in
the phase of individual growth is primarily due to the absence of shading by woody and herbaceous vegetation, which,
in turn, is also due to the high intensity of crop growth in combination with timely care. These studies allow us to rec-
ommend activating the transition of reforestation to the technology of creating spruce crops with a closed root system.

Keywords: European spruce, forest crops, seedlings with a closed root system.
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INTRODUCTION

Successful reforestation requires quality planting ma-
terial with optimal growth potential. In this regard, nurser-
ies need to produce seedlings with such characteristics
that ensure successful root growth after planting on the
forest area [1]. Reforestation in the taiga zone of the Eu-
ropean North of Russia in recent years has reached a qual-
itatively different level due to the introduction of technol-
ogy of growing seedlings with closed root system (CRS),
the effectiveness of which is recognized worldwide. This
type of planting material, as a rule, is grown for one year
[2]. Planting of such seedlings can be carried out through-
out the growing season, which is associated with a reduc-
tion in the level of post-planting stress [3; 4]. The root
systems of containerized seedlings are surrounded by a
nutrient medium that protects them from damage during
transplanting. These seedlings have a well-developed root
system with a large number of absorptive roots that facili-
tate the absorption of nutrients and water after transplant-
ing, which increases the growth and establishment of
seedlings [5; 6]. Under drier soil conditions, container-
grown seedlings have higher rooting rates, primarily be-
cause the substrate surrounding the root system of con-
tainer-grown seedlings may contain a significant amount
of moisture. In addition, containerized seedlings usually
have a lower ratio of aboveground organs to roots, which
predetermines rapid root growth after planting [7; 8].

At the same time, the cost of seedlings with a closed
root system is significantly higher than with an open one.
In this regard, when creating crops with seedlings with
closed root system to minimize costs, their planting den-
sity is reduced to 2.0 thousand pieces/ha. The use of this
technique, as well as efforts to increase the volume of
cultivation of such seedlings in the Vologda Breeding
Center allowed to significantly increase the share of crops
with seedlings with CRS (18 % of the annually cultivated
area) and the total volume of artificial reforestation in the
Vologda Oblast. In addition, the use of point seeding in
the cultivation of such seedlings contributed to an in-
crease in the share of planting material with improved
hereditary properties, the use of which is necessary to
improve the productivity and sustainability of forest crops
[9]. The use of selective planting material, maximally
corresponding to local forest conditions to create planta-
tions of artificial origin is one of the ways to preserve the
gene pool and increase the biological diversity of forest
ecosystems [10]. A significant area of forest plantations
created by this technology and reaching the age of 5-7
years allows for a detailed assessment of this experience.
In this regard, it is relevant to assess the growth and safety
of crops created by seedlings with a closed root system.

MATERIALS AND METHODS
OF RESEARCH

The aim of the present research is to evaluate the
growth and condition of European spruce cultivars cre-
ated by seedlings with closed root system.

The object of research is European spruce crops in the
Gryazovetsky district of the Vologda Oblast in acidic
conditions.

Forest crops were established in 2014 and 2017 with
one- and two-year old seedlings of European spruce with
closed root system with improved hereditary properties.
The soil was mechanically tilled in a continuous manner.
Plowing was carried out with the help of a forest two-
tillage plow PL-1 in aggregate with tractor TDT-55. The
distance between the rows is: 4.5 m (plot No. 1), 3.5 m
(plot No. 2) and 3 m (plots No. 3 and No. 4). The distance
between planting (sowing) places along the row line is
1.4, 1.6 and 2.1 m respectively. The planting of European
spruce seedlings with CRS was carried out manually with
a planting pipe "Pottiputki”.

In order to measure the taxation parameters of forest
crops, sample plots were planted. The size of the sample
area was determined in such a way that at least 400 plants
of the main forest element were represented in the study
area. In addition to the current plants, the height of self-
seeded and undergrowth of spruce and pine trees were
measured in the sample plots and accounted for in the
stand composition. In addition, the heights of deciduous
woody plants were measured on 10 m” survey plots.

The following guidelines were used to determine the
viability of cultivated plants. Plants with dense needles,
green or dark-green coloration of them, marked whorls,
island-shaped or cone-shaped symmetrical crown, the
length of not less than one third of the trunk length in
groups and one second - in individuals, as well as the
growth of the apical shoot not less than the growth of lat-
eral branches of the upper half of the crown were consid-
ered as reliable plants.

RESULTS AND THEIR DISCUSSION

In artificial plantations of seven years old the share of
spruce reaches four pieces, and in five-year old cultures
the composition of the plantation varies from 2 to 4 piec-
es. Natural regeneration of deciduous species is mostly
located in the inter-rows and, by now, does not shade the
cultivated plants (Table 1).

One of the main quality indicators is the safety of for-
est crops [1]. On the temporary sample plots a complete
enumeration of plants was carried out, as a result of which
it was found that the preservation of forest crops varies
from 68 to 98 %. The highest preservation was observed
in five-year old crops on plot No. 4 (98 %). The lowest
was observed in seven-year old spruce crops on plot No. 1
(68 %).

The average height of seven-year old crops is 139 cm
and the average diameter is 2.2 cm. Artificial plantings
reached a height of more than 1.2 m, which corresponds
to the first level of quality determined at the age of 8
years (Table 2).

The highest average height of five-year old forest cul-
tures was observed on plot No. 3 (84 cm) and the lowest
on plot No. 4 (57 cm). The value of plant diameter varies
from 1.0 to 1.4 cm. The highest value of average diameter
was observed on plot No. 2 (1.4 cm) and the lowest on
plot No. 4 (1.0 cm). In the surveyed plantations, there is a
tendency of increasing annual apical shoot growth, indi-
cating the absence of difficulties in the growth of culti-
vated plants. The highest growth values are observed in
2021, and the lowest in 2017.
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The studied crops were evaluated according to their
viability (Fig. 2).

The number of viable plants varies from 88 to 100 %.
The highest number of viable specimens was observed in
seven-year crops and the lowest in five-year crops. Plant
viability was determined by the intensity of crop height
growth. In general, the data on the increase in the reliability
of cultivated plants with age are confirmed by the assess-
ment of variability in their height and diameter, as well as
apical shoot growth (Table 3).

The highest variation in plant height was observed in
seven-year crops (C = 36 %), and the lowest in five-year
crops - on plot No. 2 (C = 32 %). In general, the level of
variability on A. Mamaev scale is high. On plot No. 1, the
highest variability in forest crop diameter is observed
(C =37 %), and the lowest (C = 20 %) - on plot No. 2. It
should be noted that at the highest fluctuation of plant
height and diameter on plot No. 1 there is low preserva-
tion (68 %) and, on the contrary, there is high preserva-
tion (82 and 98 %) on plots No. 2, 4.

The highest variation of apical shoot height growth for
2017 in plants is expressed on plot No. 3 (C =57 %), and
the lowest on plot No. 4 (C = 32 %). The maximum vari-
ability in height growth for 2018 in forest crops on plot
No. 2 (C = 50 %) and the minimum variability on plot
No. 4 (C = 36 %). The highest variability in growth for
2019 is also on plot no. 2 (C = 45 %), and the lowest on
plot No.1 (C = 41 %). On the contrary, in 2020, the
maximum value of this indicator is characteristic on plot
No. 1 (C = 43 %), and the minimum - on plot No. 2
(C =26 %). The highest variability of growth for 2021 of
forest cultivars is observed on plot No. 1 (C = 41 %), and
the lowest on plot No. 4 (C = 26 %). The variation of
growth intensity indicates a significant influence of the
conducted clearcutting, as well as the successful adapta-
tion of the planted forest cultures on the forest area.

All studied plots are characterized by a decrease in the
level of fluctuations of apical shoot growth with age. The
effect of age on growth variability was evaluated using
analysis of variance (Table 4).

Table 1
Characteristics of European spruce plantings
No p/ Year of creation Plot Age of seedlings Initial density, Composition
*pp of forest crops area, ha at planting, years thou. pcs/ha of plantation
1 2014 8,6 1 2000 4Sp3As2AldIB
%
2 2017 8,7 2 2042 4SpISpTIP3ASIB
+W
3 2017 14,8 2 2081 2SplSp*SB1IW1Ald
4 2017 15,0 2 2081 4SpSW1B

Note. * — spruce of natural origin (self-seeding;Sp — spruce; As — aspen; Ald —alder white; B — birch; W — willow.
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Fig. 1. Preservation of plants in the studied Fig. 2. Spruce viability in cultures
plantations
Table 2
Biometric indices of spruce in crops
oo Age of forest — Averages — Plant height growth by years, cm
* PP\ crops, years by |l 2017 2018 2019 2020 2021
height, cm diameter, cm
1 7 13943 2,240,2 14,1+1,4 17,6%1,7 20,3+1,7 26,5+2,4 32,542,7
2 5 79+1 1,4+0,1 8,5+0,7 11,7+0,8 15,8+1,0 25,8+1,0 24,4+1,2
3 5 8442 1,3+0,1 6,9+0,8 11,1+0,8 14,9+1,2 23.3+1,7 27,4+1,8
4 5 57+1 1,0+0,1 3,840,3 7,0+0,5 9,7+0,8 17,3+1,0 18,3+1,0
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Table 3
Variability of biometric parameters of forest crops created with seedlings with closed root system (C, %)
Trunk diame- Variability of growth in height by calendar years
Number of Average ter at root
plots trunk height neck 2017 2018 2019 2020 2021
1 36 37 48 46 41 43 41
2 32 24 53 50 45 26 36
3 34 29 57 37 42 37 34
4 33 20 32 36 42 29 26
Table 4
Effect of plant age on trunk height growth variability
Source of variation Sum (?f squares Degree of Variance, MS Fisher's criterion
of deviations, SS freedom, df F F..
05 crit.
Between the groups 5258,71 5 1051,74 23,34 2,77
Within the groups 811,25 18 45,07 - -
Totals 6069,96 23 - - -

The influence of the age factor on variability is reli-
able (FO5 > F ), and its share in the total variation of the
index is 87 % (M2 = 0.87). The correlation relation
(m = 0.93) indicates a very high dependence of growth
fluctuation on plant age. The decrease in the level of
growth variability in the individual growth phase is pri-
marily due to the absence of shading by woody and her-
baceous vegetation, which, in turn, is also due to the high
intensity of crop growth in combination with timely main-
tenance.

CONCLUSION

The studies of growth and condition of spruce cultivars
created by seedlings with a closed root system allow us to
conclude that some decrease in the safety of cultivars by
the age of seven years is compensated by an increase in the
reliability of cultivated plants. The decrease in the
variability of the growth value indicates that the post-
planting stress has been overcome by the age of 5-7 years.

Thus, the studied spruce crops, created by seedlings
with closed root system, are characterized by intensive
growth and good safety, which predetermines the effec-
tiveness of using this technology, which also provides for
reducing the planting density to 2.0 thsd. pcs./ha. These
studies allow us to recommend to intensify the transition
of reforestation to the technology of creating spruce crops
with seedlings with closed root system.
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W3YUYEHME MMPOILIECCOB POCTA JIUCTBEHHUYHBIX HACAXKJIEHUI
C IOMOIBIO PETPOCIHEKTUBHOI'O METOJA
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Paccmampusaemcest memoodonozusi nocmpoenust madiuybl X00a pocma 0isi OMOeibHO20 0PeBOCHOsl, OMHOCAUe20C s
K Kamez2opuu 0OHOB03PACHHbIX U 8bICOKONPOOYKmueHvix. OObluHble Memoobl Uzyyenus Xxo0a pocma 8 3mom ciyuae
Heabssi npumenums. Hcxnovenue cocmaensiem ucmopuyeckui memoo. Ilpu omcymemeuu MHO20AEMHUX HAOTIOOeHUTI
UCNONB308aAH OeHOPOXPOHOAO2UYecKuli Memoo. 110 ananuzy 603pacmuuvix KepHO8 Obll 80CCMAHOBIEH X00 pOCmd No
Oouamempy. Yepes ouamemp u 4ucio cmeonos OnpedeieHa CyMma NONepeunblx ceyenul. Yucio cmeonos paccuumano
yepes NOCMOSIHHYIO U3peNCU8anus. [l TUCMEEHHUYbL OHA ONpedeieHa No Mabauyam Xx00d poCma HOPMATbHLIX TUCT-
BCHHUYHBIX HACANCOEHUT, O ey — eNogblX. Budosoe uucno 63amo us cnpasounuxa maxcamopa /Jlanvneeo Bocmoka.
Dmom noxazamenv Xapakmepuzyemcs He 6blCOKOU UZMEeHUUBOCmol0. Xo0 pocma no evicome onpeoeieH no anaiusy
CMB0A HA X00 pocma 08yX MOOenbHbIX depesbes. Ocmanbhbie NOKA3amenu HaxoouIucs no 0OWeu38eCmHbiM 1eCHOU
maxcayuu gopmynam. Ilo kepram onpedenena céazv paouanvrozo npupocma 6 30 nem ¢ paouanbHbiM RPUPOCHIOM
6 Opyeux gospacmax. Ha o0wnotl npobHou niaowaou sma céa3v npociexcusaemcs 0o 90 nem, na opyeoti — do 60 nem.
Iocne 110 nem npupocm no ouamempy y ey @vlude, Yem y IUCMEeHHUYbl. B nepcnexmuee 603modicen nepexood Hacaic-
Oenusi 8 memMHOX6otHyI0 hopmayuio. Tlo Opyeoili npobHot nAOWAOU 0CODEHHOCIU POCMA He U3VYEHbl 8 CE513U C HE Gbl-
cokum 8o3pacmom Hacadicoenus. Tlepeas cmpykmyphas nepecmpoika y 1ucmeennuysl npousouiia 6 20-nemuem 603-
pacme. [Ipuyunoii nOCIysiCULO AKMUBHOE eCEeCEEeHHOe UPEJCUBAHUE OMCMABWUX 6 POCIE U PA3GUMUU 0epesbes
aucmeenHuybl. KoceeHHo 95mo noomeepicoaemcsi CMEHOU 3HAKO8 ACUMMEMPUU V TUCTNBEHHUYbL NOCe IMO20 803PAC-
ma. Env 6 npoyecce onmumuzayuu YUCIeHHOCMU CMBOI08 TUCTBEHHUYbl NPUHUMANLA KOCBEHHOE yYacmue, HAX005Ch
6 cmaoduu noopocma. Y nee maxoeo nepexooda ne Hab00an0ch. MakcumanoHou npoOyKmMueHOCmu Opesocmotl 00CMue
6nazo0apsi COXpauneHuro nPOOOJIICUMENbHOE 8PEMsL CIMPOEHUs OPeeoCmos No ouamempy, OIU3Koe K ONMUMATbHOMY.
Maxcumanswlii cpednuii npupocm 6 opesocmoe ommeuen & eozpacme 90 rem. B 200 npupacmano 0o 9,3 mw’za™’. Konu-
YeCmEeHHAsl CNeloCmb No TUCmeeHHuye Hacmynuia é sozpacme 90 nem, no eau — ¢ 130 nem. [ns 08yx nopoo maxcu-
MyM cpedHe20 npupocma no obweli npoodykmuenocmu Habmodaemcs 6 90 nem, a omoerbHO NO JUCMBEHHUYEe —
6 70 nem. [Ins Opeeocmos xapaxkmepra meHOeHYUs: U3MeHeHUs NOPOOHOU CMPYKMYPbl 8 CHOPOH) MEeMHOXBOUHOU Mati-
2u. Ha smo ykazvieaem u omcymemeue noopocma aucmeenHuybl. I1o8bluennas cOMKHymocmy 6 Opesocmoe CoXpamsi-
nace 00 eo3pacma Koauvecmeennou cnerocmu. Ilocne smozo 6o3pacma Opegocmoil nepeuten 6 cmaouro KIUMAaKcd,
KOmMopas 3a8epuumcs paspyuieHuem 0 aucmeenHuysl 6 210 nem.

Kniwouesvle cnosa: 603pacmuoil KepH, npupocm no ouamempy, madiuya xood pocma opesocmos, cocmas, IucH-
BEHHUYA, ellb, ACUMMEMPUsl, KOTUYECBEHHAs CRELOCHIb.
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The methodology of construction of the growth progress table for a separate tree stand belonging to the category of
single-age and highly productive is considered. The usual methods of studying the course of growth in this case cannot
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be applied. The exception is the historical method. In the absence of long-term observations, the dendrochronological
method was used. According to the analysis of age cores, the growth course in diameter was restored. Through the di-
ameter and number of barrels, the sum of the cross sections is determined. The number of barrels is calculated through
a cutting constant. For larch, it is determined from the tables of the growth of normal larch plantations, for spruce. The
species number is taken from the directory of the taxator of the Far East. This indicator is not characterized by high
variability. The height growth course is determined by the analysis of the trunk for the growth course of two model
trees. The remaining indicators were calculated according to commonly known formulas of forest taxation. For cores,
the association of radial growth of 30 years with radial growth at other ages is determined. On one trial area, this con-
nection can be traced to 90 years, on the other — to 60 years. After 110 years, the diameter increase in spruce is higher
than in larch. In the future, it is possible to change the plantation to the dark coniferous formation. For another trial
area, growth features were not studied due to the not high age of planting. The first structural restructuring of the larch
occurred at the age of 20. The reason was the active natural decimation of lagging larch trees. Indirectly, this is con-
firmed by the change of asymmetry signs in larch after this age. Spruce in the process of optimizing the number of larch
trunks took an indirect part, being in the stage of undergrowth. It did not have such a transition. Due to the preserva-
tion of the long building time, the tree has achieved maximum productivity in diameter, close to the optimal. The maxi-
mum average growth in woodland was recorded at the age of 90 years. Per year, it grew to 9.3 m’ha”'. Quantitative
ripeness in larch occurred at the age of 90, in spruce — at 130. For two breeds, the maximum average increase in total
productivity is observed at 90 years, and separately for larch — at 70 years. The woodland is characterized by a ten-
dency to change the rock structure towards the dark-tailed taiga. This is also indicated by the lack of undergrowth of
larch. Increased closeness in the woodland was maintained until the age of quantitative ripeness. After this age, the tree

moved to the climax stage, which for larch will end at 190 years old.

Keywords: age core, diameter increase, tree growth progress table, composition, larch, spruce, asymmetry, quanti-

tative ripeness.

RELEVANCE OF THE PROBLEM

It is not customary in forest inventory to make tables
of growth progress for an individual stand. If the goal is to
develop such a standard, it is necessary to measure taxa-
tion parameters over a long period of growth of the stand.
But there are not many such permanent objects, where
long-term monitoring has been and is being carried out.
Therefore, if such a goal is set, there are two options. The
first one is to use growth indices, which can be used to
restore the chronology of events in the plantation [2; 3; 6;
12] and the second one is the dendrochronological method
[7-9]. In this case, calculations are based on the results of
analyzing cores of model trees. We used these two ap-
proaches to retrospectively assess the growth progress of
reference larch stands in order to understand the reasons
for achieving high productivity in the green-moss forest

type.

MATERIALS AND METHODS OF RESEARCH

The object of the study was two trial areas. One was
established in stands of coastal larch (Larix miritima) on
the coast of the Tatar Strait (Sovetsko-Gavansky District).
Stand composition — 6L4Sp, age 170 years, height of
larch — 30.8 m, spruce — 24.3 m, diameter — 43.0 cm and
30.0 cm, absolute completeness — 50.7 m?, growing
stock — 603 m® , dead wood — 12 m’, dry wood — 17 m’,
forest type — green-moss larch. 87 cores of larch and
54 cores of Ayan spruce were taken on the sample area by
age drill. Cores were taken at a height of 1.3 m. The two
model trees with the highest height were taken on the
height growth course. This trial area has previously at-
tracted our attention when studying the growth of refer-
ence stands of larch [1].

Another trial area was established in Chumikansky
forestry, Khabarovsk Krai. Here larch was also predomi-
nant: composition — 7L3Sp; age — 90 years; absolute com-
pleteness — 39.3 m?/ha; stock — 353 m’/ha; forest type —

green-moss larch. 120 drillings were taken to analyze the
growth course in diameter (60 — larch, 60 — spruce),
and 2 trees were taken to analyze the growth course in
height. Measurements and subsequent calculations were
carried out on this trial area in order to construct a growth
progress table. The plantations of both trial areas are of
pyrogenic origin.

The growth rate in diameter and number of trunks are
essentially indicators of intracenotic features of stand
productivity formation on the one hand, and the direction
of forest formation process on the other hand. They are
related by the ratio [15]:

C=Nd+/d, (1)

where C — some thinning constant; N — number of trunks,
pcs; d — diameter, cm.

This ratio is implied in the sum of cross-sections, and
taking into account species height — the stock of the plan-
tation. It was used in determining the optimal intensity of
thinning [15] and modeling the growth course of cedar
stands [16].

RESULTS OF RESEARCH

The distribution of trunks by diameter in a mixed
stand of larch and spruce (the first trial area) is shown in
Fig. 1. The amplitude of reduction numbers by diameter
in larch is from 0.3—1.5, in spruce — 0.3-2.0. Values of
radial growth in thickness stages correspond to a general-
ized normal distribution (¢ = —0.24; +0.32). The variabil-
ity of ages of larch and spruce of different diameters is
not high — 12-14 %, which indicates that the analyzed
stand belongs to the same-age stands.

Trees belonging to different thickness stages had the
same character of growth in diameter. Consequently, any
model trees can be used to determine the age changes in
the plantation. They differ significantly in absolute
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values, but not in indices. The critical situation in the
plantation occurred at the age of 20 years. During this
period, the number of large and small trees in larch trees
equalized [13]. The asymmetry from negative in 20 years
became positive in 30 years and did not change its sign
(Table 1). The change of asymmetry sign occurred as
a result of elimination of lagging trees and subsequent
increase in diameter growth of the remaining trees.

The obtained results are consistent with the conclu-
sions of other researchers [5], who noted at this age the
appearance of groups of trees that cannot move to the
category of larger trees, i.e., change their status (rank) in
the stand, and, as a consequence, pass over time into the
category of “decay”. Perhaps, if the most developed
trees were removed, they would have been preserved,
but such forest management measures were not planned
150 years ago.

Optimization of larch trunk abundance occurred in
20 years due to natural thinning of “trees not successful in
competition” [5]. The asymmetry of rows became positive
and small in absolute value, indicating that favorable
(optimal) conditions for larch growth were formed in the
plantation and that it will probably retain the formed type
of structure by diameter up to destruction [7; 13]. There is

Number of trunk, pcs.

another point of view on this issue. B. V. Kuzmichev [10]
believes that pure pine stands cannot remain in the state of
increased closedness (normality) for a long time. Having
reached the maximum value, they begin to reduce it and
do not return to it anymore.

Comparing the absolute sizes of diameters, it can be
seen that before 110 years of age they are larger in larch
than in spruce. After 110 years, the opposite picture is ob-
served — the size of radial growth is greater for spruce, it
has increased the growth rate in diameter and has overtaken
larch. Considering the life cycle of spruce, in the future
it is likely to become the dominant species in the planta-
tion, with little participation of larch. But so far there are no
obvious signs of destruction in the series of trunk diameter
distribution in larch as the main forest-forming species.
Stem diameter distribution of both species is close
to normal.

Characterizing in general the growth process of mixed
stands, we note that no special fluctuations of radial growth
on model trees were found. The asymmetry coefficient of
both larch and spruce is positive and small in absolute
value, which indicates that the distribution series corre-
spond to the generalized normal distribution and that
the stands belong to the same type of structure by diameter.

4 8 12 1larch 28 'Spruce 40 44 48 5:
Thickness stages, cm
Fig. 1. Distribution of larch and spruce trunks by thickness stages
Table 1
Statistics of radial growth of larch and spruce trees
Statistical Age, years
values 30 | 50 | 70 | 90 | 110 | 130 [ 150
Larch
X 6,8 9,8 11,5 13,1 14,3 15,3 16,7
s 1,72 2,42 2,85 3,08 3,11 3,30 3,49
A 0,602 0,387 0,524 0,454 0,354 0,366 0,526
E —0,061 0,747 —0,669 0,794 —0,849 —0,906 —0,933
Vv 25,9 24,7 24,7 23,6 21,8 21,6 21,8
Ayan spruce
X 4,0 7,8 10,4 12,4 14,0 15,8 17,3
s 0,98 1,40 2,03 2,12 2,22 2,24 2,32
A 0,558 0,598 0,827 0,601 0,670 0,414 0,313
E —0,289 -0,377 0,574 0,004 0,096 0,188 —0,361
|4 24,4 18,0 19,4 17,2 15,8 14,1 13,0

Note. X — average value of radial growth by diameter without bark, cm; S — standard deviation; 4 — asymmetry; E — excess;

V — coefficient of variability.
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The asymmetry of both distribution series is character-
ized by synchronous changes with age, which indicates
the consistency of processes occurring in the stand.
Spruce has higher peaks of rise above the abscissa axis at
70 and 90 years and some lagging up to 50 years. With a
twofold lag at 20 years, diameters of larch and spruce
equalized by age 110 years, and then spruce overtook
larch. The average diameter values at 150 years of age are
higher in spruce than in larch.

Assuming that each tree growing in a stand “records”
intracenotic information about the growth peculiarities of
the stand with the help of annual rings, the variability of
indices over the whole age interval was analyzed. For this
purpose, absolute values of radial growth were transformed
into indices using the ratio [2; 6]:

I =TT, 2

where I — index value of a taxation feature; T; — absolute
value of a taxation feature at the i-th age; 7, — absolute
value of a taxation feature at the base age (100 years).

After transformation, the radial growth indices
grouped into a narrow bundle of lines crossing at 100
years of age (Table 2).

The maximum value of the coefficient of variability of
radial growth indices in larch was observed at 30 years, in
spruce — at 30 and 170 years. Taking into account insignifi-
cant variability of indices, they were represented by two
lines. Comparing them with the larch type scale [2; 3; 12],
we found that up to 100 years the indices corresponded to
growth type 1. After 100 years, the growth rate started to
decrease and at 170 years of age the larch indices already
corresponded to growth type 6 (the typical scale has 12
growth types by diameter).

Spruce has a somewhat different picture of changes in
the indices of model trees. For this species, V. V. Zagreev
constructed a scale of 25 growth types [6; 12]. Spruce
indices of model trees of the trial area at 30 years corre-
sponded to the 11th growth type, at 50-90 years — to the
9th type, at 110 years — to the 11th type, at 130 years — to
the 14th type, at 150-170 years — to the 12th type. In
spruce, there is an insignificant deviation of growth indi-
ces by diameter from the indices of V. V. Zagreev's type
scale. This comparison showed that the forest formation
process in the mixed plantation was actively influenced
by spruce. This process is consistent with the studies of

Table 2
Statistical values of radial growth indices

other researchers who noted the activity of spruce after
100 years in stands mixed with larch [11].

It is believed that only large trees retain the highest
rank throughout their life. These are used to select natural
growth series. In order to compile growth progress tables,
to predict current growth in diameter and stock, it is im-
portant to know how far radial growth in the initial
growth period (10-20 years) correlates with radial growth
at other ages, irrespective of tree diameter size. In other
words, how far the diameter rank of a tree, e.g. at 20 years
of age, maintains its rank in the long term.

The pair correlation analysis of absolute values of radial
growth at 20 years (by decades) with radial growth at other
ages showed that there is a reliable relationship between
them up to 90 years of age. After this age, the correlation is
unreliable. The performed analysis allows us to conclude
that in the interval 30-90 years in the stand there were fa-
vorable (optimal) conditions for larch growth. After the
age of 100 years, the stand underwent a structural change
due to the introduction of spruce into the main canopy
(before that, it played the role of an understorey, being in
the second layer and having the same age as larch). These
changes were confirmed by the type scale. After 100
years, the diameter index series of larch began to shift
from one growth type to another, i.e. larch significantly
decreased its growth rate in diameter. At 170 years of age
it already corresponded to growth type 6 of the type scale.

Thus, at 90 years of age, another structural change oc-
curred in the stand due to spruce entering the first layer,
which significantly affected the growth rate of larch in di-
ameter. This is confirmed by the parameters of the linear
equation describing the correlation between radial growth at
20 years and with radial growth at other ages (Table 3).

Parameters a and b in larch decrease with age along a
certain pattern and unsystematically in spruce. On this
basis, it is concluded that due to spruce, the optimal con-
ditions for larch diameter growth ended at 90 years of
age. Spruce began to regain its status in the possession of
the area it previously owned before the fire.

This pattern was confirmed in another high-bunching
stand, also dominated by larch. As in the previous case,
the amount of radial growth achieved by 10 years of age
had a long-lasting influence on the absolute value of di-
ameter or tree rank. This correlation was statistically con-
firmed for larch in the interval of 20—70 years, and for
spruce — 20—60 years (Table 4).

Statstical Age, years
indices 30 | s0 [ 70 [ 90 [ 110 [ 130 [ 150 [ 170
Larch
X 493 721 845 954 1038 1120 1189 1272
s 61 54 36 17 17 42 57 82
V 12,4 7,5 4,3 1,9 1,6 3,8 4,8 6,0
Spruce
X 296 588 789 938 1064 1197 1263 1310
N 43 44 49 26 26 96 124 206
V 14,5 7,5 6,2 2,8 2,4 8,0 9,8 16,.0
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Methodologically, the construction of the growth pro-
gress table for mixed stands was as follows.

The change in heights with age was determined using
model trees for the growth course, average values of di-
ameters — according to Table 1, number of trunks — using
the formula [15]:

10000 60975
P0,164dd  dd

where d is the average stand diameter, cm; N, is the op-
timal number of trunks per 1 ha, pcs.

The volumes of larch and spruce trunks were calcu-
lated using the formulas in the Far East Taxator's Hand-
book [14]:

Table 3

Vi=9,1-10°dh+331- 10" d*h,
Ve =10,5-10"dh+361 - 10" d&*h.

The same formulas were used to calculate the volumes
of fallen trunks. Other indicators were determined using
formulas commonly known in forest inventory.
These include average stock change and average growth
in the stock. Current growth was not determined in the
growth progress table. When calculating the total produc-
tivity of the stand, the accumulated amount of fall
for each tree species was taken into account. Interrelated
values of taxation indices of larch and spruce are given
in Table 5.

Parameters of the linear equation of the correlation between radial growth

at age 20 with radial growth at other ages

Age, Equation parameters Correlation Reliability
years a b coefficient (7) indicator (7)
30 0.887 0.406 0.60 6.7
0,164 0,772 0,77 8,9
40 0.719 0.276 0.52 5.1
0,286 0,787 0,73 8,1
50 0.716 0.146 0.38 3.1
0,353 0,848 0,69 7,3
60 0.513 0.095 0.29 22
0,558 0,756 0,60 6,5
70 0.510 0.070 0.29 2.0
0,464 0,806 0,58 5,4
80 0.540 0.052 0.29 2.1
0,605 0,424 0,21 2,0
90 0.407 0.078 0.38 3.1
0,906 0,128 — 0,7

Note. Above the line are the parameters of the equation describing the relationship of radial growth of larch, below the line - of

spruce.

Table 4

Parameters of the linear equation of the correlation between radial growth at 10 years of age

with radial growth at other ages (Chumikan Forestry)

Age, Larch Spruce
years Equation Correlation Reliability Equation parameters Correlation Reliability
parameters coefficient indicator coefficient indicator
a b a b
20 0,22 0,91 0,88 12,1 0,26 0,82 0,88 11,6
30 0,32 1,12 0,83 8,2 0,29 0,86 0,82 8,0
40 0,65 0,82 0,73 6,8 0,75 0,70 0,65 6,0
50 1,38 0,52 0.42 32 0,12 0,47 0,40 3,0
60 1,88 0,90 0,47 3,8 0,14 0,49 0,45 3,1
70 2,62 0,61 0,24 1,9 — — — —
Table 5
Growth progress of green-moss larch forests
A COI’I’IpO- H D Ngt G A av.change Vf ZVsaf TP A av.growth
sition
30 8,81 9,7 14,2 1140 18,0 113 3,8 28 28 141 4,7
1,2E 4,0 74 3033 13,0 65 2,1 14 14 79 2,6
4173 31,0 178 5,9 42 42 220 7,3
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End of table 5
A COIHpO- H D Ngt G M A av.change Vf szaf TP A av.growth
sition
50 8,4J1 18,0 24,2 559 25,7 231 4,6 46 74 305 6,1
1,6E 91 13,2 1270 17,4 102 2,1 18 32 134 2,7
1829 43,1 333 6,7 64 106 439 8,8
70 7,8 J1 23,3 31,0 353 26,6 282 4,0 86 160 442 6,3
2,2E 13,6 18,2 786 20,4 155 2,2 24 56 211 3,0
1139 47,0 437 6,2 110 216 653 9,3
90 7,3]1 26,5 35,4 289 28,4 335 3,7 52 212 547 6,1
2,7E 17,3 22,4 575 22,6 202 2,2 34 90 292 3,2
864 51,0 537 6,0 86 302 839 9,3
110 6,8J1 28,2 38,3 257 29,6 364 33 27 239 603 5,5
3,2E 20,4 25,9 462 243 243 2,2 32 122 365 33
719 53,9 607 5,5 59 361 968 8,8
130 6,5]1 29,1 40,2 239 30,3 384 3,0 23 262 646 5,0
35E 228 | 285 401 25,6 286 22 27 149 435 33
640 55,9 670 5,2 50 411 1081 8,3
150 6,3]1 30,8 43,0 216 314 420 2,8 20 282 702 4,7
3,7E 24,5 30,1 370 26,3 308 2,0 22 171 479 3,2
586 57,7 728 4,8 42 453 1181 7,9

Note. A — age of years; D — diameter at the height of 1.3 m, cm; H — height, m; Ngt — number of growing trunks, pcs. ha '; G — sum
of cross-sections, m* ha™'; M — stock of growing plantation, m*> ha™'; A avchange — @verage stock change, m’® ha!; V; — volume of fall,
m’hal; > Ve — sum of accumulated fall, m® ha!; TP — total productivity, m*hal; A average growths m*ha™l.

The retrospective method of assessing age-related
changes in the taxonomic indicators of the stand allows
for certain errors with the depth of retrospection,
but they can be corrected with the help of standard scales
and general growth patterns identified. The developed
table is also interesting in that it defines decay for each
species and provides calculations of total stand productiv-
ity for the whole analyzed period. According to these
data, the age of quantitative ripeness onset was deter-
mined both for individual species and for the stand
as a whole. It should also be noted that the total produc-
tivity of the stand is very high for this forest type. At 150
years of age it is equal to 1181 m’ ha'. Of this mass,
453 m’ ha is attributed to the fall, or 3 m® per year. The
total productivity corresponds to highly productive cedar
stands [16].

CONCLUSION

Analysis of the growth progress table allows us to
draw several important conclusions.

1. The retrospective method can be used to construct
growth progress tables for assessing the productivity of
single-age stands. Adjustment of the growth of individual
indicators can be carried out with the help of standard
growth scales. They are developed practically for all for-
est-forming species. Model trees for coring can be se-
lected from different thickness stages.

2. The first structural transformation of larch stands in
terms of diameter occurred at the age of 20 years. The
reason for this was active natural thinning of larch trees
that had lagged behind in growth and development. The
transformation resulted in the change of asymmetry signs
in larch from negative to positive. No change of asymme-
try signs was observed in spruce. Spruce took passive part
in the process of optimization of larch trunk abundance,
being in the second layer.

3. Total stand productivity at 150 years of age reached
1181 m’ ha™'. Quantitative ripeness in larch was reached
at the age of 70 years and in spruce at 130 years. The
maximum average growth in total productivity was ob-
served at 90 years of age. After this age, the stand entered
the climax stage, which can last up to 220 years and more.

4. The stand is characterized by a tendency to change
the species structure towards dark coniferous taiga. This
is also indicated by the absence of larch undergrowth. The
results of the study are confirmed by the findings of other
researchers [11], who noted high productivity of such
stands and subsequent replacement of larch by spruce.
Signs of deceleration of larch trees in the trial area were
established after 100 years. The growth indices of model
trees changed from the first type to the sixth type by 150
years of age.
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CPABHUTEJIBHASI OLIEHKA TAKCAIIMOHHBIX MOKA3ATEJIEM IIJIFOCOBBIX
JEPEBBEB COCHbI OBBIKHOBEHHOM HA JIECOCEMEHHOM MJIAHTAIIUM

A. H. T'openos, H. H. Beccuernosa, B. II. beccueTHoB

Hwuxeroposckast rocy1apcTBeHHAsI CEJIbCKOXO3MCTBEHHAS aKaJIeMHsI
Poccuiickas ®@enepanus, 603107, r. Huxuuit Hosropon, npocn. I'arapuna, 97
E-mail: lesfak@bk.ru

B 6a306b1x 0oxymenmax o6we2ocyoapcmeennozo gopmama cenekyuoHHoe CO8ePUIEHCMBOBANUE 1eCO8 ONPEOeleHO
BAJICHBIM BEKIMOPOM PA3GUMUSL IECHO20 X03AUCMEa cmpansl Ha nepuood 0o 2030 2., umo obycrosnueaem akmyaibHOCMb
HAayuHwlx pabom 6 yKazanHom nanpagienuu. Ilepgsocmenennoe 3nauenue 3mo umeem Oasi OCHOSHbIX 1eCO0OPA3VIOWUX
nopoo, K YUCTY KOMOPBIX OMHECEeHA COCHA 0bbikHOseHHas (Pinus sylwestris L.), wiupoko pacnpocmpanennas 6 cegep-
HOM noaywapuu u Ananwasica npedcmasumenem abopuzennotl gropel 8 Cpeonem Ilogonscve u Hudwcecopoockou 00-
nacmu. Hccnedoganu makcayuornvle nOKazamenu Ni0CO8bliX 0epesbes COCHbL 0ObIKHOBEHHOU, KILOHbI KOMOPbIX COCpe-
domouenvl Ha necocemennou nianmayuu Ne 36. E€ meppumopus 6xooum 6 pation X80UHO-UUPOKOTUCTNBEHHBIX (CMe-
wanHwix) necos egponetickol yacmu Poccutickoii @edepayuu (30Ha XBOUHO-UUUPOKOIUCTMBEHHBIX J1eCO8), d NO Jlecoce-
MEHHOMY PAtlOHUPOBAHUIO BKIIOYEHA 60 6MOPOL NE€COCEMEHHOU PatloH YKA3aHHOU nopoosl. Memoduxa evidepoicana
¢ cobmooeHuem NPUHYUNA eOUHCMBEHHO20 TOSUYECKO20 PA3IuduUsl, HOCIMpPOeHa Ha MpebOBaAHUAX K MUNUYHOCIU, NPU-
200HOCMU, HAOENHCHOCMU, ONMUMALLHOCIMU U Yerecoobpaznocmu onvima. Pabomul nposedenvi nonesblM cmayuoHap-
HbLM MEMOoO0OM CO CHIOUHbIM NOOEPEBHOM Nepedemom MaKCayuoHHbIX nokasamenei. Ycmanoenena svipasicenuas ge-
HOMUNUYECKAS HEOOHOPOOHOCHb KIOHOB020 COCMABA NIIOCOBbIX 0€Pesbes, KOMOopdsi NPOAGUNACh KAK MedcOy Ux eeze-
MAmMUEHbIMU NOMOMCMEAMY, MAK U Hympu nociednux. Ilo epicome cmeona cpedHue GeluyUHbl NPUHUMATU 3HAYEHUS
om 103,02+7,26 cm 0o 151,90+7,24 cm, a 0606wennoe cpeonee cocmaguno 129,29+1,12 cm. Ilo ouamempy cmeona
Haubonvuee cpeouue Ovino 32,84+2,14 mm, naumenvwee — 19,07+1,37 mm, 0600weHHOe cpednee COCMABUILO
28,04+0,30 mm. Bvicoma cmeona 6 Oonvuieli cmeneHu Koppeaupyem ¢ e20 Ouamempom y WelKu KOpHA: r+mr =
= 0,891%0,010 npu tr = 90,70, umo coomeemcmayem NOLOACUMENbHOU, OOCNOBEPHOU U BbICOKOU MEeCHOmME C853U NO
wkane Yeoooxa. OOHODAKMOPHBIT OUCNEPCUOHNDBIL AHATIU3 NOOMBEPOUL CYUIECBEHHOCTb OOHAPYICEHHBIX (heHomuU-
RUYECKUX PA3TULULL MEAHCOY NIIOCOBLIMU Oepesbimi. Dhperm GIusHus MeNC-KIOHOBbIX PA3IUYULL C1ADO0 GbIPAICEH, €20
Haubonvwas senuyuna (3,33+2,27 %) ommeuena no manpsicenHocmu pocma oepesa, a Haumenvuias (3,13+2,28 %)
3aghuxcuposana no evicome cmeaoJd.

Knrwouesvie cnosa: cocna obbIKHOBEHHAS, CENEKYUOHHAS OYEHKA, NII0COB0E 0epe6o, KIOHbL, 1eCOCeMeHHble NAAHMA-
yuu.
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COMPARATIVE ASSESSMENT OF THE TAXATION INDICATORS OF PLUS TREES
OF SCOTS PINE ON A FOREST SEED PLANTATION

A. N. Gorelov, N. N. Besschetnova, V. P. Besschetnov

Nizhny Novgorod State Agricultural Academy
97, Gagarin Av., Nizhny Novgorod, 603107, Russian Federation
E-mail: lesfak@bk.ru

In the basic documents of the national format, the selective improvement of forests is defined as an important vector
of the development of the country's forestry for the period up to 2030, which determines the relevance of scientific work
in this direction. This is of paramount importance for the main forest-forming species, which include the Scots pine (Pi-
nus sylwestris L.), which is widespread in the northern hemisphere and is a representative of the native flora in the
Middle Volga region and the Nizhny Novgorod region. The taxational indicators of plus trees of Scots pine were stud-
ied, the clones of which are concentrated on the forest seed plantation No. 36. Its territory is included in the area of
coniferous-broadleaf (mixed) forests of the European part of the Russian Federation (the zone of coniferous-broadleaf
forests), and according to forest-seed zoning it is included in the second forest-seed area of the specified breed. The
methodology is maintained in compliance with the principle of a single logical difference, based on the requirements
Jor typicality, suitability, reliability, optimality and expediency of the experience. The work was carried out by a field
stationary method with a continuous sub-tree list of taxation indicators. A pronounced phenotypic heterogeneity of the
clone composition of plus trees was established, which manifested itself both between their vegetative offspring and
within the latter. In terms of trunk height, the average values ranged from 103.02+7.26 cm to 151.90+7.24 cm, and the
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generalized average was 129.29+1.12 cm. By trunk diameter, the largest average was 32.84+2.14 mm, the smallest was
19.07+1.37 mm, the generalized average was 28.04+0.30 mm. The height of the trunk is more correlated with its diame-
ter at the root neck: r+mr = 0.891+0.010 at tr = 90.70, which corresponds to a positive, reliable and high closeness of
the connection on the Cheddock scale. Univariate analysis of variance confirmed the significance of the detected phe-
notypic differences between the plus trees. The effect of the influence of inter-clones differences is weakly expressed, its
largest value (3.33+2.27 %) is marked by the intensity of the growth of the tree, and the smallest (3.13+2.28 %) is fixed

by the height of the trunk.

Keywords: Scots pine, selection evaluation, plus tree, clones, forest seed plantations.

INTRODUCTION

The Strategy for the Development of the Forestry Sec-
tor of the Russian Federation for the period until 2030,
adopted by the Government of the country, anticipates a
consistent transition to intensive forms of forestry based
on its innovative character, sustainable forest manage-
ment, and continuous and non-destructive management of
forests. In this context, priority is given to the main forest
formers, among which we can reasonably include the
common pine (Pinus sylwestris L.) [17-19], which is ac-
tively used for economic purposes not only in our country
[35; 51], but also abroad [58; 62; 63]. Due to its unique
complex of useful features and properties, it is constantly
studied by domestic [1-5; 33; 34] and foreign [51-65]
researchers. Its breeding potential, intraspecific variability
and polymorphism in a wide range of features of eco-
nomic, adaptive and identifying importance are analyzed
in details [6; 8; 10; 27; 28; 30; 31; 46; 47; 50]. The sub-
jects of thorough research are its biology and general
physiological state [25; 34; 36; 37], ability to resist water
evaporation and resistance to atmospheric and soil mois-
ture deficit [14; 29], pigment composition that determines
photosynthesis regimes, which largely affects gross pro-
ductivity and reproductive potential [11; 48; 53; 59], size
and structure of needles [19; 21; 42; 51; 52; 55-57; 61;
65], parameters of seeds and cones [3; 17; 20; 30; 39; 45],
content of nutrients [2; 12; 13; 15], peculiarities of xylem
development [4; 9], and other no less important and some-
times complicated aspects [3; 5; 7; 17—-19].

The aim of the research is comparative assessment of
taxation indices of plus trees of common pine, vegetative
progeny of which are located in the composition of forest
seed plantations.

MATERIALS AND METHODS

The object of the study was clones of 50 plus trees of
common pine introduced into the first-order forest seed
plantation (FSP I) No. 36. It is located in forest unit No. 7
of forest area No. 139 of Semyonovsky district forestry of
Nizhny Novgorod region and has geographic coordinates
N 56.74161° E 44.35436°. According to the current offi-
cial zoning, its territory is included in the area of conifer-
ous-broadleaved (mixed) forests of the European part of
the Russian Federation (zone of coniferous-broadleaved
forests), and according to the forest-seed zoning it is in-
cluded in the second forest-seed area of the common pine.
Climatic and soil conditions for this species are quite fa-
vorable for its growth and seed production [40], as evi-
denced by the large-scale artificial reforestation works
carried out over vast areas and the successful establish-
ment of numerous objects of permanent forest seed base
and unified genetic and breeding complex [21-23; 32; 38;
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41; 43; 44]. This FSP was established in 2016 with graft-
ed seedlings, which were 2 years old at the time of plant-
ing. The source of grafts was the clone archives, which
are part of the unified genetic and breeding complex in
the same region, and the grafting itself was performed by
specialists of the State Autonomous Institution of Nizhny
Novgorod region “Semenovsky Spetsemleskhoz”. Plant-
ing sites were 6x8 m, clone mixing scheme was block,
with an initial repeatability of each orthet with 50 ramets.
The producing area amounted to 12.44 ha, the type of
forest conditions on it was B, category.

The methodology of works provided for strict obser-
vance of the principle of a single logical difference, as
well as their compliance with all requirements for typical-
ity, suitability, reliability, optimality and expediency of
experience. The field stationary method was implemented
in the course of continuous tree counting, when the height
of plants was fixed with a measuring rod with an accuracy
of 1 cm, and the diameter at the root neck was determined
with an electronic caliper (Electronic Digital Caliper —
G06064731) with an accuracy of 0.1 mm. The previously
accumulated experience in taxation of similar breeding
and seed production facilities was taken into account [22;
23; 32]. The beginning of field surveys was preceded by
revision of the purity of the forest-seed plantation compo-
sition and detection of its compliance with the designed
mixing schemes by the criterion of similarity of the
branch-to-trunk attachment angle value in clones of the
same name [18; 24; 26].

RESULTS AND THEIR DISCUSSION

A marked phenotypic heterogeneity of the clonal
composition of plus trees was established, which was ob-
served both between their vegetative progenies and within
the latter (Table 1). Thus, in terms of trunk height (see
Table 1), the average values ranged from 103.02+7.26 cm
(clone K-107) to 151.90+7.24 cm (clone K-118), which
formed an excess of 1.47 times or by 48.88 cm. The aver-
age summarized for the whole massif was 129.29+1.12
cm. At the same time, the ratio of limits amounted to
17.94 and their range reached 271 cm. The character of
distribution of trunk diameter values of the same plus
trees was adequate in the main features to the situation
formed in the course of statistical analysis of their heights.
In this case, the highest average was 32.84+2.14 mm
(clone K-118), and the lowest was 19.07+1.37 mm (clone
K-107). Such estimates formed an excess of 1.72 times or
13.77 mm, while the generalized average for the whole
massif was 28.04+0.30 mm. The range of limits reached
68.90 mm, and their ratio was 18.23.

Stem cross-sectional area, as one of the most impor-
tant taxation indices, had more contrasting phenotypic
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differences, while maintaining the previously observed
tendencies in the distribution of values of its linear pa-
rameters in the compared clones. The highest average
(9.91+1.17 cm?), which was observed in clone K-118),
exceeded the corresponding minimum (3.45+0.48 cm?)
recorded in clone K-107 by 2.78 times or by 6.46 cm®.
The range of absolute values was even more noticeable:
their difference was 41.61 ¢cm?, and the ratio reached the
level of 332.15. At the same time, the generalized average
value was estimated at 7.63+0.15 cm”.

A quite adequate indirect estimate of the volume and
full woodiness of the trunk part of plants at FSP No. 36
can be the volume of the cone built on the area of the
trunk cross-section. Its application is especially relevant
when working with trees that have not exceeded the range
of the juvenile phase of ontogenesis. These are the trees
located on the FSP studied in this work. Both plant height
and diameter are involved in the calculation of this inte-
gral by its structure indicator. The vegetative progenies of
plus trees with indices K-117 and K-118 were close in
magnitude and exceeded all other values: 596.30+131.18
em’ and 594.20+92.58 cm’, respectively. They exceeded
the minimum established for this species (161,03+32,14
cm’), observed in clones of plus-tree K-107, by 435,27
cm’ or 3,70 times. The balance of limits of the studied
indicator is the most contrasting, their range amounted to
3076.16 cm®, and the ratio was 2160.94.

An objective characteristic of the biological state of
plants on the FSP is the indicator of tree growth intensity

Table 1

proposed by L. F. Semerikov [49], which is the ratio of its
height to the cross-sectional area of the trunk and reflects
not only the area of the life space of an individual, but
also carries information about the internal growth proc-
esses, the character of the distribution of substance and
energy flows between organs. In this context, the esti-
mates of plus trees are also very heterogeneous. The high-
est of them (0.57+0.12 cm/mm?) observed in clone K-322
exceeded the lowest (0.24+0.02 cm/mm?), which occurred
in clone K-105, by 0.33 cm/mm” or 2.42 times. The ex-
cess of the absolute maximum over the absolute minimum
here reached 4.01 cm/mm” or 113.01 times. The general-
ized average, to which the other estimates approached to a
greater or lesser extent, reached 0.35+0.01 cm/mm”.

The other features of the clonal composition of plus
trees at FSP No. 36 had their own specificity in the forma-
tion and distribution of their values. It can be stated that
estimates of statistical reliability of the obtained results in
the vast majority of cases are close to critical for the 5%
significance level accepted in silvicultural research. Ex-
ceeding of relative error thresholds in a number of cases of
analysis for individual clones is caused by a high level of
variability of linear parameters of the trunk and their re-
lated features. In general, it is characteristic of the juvenile
phase of vegetative progeny ontogenesis of plus trees on
large-sized FSPs, which includes the studied FSP No. 36. It
is clear that in order to achieve the required accuracy of the
experiment, the high level of dispersion could be compen-
sated by a large number of surveys and observations.

Characteristics of above-ground parts of plus trees of Scots pine" 23

Features M STD max. min. Aiim +m Cv, % t P, %
h 129,29 51,99 287,00 16,00 271,00 1,12 40,21 114,93 0,87
D3 28,04 13,64 72,90 4,00 68,90 0,30 48,66 94,98 1,05
h/d 4,99 1,36 13,57 1,31 12,26 0,03 27,20 169,93 0,59

S 763,71 676,63 4173,93 12,57 4161,36 14,64 88,60 52,16 1,92

g 0,21 0,05 0,76 0,07 0,69 0,00 24,55 188,23 0,53

K 0,35 0,38 4,04 0,04 4,01 0,01 108,16 42,73 2,34
Ve 426,13 477,51 3077,59 1,42 3076,16 10,33 112,06 41,23 2,43
Veyl 1278,94 1432,62 9232,76 4,27 9228.,49 31,01 112,02 41,24 2,42

!Indicators: M — average; STD — standard deviation; max. — maximum value; min. — minimum value; Alim — range of variability;
+m — absolute error; Cv — coefficient of variation, %; t — Student's criterion; P — relative error, %.

2 Characteristics: h — height; d — trunk diameter; h/d — height to diameter ratio; S — trunk cross-sectional area; g — trunk taper; K —
tree growth intensity; Vc — volume of an inscribed cone; Vcyl — volume of a cylinder built on the cross-sectional area of the trunk;

* The number of parameters taken into account (primary sampling elements) for each taxation indicator is 2136 pieces.

Table 2
Correlation between trunk characteristics of plus pine trees"?
§ Features
Features 8
'5 h Dis h/d S g K v \Y
r 1,000 0,891 —0,247 0,827 0,170 —0,561 0,837 0,837
h +mr 0,000 0,010 0,021 0,012 0,021 0,018 0,012 0,012
tr 999(9) 90,70 11,75 68,08 7,97 31,35 70,73 70,68
r 0,891 1,000 —0,568 0,969 0,550 —0,664 0,928 0,928
D3 +mr 0,010 0,000 0,018 0,005 0,018 0,016 0,008 0,008
tr 90,7 999(9) 31,89 182,49 30,41 40,97 114,97 115,00
r —0,247 —0,568 1,000 —-0,506 -0,893 0,815 —0,406 -0,407
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End of table 2
‘g Features
Features 3
'5 h D3 h/d S g K v A%
h/d +mr 0,021 0,018 0,000 0,019 0,010 0,013 0,020 0,020
tr 11,8 31,89 999(9) 27,08 91,82 65,07 20,54 20,56
r 0,827 0,969 -0,506 1,000 0,529 -0,536 0,981 0,981
S +mr 0,012 0,005 0,019 0,000 0,018 0,018 0,004 0,004
tr 68,1 182,49 27,08 999(9) 28,78 29,31 230,54 230,61
r 0,170 0,550 -0,893 0,529 1,000 -0,613 0,413 0,413
g +mr 0,021 0,018 0,010 0,018 0,000 0,017 0,020 0,020
tr 8,0 30,41 91,82 28,78 999(9) 35,86 20,92 20,93
r -0,561 -0,664 0,815 -0,536 -0,613 1,000 -0,465 -0,465
K +mr 0,018 0,016 0,013 0,018 0,017 0,000 0,019 0,019
tr 31,3 40,97 65,07 29,31 35,86 999(9) 24,26 24,26
r 0,837 0,928 -0,406 0,981 0,413 -0,465 1,000 1,000
Ve +mr 0,012 0,008 0,020 0,004 0,020 0,019 0,000 0,000
tr 70,7 114,95 20,54 230,48 20,92 24,26 999(9) 999(9)
r 0,837 0,928 —0,407 0,981 0,413 -0,465 1,000 1,000
Veyl +mr 0,012 0,008 0,020 0,004 0,020 0,019 0,000 0,000
tr 70,6 114,95 20,55 230,50 20,92 24,25 999(9) 999(9)

"Indicators: r — Pearson's pairwise correlation coefficient; £mr — error of the correlation coefficient; tr — criterion for the validity

of the correlation coefficient (tys = 1.96).

% Characteristics: h — height; d — trunk diameter; h/d — height to diameter ratio; S — trunk cross-sectional area; g — trunk taper; K —
tree growth intensity; Vc — volume of an inscribed cone; Vcyl — volume of a cylinder built on the cross-sectional area of the trunk.

However, in our case, this approach was impossible to
realize due to the limited number of clones representing
each of the plus trees in the FSP: the quantitative repre-
sentation was limited by the planned assortment composi-
tion.

It was possible to identify the fact, scale and form of
correlation between the taxation indicators of plus-tree
clones of Scots pine trees, used in the formation of FSP
No. 36 (Table 2).

Correlation analysis revealed the general situation, de-
termining the unequal level of estimates of the connection
between the values of the analyzed features in their pair-
wise comparison. In particular, trunk height (feature 1)
depended to the greatest extent on its diameter at the root
neck (feature 2): r+mr = 0.891£0.010 at tr = 90.70. Such
closeness of the connection was characterized as positive,
reliable and high on the Cheddock scale. The connection
of trunk height with the features in the formation of which
its diameter was involved, namely, the cross-sectional
area at the root neck (feature 4), the volume of the cone
(feature 7) and cylinder volume (feature 8), made on the
cross-sectional area of the trunk, had similar values and
the same focus, which is quite logical. The height of the
trunk was related to the other features to a lesser extent,
with the ratio of height to diameter (feature 3) and with
the indicator of growth intensity (feature 7) is negatively
correlated: r+mr = —0.247+0.021 at tr = 11.75 and
rtmr =-0.56140.018 at tr = 31.35.

The interrelation of the diameter at the root neck
(feature 2) with the other features also has differentiated val-
ues. The largest ones were observed in the interaction of this
feature with the cross-sectional area (feature 4) and the vol-
umes of the cone and cylinder built on it (features 7 and 8).
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Reaching values of r+mr = —0.969+0.005 at tr = 182.49 (fea-
ture 4) and r+mr = —0.928+0.008 at tr = 114.97 (features 7
and 8), the values corresponded to very high power of corre-
lation. In general, all the considered features, having both
positive and negative values of correlations, confirmed their
statistical relevance.

The established phenotypic differences between plus-
trees (according to their vegetative progeny) were observed
on a leveled background of ecological conditions, which
can serve as a basis for recognizing the hereditary character
(genotypic nature) of the reasons for their occurrence. The
analysis of variance carried out according to the single-
factor scheme confirmed the relevance of the detected
differences (Table 3).

For most of the features (6 out of 8), with the excep-
tion of height-to-diameter ratio (feature 3) and trunk taper
(feature 5), the interclonal differences were observed to be
significant at the 5 % confidence level: the calculated
Fisher's criteria exceeded the threshold values for the num-
ber of degrees of freedom specified in the experiment. In
variants with confirmed significant differences, they
reached values from 1.38 (feature 1) to 1.47 (feature 6)
with the critical threshold of 1.36. This result allowed us
to continue the analysis of variance to assess the percent-
age of influence of differences between plus trees on the
formation of the general background phenotypic variance.
This effect turned out to be weakly evident and in calcula-
tions by Plokhinsky's algorithm its highest value
(3.33£2.27 %) was recorded for tree growth intensity
(feature 6), while the lowest (3.13+2.28 %) was recorded
for trunk height (feature 1). The other estimates were lo-
cated in the specified interval, if they were reliable. The
use of the Snedekor algorithm to calculate the same indi-
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cators gave a noticeably smaller, but quite adequate result.
In the variants of the analysis with confirmed significant
differences between the compared plus trees, the obtained
estimates of the share of influence of interclonal differ-
ences are statistically reliable. This is indicated by the
calculated values of the reliability indices of the estimates
of the factor influence strength (F,?), which exceeded the
tabulated values. The fact that for a number of derived
features, such as the ratio of height to diameter (feature 3)
and trunk taper (feature 5), the differences were small and
did not reach the level of significant ones, testifies to the
stability of correlations between height and diameter of all
studied plants.

Estimates of significance of differences (see Table 3)
between the compared plus-trees by the analyzed features
made it possible to establish the limit, after which the
actual difference of average values acquires the status of
significant. Thus, in terms of trunk height (feature 1), the
plus tree K-107 in LSD estimates at the 5 % significance
level had significant deviations to the lesser side from
thirty-five other trees included in FSP No. 36, and plus-
tree K-118 — to the greater side from twenty-four. The
plus-tree K-97 had 12 recorded differences; the plus-trees
K-118, K-212, K-96, K-168, K-305 each had 10; the plus-
trees K-105 and K-308 each had 9; the plus-trees K-299,
K-208, K-306 each had 7; and the plus-trees K-119 and
K-213 each had 6. At the same time, most of the other
plus trees had significant differences with only one or two
others, and the positions of the trees numbered No. 1,
No. 3, No. 4, and No. 5 in the statistical complex are such

Table 3

that they formed no significant differences with any of the
other sites in the comparison complex. When evaluated
more rigorously in the Tukey test (Dgs), no significant
differences were established in the majority of cases. On-
ly clone K-107 showed a significant deviation to the
smaller side from the other two, and clones K-97 and
K-118 showed a significant deviation to the larger side
from one.

A similar picture was observed for other stem charac-
teristics of the studied plants, while each of them showed
its own specificity in this respect. The dominant (up to
96.87 %) influence of environmental factors on the for-
mation of the general background of phenotypic disper-
sion of taxation indices in vegetative progeny of plus trees
growing on FSP No. 36 was found.

In conclusion, it should be noted that the forest seed
plantation No. 36 created in accordance with the current
regulations and standards (OST 56-74-96; Order of the
Ministry of Natural Resources of Russia No. 438 dated
20.10.2015) contains vegetative progeny of plus trees of
Scots pine, which significantly differs at the interclonal
level by the main taxation indicators. Growing together
within the borders of one plot on the ecological back-
ground equalized by basic parameters, representatives of
differently named clones showed phenotypic heterogene-
ity, the cause of which is largely related to the specificity
of their genotypes. This corresponds to the ideas about the
scale of hereditary conditioning of phenotypic dispersion
of taxation indices of many conifer species and was con-
firmed by the results of dispersion analysis.

Significance of differences between plus trees by trunk parameters "2

Percentage of factor influence (h* £ s,°) Criteria of
fPlOtS’ Fon by Plokhinsky by Snedekor differences
catures
h2 Z|2Sh2 th h2 Z|2Sh2 th HCP05 D05
h 1,38 0,0313 0,0228 1,3754 0,0087 0,0233 0,3741 21,956 39,605
D3 1,44 0,0328 0,0227 1,4416 0,0102 0,0232 0,4402 5,758 10,386
h/d 1,29 0,0294 0,0228 1,2910 0,0068 0,0233 0,2900 0,573 1,034
S 1,37 0,0311 0,0228 1,3679 0,0085 0,0233 0,3667 285,769 515,483
g 1,00 0,0231 0,0229 1,0045 0,0001 0,0235 0,0045 0,022 0,040
K 1,47 0,0333 0,0227 1,4666 0,0108 0,0232 0,4650 0,159 0,286
Ve 1,41 0,0320 0,0227 1,4075 0,0095 0,0233 0,4062 201,628 363,705
Veyl 1,41 0,0320 0,0228 1,4054 0,0094 0,0233 0,4040 605,08 1091,47

!Indicators: F,, — Fisher's experimental criterion; Fos/Fy; — tabulated values of Fisher's criterion at 5 % and 1 % significance lev-
els, respectively — F 50 = 1.36 and 1.52; h? — indicator of the power of factor's influence; ish2 — error for the indicator of the power
of factor's influence; F;” — reliability indicator of the power of factor's influence; LSDys — the smallest significant difference at 5 %

significance level; Dys — Tukey's criterion at 5 % significance level.

% Features: h — height; d — trunk diameter; h/d — height to diameter ratio; S — trunk cross-sectional area; g — trunk taper; K — tree
growth stress; Vc — volume of an inscribed cone; Veyl — volume of a cylinder built on the cross-sectional area of the trunk.

CONCLUSSION

1. Plus trees of common pine represented by their
vegetative progenies at the forest seed plantation No. 36
in Semyonovskaya district forestry of the Nizhny Nov-
gorod region differed markedly from each other in the
main taxation indicators of the trunk: height, diameter at a
height of 1.3 m, run off, as well as in the ratio of trunk
height to cross-sectional area, which is an indicator of tree
growth intensity.

2. The recorded phenotypic differences between
the plus trees appeared within the boundaries of one plot
on the leveled ecological background under the same
forest conditions and common schemes of agrotechnical
and silvicultural care, which can serve as a basis for
recognizing the hereditary nature of the established vari-
ability.

3. Taxation indices of vegetative progeny of plus pine
trees in the juvenile phase of development are character-
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ized by a significant dependence on the environmental
factors that have a differentiating influence on them.
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3CKHU3 TABJHUIBI XOJA POCTA MOJAJIBHBIX COCHOBBIX HACAXKJIEHUM
HA OCHOBE IIPMHIIATIOB TMHAMUWYECKOM TUITIOJIOT UM

E.T. Kokopuna, A. A. Baiic

Cubupckuil rocy1apCcTBEHHBIH YHUBEPCUTET HAYKU M TEXHOJIOTHH MMeHH akanemuka M. @. PeierneBa
Poccwuiickas @eneparmst, 660037, r. KpacHosipck, npoct. uM. rasersl «KpacHosipckuit pabounii», 31
E-mail: vais6365@mail.ru

s uzyyenus OUHamMuKy makCcayuoOHHbIX NOKazamesnell GblOPan MunoI02ULecKutl Memoo, npu 3mom OaHHbIU N00X00
OCHOBAH HA NPUHYUNAX OUHAMUYECKOU munoio2uu. Mamepuan noodupaics no munam ieca, Ha OCHOGe KOMOPbIX Gbl-
YUCTSLIUCL YCPEOHEHHbIE XAPAKMEPUCTIUKY OUHAMUKY MAKCAYUOHHBIX NPUSHAKOS C 803DACMOM, NOIb3YICh epadhute-
CKOU UMY AHATUMUYECKOU UHMePpnpemayuel.

O6vekmom uUccie008anull IGIAIUCL COCHOBbLE MOOAIbHbIE OPesOCmou, npouspacmarowue ¢ Kapayibhom yyacmio-
60M JlecHUYecmee yuebno-onvimuozo nechuvecmsa Cubl’y.

Hccnedosanus npogoounucs 8 08yx munax ieca.

— COCHAK 3€IeHOMOULHBLI, NPEOCMABIAIOWULL KOPEHHOU MUn ecd,

— COCHAK 0COUKOBO-PA3HOMPABHDIL, NPEOCMAGIIOWULL YCI08HO-KOPEHHOU MuUn Jecd.

B pezynbmame npogedennvix ucciedosanuii u3yueHvl U nPOAHATUIUPOBANbL KAK OAHHbIE 1eCOYCMPOUCMEd, max U
mamepuansl, coOpanHbvie 60 BpeMs UCCIe008AHUA. YCMAHOBNIEHO, YMO C MeYyeHueM 6peMeHU KOPEeHHOU mun ieca —
3€/IEHOMOWHDBIL — NEPeXOOUnm 8 YCI08HO-KOPEHHOU MUN Jlecd — 0COYK080-pa3HOmpasHblil. Beaeocmeue smoeo dannvle
munsel ieca ObLiU 00veOuHeHbl, U ONid HUX, KaK 05 00HO20 eOUH020 Mund jlecd coCmasieHa madauya xooa pocma.
B npoyecce ananuza OuHaMuKy OCHOGHbIX MAKCAYUOHHBIX NOKA3AMENel, MAKUX KaK 8blcomd, ouamemp, 3andac, ycma-
HOBIeHO, ymo dannvle no KapayibHoMmy 1ecHUuuecmsy npesocxo0sim 3HAYEHUs. N0 U3ECHIHbIM HOPMAMUGAM Madiulybl
H. E. Cynpuanosuua. Omo ceudemenbcmeyem o mom, umo ucciedyemvle opesocmou 6oiee npoodyKkmusHvle, yem ope-
socmou [Ipuanzapckozo paiiona.

Cocmasnennas mabauya mModicem CIysHcums UCXOOHOU OCHOBOU OJisl XapaKmepucmuky pocma, NpUpocma u npous-
600UMENLHOCMU COCHOBBIX N1€CO8 OJIsl IeCOPACTNUMENbHBIX YCI068Ull npubpesicHotl wacmu p. Enuceil.

Kntouesvle cnosa: mabauya xooa pocma, OUHAMUYECKUL IMUNOJOSUYECKULL MEMO0, COCHOBbLE HACAICOCHUSL.
Conifers of the boreal area. 2023, Vol. XL, No. 7 (special), P. 585-591

THE SKETCH OF THE YIELD TABLE OF MODAL PINE STANDS
BASED ON THE PRINCIPLES OF DYNAMIC TYPOLOGY

E. G. Kokorina, A. A. Vais

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation
E-mail: vais6365@mail.ru

To study the dynamics of taxational specifications, a typological method was chosen, this approach was based on
the principles of dynamic typology. The material was selected according to forest types, on the basis of which the aver-
aged characteristics of the dynamics of taxational characters with age were calculated with the use of graphical or
analytical interpretation.

The study object is pine modal stands growing in the in the Karaulnoye district forestry of the training and experi-
mental forestry at Reshetnev Siberian State University of Science & Technology.

The study was conducted in two types of forest:

— greenmoss pine forest representing a primary forest type;

— sedge-grass pine forest representing a nominally primary forest type.

As a result of the conducted research, both data of forest management and the materials collected through studies
have been elucidated and analyzed. It is established that over time the primary type of forest (greenmoss) transitions
into a nominally primary forest type (sedge-grass). As a result, these types of forest were combined, and for them, as for
one single type of forest, a yield table was compiled. In the course of the analysis of dynamics of the basic taxational
specifications, such as height, diameter and standing volume, it is established that the data on Karaulnoye forestry sur-
pass the values on known standards of the table by N. E. Supriyanovich. This indicates that the stands being studied are
more productive than the stands of the Angara region.
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The table can serve as an initial basis for the characteristics of growth, increment and productivity of pine forests

for forest conditions of the riparian part of the Yenisei River.

Keywords: yield table, dynamic typological method, pine stands.

INTRODUCTION

In Siberia, in order to calculate yield, the method of
age classes is used, which, as an organizing principle of
forest management, is unable to provide a strict scientific
justification. The only possible alternative is not formal,
but real transition to forest-typological principles of forest
management organization. A number of scientists note
that taking into account the peculiarities of the forest for-
mation process is an indispensable condition for the re-
production of forest resources. “In the presence of this
classification, in the strata of which evolutionary and nat-
ural-historical regularities truly reliably work, we can
recognize that all without exception economic activity in
the forest will have to be carried out on a typological ba-
sis” [7].

Forest type is understood as a silvicultural classifica-
tion unit that unites forests with similar forest growth
conditions of a certain type, with the corresponding spe-
cies composition of stands, other vegetation and fauna.
The type of forest conditions is understood as a classifica-
tion unit that unites similar forest conditions of forested
and non-forested lands, providing the growth of forest
vegetation of a certain composition and productivity [1].

The founder of scientific typology is G. F. Morozov
who first proposed the doctrine of a stand type. He formu-
lated the definition of a stand type as a set of stands unit-
ed into one vast group by the commonality of growing
conditions or soil conditions [2].

The typological method was developed by I. Ilvessalo
[2]. The data are selected on an ecological basis by forest
types, within which the averaging of the characterization
of the dynamics of taxational characters with age is ob-
tained with the use of their graphical or analytical inter-
pretation [4].

The dynamic typology of forest development was pre-
sented by I. S. Melekhov [2]. According to this approach,
a forest type is an elementary natural-historical unit being
studied not only in space, but also in time; and the time
factor is becoming increasingly important. I. S. Melekhov
proposed a general conceptual flow chart of the formation
of forest types in connection with anthropogenic impact.
This flow chart reflects the essence of dynamic forest
typology. A number of researchers present dynamic ty-
pology as genetic typology. Nevertheless, 1. S. Melekhov
suggested that “dynamic typology” reflects the essence of
the issue better than “genetic typology”. Genetic typology
limits the study of age and regeneration stages within one
forest type, while dynamic typology is characterized by a
broader approach, including anthropogenic influence [2].
Primary forest types develop in nature without human
influence or natural disasters. Secondary forest types re-
place primary forest types as a result of these factors.
Primary and homonymic secondary types form a series of
forest types [5].

Summarizing all of the above, one can conclude that
forest type is one of the most important factors of forest
ecology. A forest type determines the following: species
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composition of animals; species composition of the berry
world; phytomass of plants; taxational specifications of a
stand. The main factor in changing the life cycle of a for-
est is the change from primary to nominally primary or
secondary forest types, in other words, dynamic forest

typology.

RESEARCH METHODOLOGY

The present study is based both on experimental
data collection and on processing of forest inventory
materials.

The material for studying the nature and dynamics of
the ground cover was collected by laying sample plots of
1x1 m in size. The distance between the sample plots was
20 meters. They were located on the ground in the form
of a grid (3x5 sample plots). Processing of taxation mate-
rials was based on the data of the forest inventory of
2002.

The typological method based on the principles of dy-
namic typology was chosen to study the dynamics of taxa-
tional specifications. The material was selected on an eco-
logical basis by forest types with further calculation of av-
eraged characteristics of the dynamics of taxational charac-
ters with age, with the use of graphical or analytical inter-
pretation. At the beginning of the study, the prevailing spe-
cies in the forest division was determined (in this case it is
pine) for which regression modeling is performed. Then,
after selecting the species, the main forest types were se-
lected according to their qualitative and temporal character-
istics: primary forest type and nominally primary forest
type. Greenmoss pine forest was selected as a primary for-
est type; sedge-grass pine forest was selected as a nomi-
nally primary forest type. For each age class, 2025 cards
were collected. Divisions were chosen by random selec-
tion. All the calculated parameters were summarized in a
table according to the age class. The statistical parameters
were further analyzed.

RESULTS AND DISCUSSION

The study object is pine modal stands growing in the
Karaulnoye district forestry of the educational and ex-
perimental forestry at Reshetnev Siberian State University
of Science & Technology.

Two forest types were chosen for the study:

— greenmoss pine forest representing a primary forest
type;

— sedge-grass pine forest representing a nominally
primary forest type.

In order to obtain the most complete picture of the flo-
ra of the field layer, 15 plots were established in the terri-
tory of the forest division. The Drude scale was used for
visual categorization of abundance. When estimating the
scale abundance, the following notations were used [3]:

— Un (unicum) — projective cover of the species occu-
pies less than 1 % of the plot;

— Sol (solitaria) — projective cover of the species oc-
cupies 3—5 % of the plot;
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— Sp (sparsae) — projective cover of the species occu-
pies 10-20 % of the plot;

— Cop (copiosae):

e Copl — projective cover of the species occupies
30-40 % of the plot;

e Cop2 — projective cover of the species occupies
50-60 % the plot;

e Cop3 — projective cover of the species occupies
70-90 % of the plot;

— Soc (socialis) — projective cover of the species oc-
cupies more than 90 % of the plot.

The plots were established in pine-dominated stands.
The dominance of the Carex macroura at all sites allowed
us to state the prevalence of pine forests of the sedge-
grass forest type in the territory of the forest division.

On the basis of graphical analysis, taxational specifica-
tions (changes in height and diameter with age) of pine
stands of greenmoss and sedge-grass forest types were
compared. It was found that these forest types are identical
in terms of growth intensity, as the trend lines practically
coincided (Fig. 1). Consequently, it can be noted with full
confidence that greenmoss pine forest (primary forest type)
in course of time and external factors transitions into sedge-
grass pine forest (nominally primary forest type) (Fig. 2).
This allowed uniting them into one group.

In order to model the yield of the main taxational
specifications, standard functions of the program “Curve
Expert” were used.

The yield is described by a set of functions that must
be compatible with the following requirements:

— The graph must pass through the origin of coordi-
nates, f(x) =0, at x =0.

— The growth function must be increasing at
x >0, and f(x) > 0.

— The limit of function with unbounded increasing
argument must tend to the asymptote: lim f(x) = max x—
to infinity.

— The graph of the current growth must start from the
origin of coordinates, f(x) =0, at x = 0.

— Growth function must have an inflection point.

With the coefficient R > 0.95 the equation is consid-
ered adequate.

As a result, three functions were selected.

Exponential Association:

y=a* (I —exp(-b*x), (D
Logistic Model:
y=a/(1+b*exp(— * x)), 2)

where x is a stand age, years; a is a peak value; b, ¢ are
function coefficients reflecting the shape of the curve.

MMF Model:
y=(@*b+c*x~d)/(b+x"d), 3)

where x is a stand age, years; a, b, ¢ and d are function
coefficients.

The analysis of function parameters showed that only
one function was compatible with all the criteria, namely
MMF Model, which was used for growth approximation
(Fig. 3).

The diagrams showed stable growth of stands of aver-
age diameters with increasing age, as no external and in-
ternal factors influenced the stand development both neg-
atively and positively. The adequacy ratio of the equation
is below 0.95. This can be explained by the large varia-
tion in the data (Fig. 3). The stands actively grow up to
60-70 years old, which can be explained by a number of
factors (climate, former old arable lands, high density),
then the height increment decreases, but the stands con-
tinue to steadily increase in height. The adequacy ratio of
the equation is greater than 0.95 (Fig. 3). The volume
increases sharply up to 65-70. After 70 years, the growth
decreases. This is associated with the full formation of
stands; and the volume increases steadily. The adequacy
ratio of the equation is more than 0.95 (Fig. 3).

Based on the obtained models and empirical taxation
formulae, the sketches of the yield tables of modal pine
stands (see the table) were constructed for the riparian
part of the Yenisei River. These norms show that the sum
of cross-sectional areas increases from 16.25 to 24.49
m?*/ha, the maximum value is reached at the age of 70
years, then the decline begins. The number of trunks per
hectare at the age of 20 years is 818 pcs/ha, then the num-
ber of trunks decreases, having a minimum value of 412
pcs/ha. The species number as well as the number of
trunks has the maximum value at 20 years, and with in-
creasing age, the species number decreases to the mini-
mum value of 0.447. The total standing volume increases
with age. The minimum standing volume at 20 years of
age is 47 m’/ha, and the maximum standing volume is
recorded at the age of 140 years and is equal to 258
m’/ha. The average changes of the standing volume in-
crease from 20 to 60 years of age; at 60 years of age the
change of the standing volume has a maximum value of
3.56 m’/year. Then the values decrease. The minimum
change of the standing volume is reached at 180 years and
is 1.44 m’/year. The current change of the standing vol-
ume varies from 5.67 m’/year (50 years) to 0.01m’/year
(170-180 years).

For the comparison of the developed norms, the yield
table by N. E. Supriyanovich [6] was used (Fig. 4).

Greenmoss pine forest
(primary forest type)

Transition dynamics
with age from young
high density stands

Sedge-grass pine forest
(nominally primary forest
ype)

-

Fig. 2. Scheme of dynamics of transition of a greenmoss pine forest to a sedge-grass forest type
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The yield table of pine stands of green-moss-mixed herbs forest type

Age, years Average Sg. m’/ha N. pes/ha . M, m/ha Standing volume changes, m*/ha
height, m diameter, cm average current

20 42 6.4 16.25 818 0.688 47 2.33 -

30 8.5 10.2 14.72 588 0.541 68 2.27 2.14
40 13.0 14.1 18.47 628 0.493 118 2.95 4.99
50 16.5 17.8 22.36 675 0.473 175 3.49 5.67
60 19.1 21.4 24.13 665 0.463 214 3.56 3.90
70 21.0 24.8 24.49 627 0.457 235 3.35 2.11
80 222 27.9 24.30 586 0.454 245 3.07 1.08
90 232 30.8 23.99 550 0.452 251 2.79 0.56
100 23.8 33.5 23.67 521 0.450 254 2.54 0.30
110 243 36.0 23.42 497 0.449 256 232 0.17
120 24.7 38.2 23.20 478 0.449 257 2.14 0.10
130 25.0 40.3 23.02 462 0.448 257 1.98 0.06
140 252 422 22.88 448 0.448 258 1.84 0.04
150 253 44.0 22.76 437 0.447 258 1.72 0.03
160 25.5 45.6 22.67 428 0.447 258 1.61 0.02
170 25.6 47.1 22.59 419 0.447 258 1.52 0.01
180 25.7 48.5 22.53 412 0.447 258 1.44 0.01
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Comparing the calculated indicators with the indica-
tors from the table by N. E. Supriyanovich, one can say
that the average diameter of the stand increases more in-
tensively than according to the tables by N.E. Supriyano-
vich. This may be due to soil fertility, external climatic
and anthropogenic factors of influence on stands. The
dynamics of the volume of pine stands of the Karaulnoye
forestry sharply increases up to 50-60 years; this is due to
the fact that young stands grow much more intensively
than the ripening ones, mature and overmature ones. Fur-
ther the change of growth in the volume decreases, which
is caused by the entrance of stands to the age of ripeness.
The standing volume change according to the tables by
N. E. Supriyanovich does not have discontinuities: at first
the standing volume change increases up to 70 years, then
the increment decreases (Fig. 4).

CONCLUSION

As a result of the conducted research, both documen-
tary data of forest management and materials collected
during field studies were elucidated and analyzed. By
analyzing the growth of pine forests of greenmoss and
sedge-grass forest types, their identity was established.
Over time, a primary forest type (greenmoss) transitions
to a nominally primary forest type (sedge-grass). As a
consequence, these forest types were united and a general
yield table was compiled.

In the process of analyzing the dynamics of the main
taxational specifications, such as height, diameter, and
standing volume with age, it was revealed that the yield of
pine forests in the Karaulnoye forestry exceeds the data of
the tables by N. E. Supriyanovich. This indicates that the
stands being studied are more productive.

As a result, on the basis of the identified regularities
of pine forest yield, a local yield table of pine stands of
greenmoss and sedge-grass forest types was compiled.
The presented table can serve as an initial basis for char-
acterizing the growth, increment and productivity of pine
forests for forest conditions of the riparian part of the Ye-
nisei River.
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WCCJIEJOBAHMSI IO BBIPAIIIMBAHUIO COCHBI KEJIPOBOM CUBUPCKOM
3A MHOT'OJIETHUM ITEPUO/T

P. H. MatBeeBa, O. ®. Byroposa

Cubupckuii TOCyIapCTBEHHBIN YHUBEPCUTET HAYKH M TEXHOJIOTHI UMeHHU akanemuka M. @. PemerHeBa
Poccwuiickas ®@eneparus, 660037, r. KpacHosipck, mpoctt. uM. ra3eTsl «KpacHosipckuit Pabouwmiiy, 31
E-mail: butorova.olga@mail.ru

IIpueedennvl pe3yibmamvl MHOLOAEMHUX UCCICO008AHULL NO bIPAWUBAHUIO COCHbL KeOPOBOU CUOUPCKOU: XpaHeHue,
npeonocesHas 0OpabomKa cemsan MUKPOITIEMEHMAMU U CHIUYMYAMOPamMu pocma, ux oonyuenue ayvamu Penzena, oonon-
HUMeNbHOe OCBeweHUe CesTHYEes, YePEeHKOBAHUe, CO30aHIe NIAHMAaYULl KIOHAMU, NOTYCUOAMU, HOMOMCMEOM PA3HO20 2€0-
epaghuueckoeo npoucxoxcoenus. Ilonyuennsie pe3yiomamol ucnonsvsosarvl npu paspabomxe I OCTos, OCTos, PTY, pe-
KOMeHOayull, co30anuu 06a3 danuvix. Hcciedosanus npoeedeHvl HA ONBIMHLIX YYACMKAX 8 YueOHO-OnbImHOM Aecxo3e
Cubl'Y, Epmaxosckom nechuyecmae Kpacrnoapckozo Kkpas, a maxace opyeux necHuvecmeax Cubupu Ha ocHogaHuu obuje-
NPUHSMBIX 8 JECOKYIbMYPHOM NPOU3BOOCHEE MemOOUK. Buviseienvl onmumanvhvle ycaosus Ot OTUMenIbHo20 XPaHeHust
CeMsIH, NPUMEHEHUsSL CIMUMYISIINOPO8, MUKPOIIEMEHMO8 NPU 8bIPAWUBAHUL NOCA00YHO20 Mamepuana. [Ipednocerno 0o-
HONHUMENbHOE OCEeUeHIe CEAHYES, UCNONb30BANUE CEEMODUILINPOS ONPEdeleHH020 CReKmpPalbHo2o cocmasa. IIpoana-
JUUPOBAHA AZPOMEXHUKA BbIPAWUBAHUS NOCAOOUHO20 Mamepuana 6 numomnukax Cubupu, erusnue pazmepos nocaoy-
HO20 Mamepuana Ha NPUdiCUBAEMOCHb U POCH PACMEHUL 8 JIeCHBIX Kyabmypax. Mcneiman pocm cochvl Kedpogol cubup-
CKOU HA N00BOE COCHbL OOBIKHOBEHHOU U COCHbL KeOPOBOU cubupckoil. H3yuena usmeHuusocms pamem u noaycubog niko-
COBbIX 0epesbes, AMmeCcmOBAHHbIX HO CEMEHHOU U CMEONI0B0U NPOOYKMUGHOCTIU. YCMAHOBNIEHO GlusiHUe 00NIenuxu Kpy-
WIUHOBOTL HA POCM U CEMEHOULEHUE COCHBL KeOPOBOL CUDUPCKOTL PA3HO20 2e02PaPUUECK020 NPOUCXOICOEHUS], OMCENEKMU-
POBAHO NOMOMCIMEO NONYIAYUL, OMAUYAIOUIUXCSL UHMEHCUBHBIM POCIIOM U PAHHUM PENPOOYKIMUSHBIM PA3GUNUEM.

Kurouessle cnosa: cocna kedposas cubupckas, cemend, Cestnybl, J1eCHble KyJIbmypol, NIAHMAYUU.
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RESEARCH ON THE CULTIVATION OF SIBERIAN CEDAR PINE FOR A LONG PERIOD

R. N. Matveeva, O. F. Butorova

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarskii Rabochii prospekt, Krasnoyarsk, 660037, Russian Federation
E-mail: butorova.olga@mail.ru

The results of many years of research on the cultivation of Siberian cedar pine are given: storage, pre-sowing
treatment of seeds with trace elements and growth stimulants, their irradiation with Rengen rays, additional lighting of
seedlings, cuttings, creation of plantations with clones, half-siblings, offspring of different geographical origin. The
obtained results were used in the development of GOST, OSTs, RTS, recommendations, creation of databases. The re-
search was carried out at experimental sites in the Educational and Experimental Forestry of SibSU, the Yermakovsky
Forestry of the Krasnoyarsk Territory, as well as other forestries in Siberia on the basis of generally accepted methods
in forestry production. Optimal conditions for long-term storage of seeds, the use of stimulants, trace elements when
growing planting material were revealed. Additional illumination of seedlings, the use of light filters of specific spectral
composition are proposed. The agricultural technique of growing planting material in nurseries of Siberia, the influ-
ence of the size of planting material on the survival rate and growth of plants in forest crops are analyzed. The growth
of Siberian cedar pine on the root of Scots pine and Siberian cedar pine was tested. The variability of ramets and semi-
siblings of plus trees certified by seed and trunk productivity was studied. The influence of buckthorn buckthorn on the
growth and seed production of Siberian cedar pine of different geographical origin was established, the offspring of
populations characterized by intensive growth and early reproductive development were selected.

Keywords: Siberian pine, seeds, seedlings, forest crops, plantation.

INTRODUCTION other environmental functions are of great importance.

Siberian pine (Pinus sibirica Du Tour), or Siberian
cedar, is a forest-forming species of Siberia, the pride of
the taiga zone. The wealth of the cedar taiga is well
known: nuts, wood, soft resin, furs, etc. Its durability,
water protection, water regulation, soil protection and

The boundary of the range of this species runs in the west
from the upper reaches of the Vychegda River (northeast
of the European part of Russia) to Blagoveshchensk in the
east (127°20°E). The northern border goes through the
lower reaches of the Ob, Yenisei, and the upper reaches of
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the Aldana River (68°30°N). The southern border of the
range, crossing the Urals at 57°N, descends to Altai to
48°N. and to Mongolia to the sources of the Orkhon River
(46°30°N), where the southernmost point of the range is
located. This biological species is quite demanding on soil
fertility, preferring rich loams with moderate moisture;
nevertheless, it can grow on rocky and heavily swampy
areas [3; 23; 25]. Many authors note the increased re-
quirements of Siberian pine pine for air humidity. How-
ever, according to V.V. Protopopov [24], Siberian pine
also grows in conditions where the average monthly rela-
tive air humidity at 1 p.m. during the growing season can
drop to 40 %, and on some days — to 12—15 %. Siberian
pine seeds are a valuable balanced nutrition, since they
contain vitamins, microelements, and essential fatty acids.
They are a source of biologically active substances neces-
sary for human life [2; 10; eleven].

Siberian pine reproduces by seed and vegetative meth-
ods. Considering the frequency of seeding, it is necessary
to have a reserve fund of seeds for sowing in lean years.
When storing seeds for a long time over several years, it is
necessary to develop methods to ensure their high viability,
which depends on the species, hereditary properties, collec-
tion time, and seed storage regimes [7; 20].

RESULTS AND ITS DISCUSSION

The features of long-term storage of Siberian pine
seeds were studied at Siberian State University from
1980-2000. As a result of the research, the following
conclusions were made: for long-term storage of seeds, it
is recommended to collect them in years of copious crop.
Seeds must be of first-class quality. Indicators are no less
than: seed purity — 96 %, viability — 85 %, weight 1000
pcs. — 230 g. Before long-term storing seeds should
be dried at a temperature of 30-35 ° C to a humidity
of 5-6 % and placed in disinfected glass bottles. They are
tightly closed with stoppers, the edges of which are lubri-
cated with Vaseline, and the joints are filled with paraffin.
Store at temperature not lower than minus 11 ° C and not
higher than plus 8 °C. Seed storage has proven effective
with the addition of activated carbon (5 % by weight of
the seeds) or quicklime (10 %), or chloramine (1 %) [6].
Planting material was grown from long-term storage
seeds and planted at the test plot of Reshetnev Siberian
State University of Science and Technology [15]. Trees
from seeds after long-term storage did not have signifi-
cant differences in growth rates from the control.

To increase seed germination and accelerate the
growth of planting material, pre-sowing seeds were
soaked in aqueous solutions of microelements and growth
stimulants. The most effective were solutions containing
H3BOj; in concentrations 0.01-0.005 % and CuSO,4 0.001—
0.005 %, gibberellin concentration 0.0001-0.001 % het-
eroauxin — 0.0005-0.0007 %, which contributed to an
increase in soil germination of seeds and the performance
of three-year-old seedlings. The seedlings in the listed
variants were large in size and weight. Solutions contain-
ing gibberellin contributed to an increase in the length of
the cotyledons and a decrease in their thickness. When
seeds were soaked in a 0.0005 % heteroauxin solution, the
total photosynthetic surface of the seedlings was 12.7 %
larger compared to the control. The seedlings of this vari-
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ant have 40.8 % more chlorophyll than the control, with
an increased ratio of chlorophyll “a” to “b” [6].

We studied the effect of X-rays on Siberian pine seeds
in a dry, swollen, sprouted and germinated state. Irradia-
tion of seeds was carried out in the laboratory of light
culture of the Institute of Biophysics SB RAS. The seeds
were irradiated in doses of 400 and 5000 R within 12
minutes. It was found that when seeds were irradiated
with a dose of 5000 R, single shoots appeared, which
soon died. A dose of 400 R also had a negative effect on
seed germination, and seedlings were characterized by
slow growth. At the age of 35, the Siberian pine, which
grew from irradiated seeds, did not enter the reproductive
stage of development, while in the control variant some
trees formed cones and pollen. However, it is possible
that single specimens that grew from irradiated seeds will
be more environmentally stable in areas with increased
radioactivity [6].

Experiments were carried out on the influence of the
duration of illumination and the spectral composition of
light on the growth of Siberian pine. The photoperiodic
response of seedlings was studied by isolating the crops
from natural light for a 69 hour period and applying ad-
ditional lighting for 18, 22, and 24 hours. Plywood boxes
with air holes were installed above the experimental
crops, ensuring the same temperature conditions in the
experiment and in the control. The illumination under the
box without a lighting source, determined by the LM-3
lux meter, was zero. Seedlings grown under conditions of
natural photoperiod duration served as control. To select
effective light sources based on their spectral composi-
tion, seedlings were grown under films of different colors:
red, yellow, blue, green and transparent (wavelength 380—
800 nm). Fluorescent lamps (LDS-40) and incandescent
lamps (150 watts), providing illumination up to 300—1100
lux, were used as light sources for additional lighting.
Long-term illumination was one of the determining fac-
tors in regulating the growth processes of Siberian pine
seedlings. Seedlings of this species were of better quality
when grown under yellow and red light filters and with
additional night lighting with incandescent lamps. With
additional night lighting during the period of growth of
the central shoot, the current growth of seedlings in-
creased; during the period of growth of the central shoot,
the initiation and formation of terminal buds of seedlings,
not only the current growth of the shoot increased, but
also Lammas shoots were formed.

The most effective was the use of additional lighting
for 40 days on Siberian pine seedlings of northern origin
(Salekhard). All one-year-old seedlings had two growths
during the growing season and did not differ in size from
two-year-old ones. The next year, the seedlings formed
larger growths and at the age of three they were all classi-
fied as first grade [6].

An assessment of the patterns of growth of seed prod-
uct in various ecological and geographical conditions and
an analysis of agricultural technology for their cultivation
were carried out in accordance with the Russian Research
Institute for Silviculture and Mechanization of Forestry
methodology (1972) in 21 forestry enterprises of Eastern
Siberia [5]. The influence of calibration of planting mate-
rial, the growth pattern of seedlings in the transplant
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section of the nursery farm and forest crops was estab-
lished, depending on the quality indicators of seedlings in
various soil and climatic conditions. On test plots the best
in terms of biometric indicators were seedlings grown
from seedlings selected by diameter. Early flowering (at
age 15-20) was noted in some specimens that had the
largest stem diameter (8—10 mm) at age 5.

Sustainable and fast-growing forest crops are created
on the basis of geno- and phenotypic diversity of popula-
tions and the selection of productive ones for specific
growing conditions [4]. The state of forest crops created
by calibrated seedlings and saplings in the Achinsky, Ko-
zulsky, Kansky, Mansky, Mininsky, Educational and Ex-
perimental Forestry Enterprises of the Krasnoyarsk Terri-
tory, as well as the Anzhersky, Krapivinsky Forestry En-
terprises of the Kemerovo Region was analyzed. The best
quality was found in experimental forest crops created
with large-sized planting material, which emerge from
under the grass canopy earlier and are characterized by
increased preservation and growth energy. When creating
forest crops, it is advisable to use fast-growing, selected
planting material that, under identical growing conditions,
has a diameter or height (depending on the density of
crops) greater than the average value and is productive —
accelerated development, established by the formation of
leaf bundle in the first year of cultivation or the ability to
form two shoot growths during the growing season [5].

Within its area, Siberian pine has many valuable
forms, which can be preserved through asexual propaga-
tion. The most common methods of propagation are graft-
ing and cuttings. During asexual propagation, the genetic
characteristics and properties of the mother plants are
completely preserved. One of the most promising, but
little studied methods of propagation of this species is
cuttings, with the help of which it is possible to grow
own-rooted plants from specimens selected for speed of
growth and other valuable traits. Cuttings do not depend
on the periodicity of the harvest, which is strongly ex-
pressed in Siberian pine, and eliminates the discrepancy
in the growth rate of the scion and rootstock in diameter,
which is inherent in propagation by grafting. However,
Siberian pine is a tree species that is difficult to root,
which is confirmed by many years of research [8]. It has
been established that callus and root formation of cuttings
of coniferous species depends on the age of the mother
plants, the use of growth stimulants, growing conditions,
etc. Cuttings of Siberian pine was carried out in cold-type
greenhouses covered with polyethylene film. The green-
houses had a height of 170-210 cm, a length of 300-400
cm, and a width of 100-120 cm. The roof is gable, re-
movable, the side walls of the greenhouses are covered
with plastic film. The greenhouse was placed at a height
of 3040 cm, the base was lattice to provide air access.
Initially, river pebbles were laid in a layer of 10 cm, then
a mixture (20 cm) of soil from under cedar plantations
(humus-accumulative horizon), sand and birch leaves
were made in equal proportions (20 cm). The top layer (3
cm) consisted of coarse-grained, well-washed and cal-
cined river sand. Previously, 1-2 days before planting the
cuttings, disinfection was carried out by watering the sub-
strate and the internal walls of the greenhouses with a 0.5
% solution of potassium permanganate. Air humidity was

maintained within 80-100 % by systematic watering us-
ing fine-droplet hand sprayers and containers filled with
water. On days with high air temperatures, the green-
houses were ventilated, shaded with gauze (cloth), and the
outside was doused with water.

The cuttings were taken at several times from mother
plants growing in the arboretum of the Siberian State
University of Science and Technology, of different mor-
phological and phenological forms, of geographical origin
at the age of 630 years. Cuttings 5-10 cm long were cut
at different phenological periods from the upper, middle
and lower parts of the crown from the lateral branches of
the first and second orders, using shoots 1-2 years old.
The cuttings were soaked in solutions containing physio-
logically active substances, concentrations from 0.0001 to
0.1 % for 1, 10, 20, 30 hours. Treatment of cuttings with
stimulants was carried out by immersing their basal parts
in aqueous solutions. In order to clarify the influence of
the age of mother plants on the rooting of Siberian pine
cuttings in the suburban area of Krasnoyarsk, several ex-
periments were carried out. Thus, in the first experiment,
6-, 15- and 20-year-old mother plants were used for cut-
ting. Cuttings were cut from lateral one-year-old branches
of the first order. The process of callus formation was
more intense in cuttings cut from 6-year-old mother
plants. By September 13, buds had formed in single cut-
tings, but roots had not formed during the growing sea-
son.

In cuttings from 20-year-old plants using the same
harvesting method, the process of callus and root forma-
tion was delayed; by this time, even root base was not
formed on them. In the second experiment, when cutting
7-year-old seedlings, similar results were obtained.
In 63 % of the cuttings, at the end of the first growing
season, root rudiments appeared, 16 % — roots. As a result
of the research, it was revealed that cuttings of Siberian
pine from mother plants under the age of 15 years take
root more successfully. Subsequently, the ability to
propagate by cuttings sharply decreases. Among 17-23-
year-olds, only a few cuttings of different geographical
origins were selected. Callus and root formation in Sibe-
rian pine occurs better when using winter cuttings with
buds (closed), harvested while they are in the phase of
swelling of buds from the lateral shoots of the first and
second orders of branching. Callus of larger diameter and
thickness was noted in cuttings treated with a heteroauxin
solution at a concentration of 0.001 %. In the same vari-
ant, the cuttings formed a well-developed root system
within three years.

A comparison of survival rate and growth was carried
out 8-year-old (3+5) plants of cuttings and seed origin.
After five years of growing seedlings of cuttings origin
in the transplant section, their height was 19.3 c¢m, seed-
lings — 33.0 cm. The cuttings were planted in the arbore-
tum of Siberian State University of Science and Technol-
ogy and on the plantation “Izvestkovaya”. By the biologi-
cal age of 30-33, the height of the Siberian pine, propa-
gated by cuttings, averaged 5.6 m. All cuttings have
a vertical position, a straight trunk. No tree death or
anomalies in their development were observed. At the age
of 27, 14 % of specimens entered the reproductive stage,
forming 2—8 cones on central and lateral shoots [8; 9].
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When creating forest plantation, much attention is
paid to the geographic origin of seeds, which affects the
growth of crops up to the age of ripeness and is often a
decisive factor in creating sustainable, highly productive
plantations [1].

Assessing the growth and sustainability of populations
allows for each specific region to identify ecotypes, the
use of which will give the greatest silvicultural effect [21;
22; 26]. The “Meteo-station” plantation in the Karaulny
district forestry of the Training and Experimental Forestry
Enterprise of Reshetnev Siberian State University Univer-
sity of Sciencw and Technology (green zone of Kras-
noyarsk) was created by planting plants grown from seeds
of different geographical origins (populations of the Kras-
noyarsk Territory, the Altai Republic, Kemerovo Region,
Kazakhstan), differing in the conditions of growth of par-
ent plantings in height above sea level (from 700 to 1700
m), geographic latitude (from 50 to 63°N), longitude
(from 83°56" - Leninogorsk ecotype to 90°EL). As a local
ecotype (control), the progeny was taken from the Biryus-
insky forestry of the Educational and Experimental For-
estry Enterprise of Reshetnev Siberian State University of
Science and Technology of the Krasnoyarsk Territory
[14; 18]. At the 40-year biological age, the height of
plants of various ecotypes reached 5.6—7.7 m. The leader-
ship belonged to the Atushken ecotype of Gorno-Altai
origin. At this plantation, an experiment was carried out
with planting common sea buckthorn between the rows of
Siberian pine as a species that supplies the soil with nitro-
gen. It was established that, starting from the age of 31,
the plants in the area with common sea buckthorn over-
took in growth were control plants planted in the neigh-
boring section, but without sea buckthorn. The differences
in height were in some years up to 11.1-13.4 %, but no
significant differences were found in diameter. However,
the percentage of productive trees in the first years of
their reproductive development was higher in the area
without common sea buckthorn.

The “Izvestkovaya” pine plantation was established by
planting Siberian pine plants grown from seeds of differ-
ent geographical origins. The plantation presents seed
progeny of Siberian pine from plantations in the Kras-
noyarsk Territory, Irkutsk, Chita regions, Altai, and
Khakassia [14]. Trees at 4748 years of biological age of
different geographical origin had a height of 10.8-11.3 m.
The first cones formed on single trees of Al-Tai (Kurli
tract), Cheremkhovo and Chita origin in 21-24 years of
biological age. In the first years of reproductive develop-
ment, 1-3 cones were formed. The offspring of the
Biryusa, Altai, and Cheremkhovo populations were more
productive (20—-24 % of trees) for this period.

When creating the grafting hybrid seed plantation, cut-
tings were prepared from Siberian pine plants grown from
seeds sown in 1960-1964 of different geographical origins:
Kemerovo, Sverdlovsk, Tomsk, Tyumen, Chita regions;
Krasnoyarsk Territory (Biryusinsky, Yartsevo forestry en-
terprises); Republic of Altai, Buryatia, Komi, Tyva, Sakha-
Yakutia, Khakassia). Grafting was carried out in 1976—
1982. The grafting method is “pith-to-cambium” on Scots
pine undergrowth [12; 13; 17]. After five years, the growth
of the grafted plants was analyzed. The highest scion indi-
cators were when using 9-10-year-old rootstock. By the
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age of 24, the grafted plants had reached an average height
of 7.5 m. The scions of the Altai (Kurli harvesting) variant
were characterized by intensive growth (the scion height
was 10.8-64.0 % greater). At this age, 89 % of trees had
overgrowths in places where Siberian pine and Scots pine
grow together. There is mainly a loss of trees that have large
influxes in places where they grow together. More durable
specimens have better fusion scion with rootstock, but less
intensive growth. Eight years after grafting, massive stami-
nate “blooming” was observed on grafted trees Altai (12-18-
3), Biryusa (9-25-1), Komi (3-7-2), Khanty-Mansi (15-34-2)
and Yakut (1-2-5) origin. Cones in the amount of 3—127
pcs. were on trees of nine clones at age 24.

A plantation of Siberian pine using half-sibs and
ramets from plus trees growing on the territory of the No-
vosibirsk (Kolyvan forestry) and Irkutsk (Slyudyansky
forestry) regions was created in the Western Sayan ex-
perimental forestry (Tanzybey forestry of the Ermakovsky
forestry) Krasnoyarsk Territory with planting material
grown in the conditions of the Training and Experimental
Forestry Enterprise of Reshetnev Siberian State Univer-
sity of Science and Technology Siberian State University
of Science and Technology. As a scion, cuttings from plus
trees selected for seed and stem productivity were used;
the rootstock was Siberian pine seedlings of Biryusinsky
origin (Biryusinsky forestry of the Educational and Ex-
perimental Forestry Enterprise of Reshetnev Siberian
State University of Science and Technology). The
biological age of trees of Novosibirsk origin, taking into
account the age of the rootstock and scion, in 2008 was 24
years (6+18 years) [16; 17]. In terms of seed productivity,
clones have an average height of 2.8 m, varying from 2.5
to 3.2 m according to experimental variants. Clones
89/53, 97/61, 100/64, 112/76 had the best growth in the
group in terms of seed productivity. The maximum height
(4.7 m) was for ramet No. 34-26 of clone 100/64. The
average height of 24-year-old grafted clones based on
stem productivity on the plantation was 3.0 m. The
maximum height was observed in clones 17/17, 13/13,
141/105, 147/111, selected for stem productivity. Some
specimens (No. 14-24, 22-14) of clones 17/17 and
141/105 reached a maximum height in this group of 4.2
m. At the age 35, the trees had an average height of 6.2 m.
In 1995 cones have formed on some ramets of clones
18/18, 91/55, 92/56, 100/64. In 2008, in the group
according to trunk productivity, cones and macrostrobili
were formed up to 10.0-34.4 % in ramets of different
clones and microstrobili — 10 % ramet clone 13/13.

Trees of seed origin at the age 25 had the greatest
height (4.2 m) in families 89/53 and 90/54. A single entry
into the seed production stage was noted from the age
of 21. Cones in the amount of 1-12 pcs. were formed in
five half-sibs aged 24-25 years. At the age 35, the trees
reached an average height of 6.9 m [11].

CONCLUSIONS

The results of many years of research were put into
practice and included in GOST standards for seedlings:
3317-77, 33-17-90, seedlings: 24835-81; method for
long-term storage of seeds: RTU 56-84; “Forest crops.
Quality assessment”: OST 56-92-87, into databases on
growth and productivity indicators of Siberian pine on
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mother-tree archive [17; 19], plantations were created
using seed and vegetative planting progeny of plus trees
in the Ermakovsky forestry on an area of 25 hectares and
experimental plots in the Educational and Experimental
Forestry Enterprise of Reshetnev Siberian State Univer-
sity of Science and Technology — 20 hectares.

The application of scientific research results will help
improve the quality of Siberian pine planting material and
solve many issues of silvicultural production.
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HPOI'PAMMHO-ANIITAPATHBIN KOMILJIEKC U METOJIMKA CBOPA IIEPBUYHbIX JAHHBIX
O IroPOJACKUX HACAKJIEHUAX HA OCHOBE KAPTOTPA®UNYECKUX BEB-CEPBUCOB,
MOBWJIBHBIX YCTPOMCTB U NPUJIOXKEHUI

E. B. Comos', C. JI. IlleBesen’

'TuxooKeaHCKHii rOCYAApCTBEHHBIM YHUBEPCUTET
Poccuiickas ®enepanus, 680035, r. Xabaposck, yi. Tuxookeanckas, 136
2CI/I6HpCKn171 rOCYJIapCTBEHHBI YHUBEPCUTET HAYKHU U TEXHOJIOTHI UMeHHU akajemuka M. @. PeneTrHeBa
Poccwuiickas @enepanmst, 660037, r. KpacHosipck, npoct. M. rasetsl «KpacHosipckuit pabounii», 31

Tpedcmasienvl npoOSPAMMHO-MEXHUYECKUE U MeMOOUYECKUe PEUleHUs], PEKOMEHOYeMble K NPUMEHEHUIO npu coope
NEPEUYHBIX OAHHBIX O 20POOCKUX HACANCOCHUSIX 8 PAMKAX UCCLeO08aHUIL 8 0OIACMU U3YUEHUsT PACIPOCHMPAHEHUS], CO-
CMosiHusL, pocma u JAaHOWADMHO-0EKOPAMUBHLIX CBOUCME pacmeHull 6 ypoanusuposannou cpede. Ilpednazaemas
MemMOOUKA OCHOBAHA HA UCHONb30BAHUU BO3MONCHOCIEN KAPMOSPADUUECKUX 6€0-CepBUcos8, MHOLOMYHKYUOHATLHBIX
MOOUNILHBIX YCMPOUCME U NPULONCEHULL OISl NOYUEHUsL OAHHBIX O MECTONONONCEHUU U MAKCAYUOHHBIX XAPAKMEPU-
CMUKAX HACANCOCHUL 8 NPUMEHEHUU K PA3TUYHBIM MUNAM 00beKmMOo8 03eleHenus. Boiogunym me3uc o 00CmamoyHocmu
unpopmayuu, umerowelcs Ha GomouzoopajiceHusix, 01 NePeUYHOL MAKCAYUOHHOU OYEHKU 20POOCKUX HACANCOeHUT
8 Yensax MAAHUPOBAHUsi 0emanbHulX ucciedosanui. OOOCHOBAHBL BO3MONCHOCIU NPEONA2AEMbIX MEMOOUKU U Npo-
CPAMMHO-ANNAPAMHO20 KOMNUAEKCA 051 NOGLIUEHUS NPOU3800UMENbHOCIU npoyecca cOopa OaHHLIX, MOYHOCMU U
00bEKMUBHOCIMU UHGOPMAYUL, CHUICEHUS 3AMPAM HA IMANAX NOJIEBbIX U KAMEPATbHLIX pabom.

Knrouesvie cnosa: memoowi makcayuu, ZOPOOCKMQ Hacaofa)eﬂuﬂ, Kapmoepaqbuueacue 6@5—Cep6qul, MOOUbHBLE
ycmpoﬁcmea, MOOUbHBLE NPUIOdfCerUsl, ceono3uyuornupoesarnue, Hazemmoble ducmaﬁuuongze CbEeMKU.

Conifers of the boreal area. 2023, Vol. XL, No. 7 (special), P. 596-602

SOFTWARE AND HARDWARE COMPLEX AND METHODOLOGY FOR
COLLECTING PRIMARY DATA ON URBAN PLANTINGS BASED ON
CARTOGRAPHIC WEB SERVICES, MOBILE DEVICES AND APPLICATIONS

E. V. Somov', S. L. Shevelyov’

'Pacific National University
136, Tihookeanskaya St., Khabarovsk, 680035, Russian Federation
*Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation

The article presents software-technical and methodological solutions recommended for use in the collection of pri-
mary data on urban plantings in the framework of research in the field of studying the distribution, condition, growth
and landscape-decorative properties of plants in an urbanized environment. The proposed method is based on the use
of the capabilities of cartographic web services, multifunctional mobile devices and applications to obtain data on the
location and taxation characteristics of plantings in application to various types of landscaping objects. The thesis
about the sufficiency of the information available on the photo images for the primary taxational assessment of urban
plantings in order to plan detailed studies is put forward. The possibilities of the proposed methodology and software
and hardware complex for improving the productivity of the data collection process, the accuracy and objectivity of
information, and reducing costs at the stages of field and desk work are substantiated.

Keywords: methods of taxation, urban plantings, map web services, mobile devices, mobile applications, geo-
positioning, ground remote surveys.

INTRODUCTION — stochastic character of plantation allocation and lack

The study of biological and ecological properties, en-  of preliminary information on the growing of plants of the
vironment-protective and landscape-decorative character-  species under study, requiring a preliminary search for the
istics, taxation parameters of individual plant species in  objects of study over large areas;

urban landscaping, if we are not talking about studies on — diversity of urbanized environment conditions af-
experimental plantings or permanent monitoring objects,  fecting the condition, growth and development of plants,
is usually associated with the following factors: implying the use of pre-planned multifactor experiments
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(observations, measurements) and, as a consequence, the
need for significant volumes of statistical samples with a
sufficient amount of data in the cells of the experimental
plan.

Conducting studies under such conditions requires the
use of data collection methods combining the necessary
completeness, accuracy, maximum objectivity of informa-
tion and high productivity, minimum labor intensity and
cost of work. This problem is partly solved by the applica-
tion of a two-stage method of data collection arrangement,
when at the first (preliminary) stage the places of plant
growth of the studied species are identified and primary
information on plantations, necessary and sufficient for
planning the experiment and forming representative sam-
ples, is obtained; at the second stage detailed taxation of
sample objects is carried out in accordance with the re-
search program.

Currently, to identify the place of plant growth of the
studied species in urban plantings, methodological ap-
proaches are used, which with some generalizations can
be grouped into the following three groups:

— surveys of territories of individual objects of urban
landscaping with different functional purpose and located
in zones with different levels of anthropogenic pollution
[3;7; 8, etc.];

— route surveys in different districts and territorial
zones in most of the urban area to identify plantings of
different volume-spatial structure and functional purpose
[10; 11; 15, etc.];

— continuous survey of the entire urban area, which is
used for relatively small areas and the study of plant
species rarely found in a given locality [13].

Obviously, in all cases it is more appropriate to use a
two-stage method, which involves a preliminary (recon-
naissance) survey of the urban area and obtaining primary
information on plantations of the species under study. In
this case, at the first stage, as a rule, two sets of data are
obtained: coordinates of geographical location and survey
taxation characteristics.

Realization of the task of increasing the productivity
of work with simultaneous improvement of accuracy,
completeness and objectivity of the data obtained at the
preliminary survey stage can also be carried out through
the use of electronic multifunctional mobile devices
(smartphones, pads, etc.) and mobile software applica-
tions. They have become generally available and wide-
spread, providing the ability to work on digital platforms
of web mapping services, as well as obtaining high-
quality photo images with the geographical information.
Examples of such use are available in studies in related
fields [4].

OBJECTS AND METHODS

OF RESEARCH

As an elementary object for obtaining primary data at
the preliminary survey stage, a plantation is accepted,
which in the system of urban landscaping is understood as
a set of woody, shrub and herbaceous plants in a certain
area [5]. Thus, the population of plants of the studied spe-
cies from one individual and more for the purposes of the
study, can be considered conditionally, as a plantation.
The number of plants in each particular plantation is de-

termined on place visually according to the principle of
biogrouping or other criteria, depending on the objectives
of the study.

The following functions of mobile devices are pro-
posed to be used for data collection:

— Internet communication providing online access to
web mapping services (Google Maps, Yandex Maps, Map
World, etc.);

— determination of the device location by means of the
built-in GPS-sensor with the option of coordinates correc-
tion according to the parameters of cellular mobile com-
munication and Wi-Fi;

— taking photos using the built-in camera with options
to record geographic coordinates in the metadata (EXIF
tags) of the photo.

According to the obtained geographic coordinates, in
addition to the location of plantations, using web-mapping
services or GIS-systems, it is possible to obtain data on
transportation routes, industrial enterprises, large green
areas, water areas of rivers and lakes located in the area of
the studied plantations, as well as other information that
allows to differentiate data on the spectrum of conditions
of local growth.

On the basis of photo-images it is possible to deter-
mine a number of taxation characteristics of stands and
individual plants [2], as well as data relevant for the or-
ganization of detailed taxation works, such as:

— plant species, species composition (for mixed plant-
ings);

—age group;

— life state, presence of major defects and damages of
crown and trunk;

—volumetric and spatial structure of plantations, type
of planting;

—number of individuals;

— surrounding situation, accessibility for detailed
taxation;

— others.

Some of the characteristics to be defined may be
differentiated into categories adopted temporarily for
preliminary groupings of data, some of which may need
to be specified at a later date.

The given list of parameters, determined directly or
indirectly on the basis of data obtained through mobile
devices and applications, for the task of collecting pri-
mary information about plantations can be considered, if
not exhaustive, then at least sufficient, containing the core
information on the basis of which samples can be formed
when planning an experiment and organizing detailed
taxation works. Thus, obtaining primary data can be
summarized:

— to determine geographical coordinates of plantation
locations;

— obtaining photographic images of plantations.

The initial information for primary data collection are:

— boundaries of the surveyed area (route maps);

— information for identification of research objects
(morphological features of plants, image samples, etc.).

Google cloud elements are proposed for storing raw
data and primary survey data, as well as for operational
information management.
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RESULTS AND THEIR DISCUSSION

Different field and desk work technology options are
available for different types of landscaping objects.

Identification of intra-block plantations and obtaining
primary data on them is carried out in the course of field
works on the landscape. The search and identification of
plantations is carried out by walking around and visual
inspection of the territories in accordance with the route
plan, and photography and determination of geographical
coordinates is carried out with the help of mobile software
and hardware. In order to determine the coordinates of
plantations, accurate enough for their subsequent detec-
tion, it is proposed to use the method of geo-labeling on
electronic maps of mobile web-services. Location of in-
tra-block plantings on the territories of residential and
public-business zones, next to buildings, in close prox-
imity to the road-trail network makes it possible to use
these objects as bases, relative to which the location of
plantings on the map is determined. The mobile applica-
tion “Google My Maps” [16] allows you to create and edit
user geoinformation layers on the basis of Google maps,
including in the form of point objects (geotags) with as-
signed numbers and, if necessary, combined into groups
(Fig. 1, a). Installation of a geotag is preceded not by ad-
justing its location to the map, but by adjusting the map to
the tag's sight (Fig. 1, b), which allows to achieve posi-
tioning accuracy up to 3—5 m relative to buildings and
eliminates the need to use a stylus. The mobile application
“Google My Maps” is second in capabilities to the full-
featured cartographic web service “Google Maps”, in
particular, it does not contain the function of saving the
created layers with tags to a separate file. However, since
this application uses a Google account, the created layers
automatically become available on all devices connected

<

Bepeza nnockonuc...

to the user's account. This makes it possible to save the
layers created on a desktop computer or laptop using the
Google Maps web service (Fig. 1, ¢) into a separate kml-
file for further independent use, e.g. in GIS systems.

Unfortunately, the Google My Maps mobile applica-
tion also does not allow to geotag photo images (as is
possible with the full-function web service Google Maps)
or to write geographic coordinates obtained by specifying
geotags on maps automatically into photo metadata. The
last task, geotagging of photo images, is usually solved
with the help of special programs that use the correspon-
dence between the time of photo shooting and the time of
geotrack point recording obtained with the help of GPS-
tracker for synchronization of photo images and geo-
graphic coordinates. “Google My Maps” does not record
the time of geotagging on the map automatically, there-
fore it is not possible to use geotagging directly with the
help of synchronizing programs. However, the principle
of correspondence in time can be used indirectly by creat-
ing two temporal sequences of data, the synchronization
of which is based on the mutual ordering of their ele-
ments. The first sequence is a set of geotags on Google
maps, the numbering of which is required to be strictly in
ascending order over time. The second sequence is a set
of photo images, which can be organized by time using
the automatic recording of the time of photo creation in
the metadata of the image file, which is performed during
digital photography. The relative ordering of the elements
that make up these sequences is achieved by the fact that
only one geotag is created per plantation and only one pho-
tograph is taken, and the photograph is created only after
the geotag is placed on the map. Thus, we obtain two time
series in which each pair of data (geotag — photograph)
corresponds to only one plantation.
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Fig. 1. Interface of the mobile application “Google My Maps”:
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a — structure of geoinformation layers on the user map “Flat-leaved Birch”;
b — installation of geotag by adjusting the map to the tag sight; ¢ -- set of created geotags
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To create a table with the data of plantation numbers,
their geographic coordinates and hyperlinks to the corre-
sponding photo images, the information obtained during
field work is prepared as follows: 1) kml-file with geotags
is reformatted into a csv-file, in which tag names, latitude
and longitude of their locations are batch distributed (si-
multaneously the whole set) into separate columns by text
separation, e.g. using Excel's “Text by Column” tool, and
sorted in ascending order of tag number (which will cor-
respond to the specified temporal sequence); 2) files with
photo images are renamed in such a way that the file
name contains the date and time when the photo was cre-
ated — many photo editors allow you to do this in batch
(from free ones: Adobe Bridge, Namexif). After changing
the name of the photos, they will be automatically ar-
ranged in the file folder in chronological order, which will
correspond to the temporal sequence of geotags and will
allow creating hyperlinks to the photo images for the cor-
responding plantation numbers. This procedure can be
implemented programmatically to speed up the process
and to avoid errors possible when creating hyperlinks
manually. The proposed method is quite simple, allows to
ensure data synchronization, but has a disadvantage — the
possibility of errors when creating a temporary sequence
of geotags manually in the field, which is associated with
the influence of the human factor. These errors, however,
are successfully mitigated by observing the following
rules: a) the numbering of geolabels in the Google My
Maps mobile application should be created strictly in as-
cending order over time, ignoring possible cases of miss-
ing numbers and regardless of the layer in which the geo-
tags are located; b) a photo should always be created only
after the geotag has been placed on the map; c) regular
checks should be made to ensure that there are no repeat-
ing numbers and that the number of photos corresponds
the number of geotags in individual groups (for example,
when moving to another work area, when creating a new
layer with geotags, etc.).

Identification of park and natural plantings and their
initial assessment is also carried out on the ground during
field work. In some cases, the methodology for collecting
primary information for this type of landscaped area may
be identical to that for intra-block landscaping. However,
park and natural plantings are often large; plantings with
the desired species may be located at a considerable dis-
tance from buildings, structures and other objects suitable
as geopositioning bases; the road and path network is not
always well developed and not all its elements are shown
on Internet maps accurately enough. Therefore, using the
method of geotagging on electronic maps of mobile web
services to determine the location of plantations can give
very approximate results in such conditions. It is proposed
to determine the geographical coordinates of plantations
in such cases by means of a GPS module on a mobile
device, which is currently equipped with almost all
modern models of smartphones and pads.

It is known that the accuracy of geopositioning using
GPS-sensors is determined by the quality of the satellite
signal received by the receiving device, which in turn
depends on a number of factors, the key of which are: the
number and geometric location of satellites with which
the device is connected at a given time; the presence of

obstacles in the signal path or objects shielding and re-
flecting the signal (multi-storey buildings in the immedi-
ate vicinity of the measurement point, closed canopy of
trees, sharply rugged topography, etc.) [1]. The GPS sys-
tem provides location of objects with an error of 10-15 m,
GLONASS system - with an error of 10-20 m [14]. The
minimum recommended number of simultaneously in-
volved satellites is not less than 5. The joint use of GPS
and GLONASS satellite systems allows to reduce the
error of positioning by about 3—5 m. In addition, in city
conditions, the additional number of satellites that can be
used creates a reserve for cases of signal blocking by
high-rise buildings and other obstacles [14]. Using mobile
applications that allow to control the quality of the signal
received on the smartphone and diagnose related software
and hardware problems, for example: GPS Test [17], you
can programmatically check the number of satellites con-
nected to the device (GPS, GLONASS, etc.), the geome-
try of their mutual location relative to the device, SNR
(signal-to-noise ratio, showing the strength and quality of
the received signal), as well as the approximate accuracy
of geopositioning (Fig. 2).

Moreover, in modern smartphone models in addition
to data received by the device directly from satellites, it is
possible to include corrections using information about
the distance to cell towers and Wi-Fi signal, which sig-
nificantly increases the accuracy of geographic coordi-
nates [1]. To enable this function in the smartphone menu
“Location — Mode” select the option “By all sources” (by
the example of the Android operating system).

After you turn on and configure the GPS sensor to the
currently available satellite grouping, you can take photos
and add the geographic coordinates of the photo location
to the photo metadata. The function of adding geotag to
the photo image is activated on the smartphone by select-
ing the corresponding option in the photo mode settings.
Thus, using this approach we get one set of data as a
result of fieldwork — photo images with geotags.

To create a table with the data of plantation numbers,
their geographical coordinates and hyperlinks to the cor-
responding photos, the information obtained during field
work is prepared as follows: 1) a vector layer is created in
QGIS environment on the basis of geotagged photos (for
QGIS 2.* — using ImportPhotos module, for QGIS 3.* —
using Import geotagged photos tool), which is saved in
csv-file; 2) file names of photo images, latitude and longi-
tude of the place of shooting in the structure of csv-file
are batch separated by certain columns and sorted
by file name. Creation of hyperlinks to the photo images
is performed by the correspondence of the file name of
the photo images, which similar to the one shown for in-
tra-block plantings can also be implemented program-
matically.

From the organizational moments it should be noted
that operation of GPS-module, especially in the “All
sources” mode, is associated with significant power con-
sumption, which leads to a rather fast discharge of the
mobile device battery. In this regard, if there are signifi-
cant areas of surveyed territories and large volumes of
field work, the set of auxiliary equipment should include a
spare battery for a smartphone and a charger that works
from the car power grid.
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The identification of street plantings and obtaining
primary information about them is proposed to be carried
out in the laboratory conditions through the Google Maps
web mapping service. There is a possibility to view spher-
ical photopanoramas of the territories in the street view
mode adjacent to the road network of large cities, includ-
ing with green plantings growing on them (Fig. 3). Search
and identification of plantings of the studied plant species
is carried out by means of virtual movement along the
road axis and inspection of the surrounding space avail-
able in the visual range. The geographic coordinates of
the observer's location are included in the URL, which
can be copied. To ensure the accuracy of the coordinate
values, the observer should stop in front of the plantation,
if possible on a line perpendicular to the road axis. Batch
extraction of geographic coordinates from the entire set of
copied URLs is performed by text separation. The result
is a data set with geographic coordinates of plantation
locations, each of which is assigned an identification
number. A copy of the original URLSs is saved to create a
column with active web links for further viewing of se-
lected plantations in Google Maps, their initial taxation
assessment, control and correction of work results. As
Google changes the Google Maps web service data over
time, some of the saved URLs may no longer be valid.
Therefore, in order to ensure the long-term relevance of
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Fig. 2. Interface of the GPS Test mobile application:

the obtained information, it is recommended to duplicate
the web links with URLs with screenshots of plantation
images and create separate hyperlinks for them. We have
been using the proposed approach since 2015 on the ex-
ample of landscaping the streets of Khabarovsk to study
the distribution and initial assessment of various morpho-
logical characteristics of tree species — conifers, broad-
leaved, small-leaved (10 species in total at the moment),
as well as shrubs, and it has shown good results [6; 9; 12,
etc.]. It should be noted that when planning further stud-
ies, it is necessary to take into account the date of creation
of the Google photo-panoramas (date of survey) and, in
this regard, the corresponding changes in the stands at the
time of the start of detailed taxation. In addition, the data
on the location of plantations obtained by the proposed
method need some correction due to the fact that the geo-
graphical coordinates extracted from the URL actually
correspond to the point on the road from where the
Google photo panoramas were taken. The location of
plantations can be corrected on any GIS platform by shift-
ing the geotags to the required side of the roadway and
then overwriting the geographic coordinates. The errors
arising in this process, related to the glance estimation of
the distance from the plantation to the edge of the road-
way, are insignificant for the purposes of the study.
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a —average SRN value on the scale, SRN histogram for each of the connected satellites, accuracy (+m);
b — location of satellites in the sky relative to the device; ¢ — satellite filter
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Fig. 3. Google Maps photopanorama (plantation of common pine;

Nemirovicha-Danchenko str., Khabarovsk)

CONCLUSION

The proposed version of the hardware-software com-
plex and methodological support for the collection of
primary data on urban plantations meets the following
criteria:

1) decrease in the cost of field work and post-
processing of information due to:

— use of common and accessible equipment that is
available to almost everyone and does not require separate
purchase costs (smartphones, cell phones, pads);

— use of free software (web mapping services; mobile
software applications available for free download in
Google Play Store, etc.);

— simplicity of the methodology of data collection and
primary data processing, which does not require highly
qualified personnel and allows for extensive use of student
resources.

2) reduction of labor intensity and increase in produc-
tivity of field works due to:

— minimizing the set of collected data — two sets of
data: geographic coordinates (in different formats) and
photo-images; for park and natural plantations — one set
of data: photo-images with geotags;

— transfer of a part of field works (on street plantings)
to the format of virtual survey on spherical photopano-
ramas of Google Maps in the laboratory.

3) reduction of labor intensity and increase in produc-
tivity of desk works due to:

— exclusion of digitization of field materials on paper
(route maps, record cards, forms, etc.);

— minimizing the volume of manual operations
through batch automatic processing of data sets;

— using cloud-based elements of the Google Maps
web service, which eliminates the need for additional data
copying and transferring activities.

4) ensuring the necessary completeness, accuracy and
objectivity of data by:

— use of a non-contact method of one-step fixation of
the entire volume of available visual information — pho-
tography, which excludes subjective judgments regarding
the characteristics of plantations and accidental loss of
some data;

— the possibility of repeated and low-cost return to the
original field survey data (photographic materials) to
check the correctness of the made taxation estimates (if
there are suspected errors, there is no need for verification
visits to the location of plantations);

— reducing the frequency of losses and errors caused
by the human factor by automating the processes of data
collection and post-processing.

Additional features of the mobile devices and applica-
tions used include the function of saving Google map
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fragments and using them through the mobile application
in off-line mode in situations of poor or no internet con-
nection. It can also sometimes be useful to create an audio
file associated with a photo to record individual voice
comments.

The hardware-software complex and methodology
have been tested in real field conditions for a number of
years and proved its effectiveness. The data obtained as a
result of preliminary survey of urban plantations are in the
format of the electronic tables with geographical coordi-
nates of plantations (in WGS 84 coordinate system), their
primary taxation characteristics, hyperlinks to photo im-
ages, and can be exported to database management sys-
tems and geo-information systems.
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MPAHIUII IPOCTPAHCTBEHHO-BPEMEHHOI'O 3AMEIIEHUSI B SKOJIOT MU
U ITPOITHO3UPOBAHUE BUOMACCHI Picea spp. IPU U3MEHEHUU KJIMMATA®

B. A. Ycoabues"?, H. C. Llenopaeii®

1ypembCKI/lﬁ rOCyJ1JapCTBEHHbIN JIECOTEXHUYECKUI YHUBEPCUTET
Poccuiickas deneparus, 620100, ExarepunOypr, Cubupckuii Tpakr, 37
’Boranuueckuii cag YpO PAH
Poccuiickas @enepanus, 620144, ExkatepunOypr, yi. 8 Mapra, 202a

Yenogeueckoe obujecmgo CmMoIKHYIOCL Ce200Hs ¢ Npobiemamu 2100aibH020 Macumaba, 8ciedcmaue ue2o npu-
OpUMeEblL IKOL02UHECKUX UCCAEO08AHULL COBULAIOMCS HA MAKPOYPOBEHb, IKON02USL BCIYNAEm 6 INOXY «DOIbUIUX OaH-
HblxXy. Aemopamu cghopmuposana 6aza danuvix 6 koauuecmese 1550 modenvnuvix depesves Picea spp. ¢ 3amepennvimu
NOKA3AMeNsIMU 8bICOMbL 0epesd, WUPUHBL KPOHbL U HAO3eMHOU buoMaccel, npouspacmaiowux Ha meppumopuu Espa-
suu. Paccuumanvl pezpeccuonnvie mooenu 05t KOMNOHEHMO8 HAO3EMHOU OUOMACCHI, BKIIOUAIOWUEe 8 KA4ecmee He3asu-
CUMBIX NEPEMEHHbIX WUPUHY KPOHbL, 8blCOMY Oepesa U 08a Kiumamudeckux nokazamens. Ha ocnose meopuu npo-
CMPAHCMBEHHO-8PEMEHHO20 3aMeWeHUs. NOJIYYEeHHbLe 3AKOHOMEPHOCIU USMEHEHUsST HAO3EMHOU ODUOMACCHL 8 MEPPUMOo-
PUATbHBIX KIUMamuyeckux epaouenmax Eepasuu ucnonv3zoeansvt 015 npocHo3a usmeHenutl OuoMaccol 6ciedcmeue Kiu-
Mamuyeckux coeueo8. B coomsemcmeuu ¢ 3akonom aumumupyrowezo gakmopa Jlubuxa ycmanosneno, umo 6 00cma-
MOYHO 811A2000€CNEeHUeHHbIX KIUMAMUYEeCKUX nosicax nogvluienue memnepamypol Ha 1 °C npu neusmeHHOM Koauuecmee
0CaoKo8 @vl3bieaem ygenudenue OUOMACChl, a 80 81A200eUYUMHBIX NOACAX — ee CHUICEHUE, 8 MENIbIX KIUMAMU4eCKUX
nosicax coxpauerue yposHs 0ocaokos na 100 mm npu HeusMeHHOU cpednell meMnepamype ssHeapsi 6bl3bleaenm CHUICEHUE
OUOMACCHL, A 68 XOTOOHBIX KIUMAMUYECKUX HOSICAX — ee Y8eaudeHue.

Kniouesvie cnosa: cuopomepmuyeckue epaouenmsl, KOMNOHEHMbL OUOMACCHL, AUOAPHOE 30HOUPOBAHUE 0EPesbes,
aniomempudeckue MoOeu, CpeoHsisi meMnepamypa sHeapsi, 20006ble 0CAOKU.
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THE PRINCIPLE OF SPACE-FOR-TIME SUBSTITUTION IN ECOLOGY
AND THE PREDICTION OF Picea spp. BIOMASS WITH CLIMATE CHANGE

V. A. Usoltsev"?, 1. S. Tsepordey”

'Ural State Forest Engineering University
37, Siberian tract, Yekaterinburg, 620100, Russian Federation
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Today, human society is faced with problems of a global scale, as a result of which the priorities of environmental
research are shifting to the macro-scale level, and ecology is entering the era of “big data”. The authors have created
a database of 1550 model Picea spp. trees with measured indicators of tree height, crown width and aboveground bio-
mass growing in the territory of Eurasia. Regression models for aboveground biomass components are calculated, in-
cluding crown width, tree height, and two climate indicators as independent variables. Based on the theory of space-
for-time substitution, the obtained patterns of changes in aboveground biomass in the territorial climatic gradients of
Eurasia are used to predict changes in biomass due to climate shifts. In accordance with the law of the limiting factor
by Liebig, it is established that in sufficiently moisture-rich climatic zones, an increase in temperature by 1°C with a
constant amount of precipitation causes an increase in biomass, and in water-deficient zones — its decrease; in warm
climatic zones, a decrease in precipitation by 100 mm at a constant average January temperature causes a decrease in
biomass, and in cold climatic zones — its increase.

Keywords: hydrothermal gradients; biomass components; tree lidar sensing, allometric models;, mean January tem-
perature;, annual precipitation.
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INTRODUCTION

Most of the environmental problems facing human so-
ciety today can only be solved on a global scale, and the
priorities of environmental research are shifting to the
macro level. Ecology has entered the era of “big data”,
“big science” and “big theories” [17]. In the context of
global climate shifts, understanding the development of
forest ecosystems in terms of their capacity to absorb at-
mospheric carbon is of increasing interest. Changes in the
biological productivity of the vegetation cover occur in
localized gradients of natural zones formed as a result of
long-term evolution of vegetation [9; 14]. These climate-
related spatial gradients of tree and stand productivity can
be used to prospectively predict its changes over time
under anticipated climate shifts based on the theory of
space-for-time substitution. Space-for-time substitution
means using current patterns observed in spatial gradients
to understand and model the same patterns in prospective
time gradients that are currently unobservable [7]. Meth-
ods based on space-for-time substitution have been
applied in various fields. In particular, to study long-term
nutrient cycling and plant succession [12] or in
biodiversity prediction [10], with encouraging results
[7; 19].

A comparative analysis of the accuracy of different
methods for determining the biological productivity of
tree species has shown that models performed at the tree
level give a smaller error in estimating biomass per unit
area compared to models performed at the stand level
[28]. Allometric models of tree biomass are particularly
relevant for estimating biomass in stands of mixed species
composition [20]. The inclusion of territorial values of
temperature and precipitation as additional independent
variables in allometric models of tree biomass has im-

Table 1
Sample statistics of model trees Picea

proved the accuracy of estimates and made it possible to
predict biomass changes in Chinese forests under climatic
shifts [11; 27]. It has been shown that a 1 °C warming
leads to a 0.9 % increase in aboveground tree biomass and
a 2.3 % decrease in root biomass; a 100 mm increase in
precipitation causes a 1.5 and 1.1 % decrease in above-
ground and belowground biomass, respectively [27]. In
these studies, regional climate differences are extrapo-
lated to projected climatic shifts in time in accordance
with the principle of space-for-time substitution [11; 27].

Aboveground biomass of trees is most often estimated
using allometric dependence on height and trunk diameter
at breast height. Having analyzed the world data of
aboveground biomass of stands on 640 sample plots,
M. Cannell [8] found that for the same dimensions of trunk
diameter and tree height, aboveground biomass in tree
species with developed crowns is significantly underesti-
mated. Key pantropical equations that include height but
do not consider crown size underestimate tree biomass by
11-14 %, primarily due to undercounting the largest trees.

Airborne laser scanning (ALS) technology has a huge
advantage over traditional ground-based taxation because
of the sharp reduction of labor-intensive field work [2;
13]. Since trees of different tree species have a specific
configuration of the vertical profile, this specificity is now
successfully recognized using onboard laser sensors [15].

In this study, we intend to (a) identify at the transcon-
tinental level, using spruce trees as an example, how
aboveground tree biomass is related not only to mor-
phometric tree indices obtained by airborne laser scan-
ning, but also to spatial averages of temperature and pre-
cipitation in Eurasia, and (b) apply the obtained patterns
to predict biomass changes due to climatic shifts based on
the theory of space-for-time substitution.

Statistics @ Analyzed indicators
H Dcr Ps Pb Pf Pa

Mean 13,8 2,7 136,4 20,4 12,6 168,1
Min 0,43 0,25 0,005 0,001 0,004 0,011
Max 44,8 10,9 4122,0 1259,6 305,0 5089,0
SD 9,3 1,5 337,7 59,3 26,1 413,0
CV.% 67,6 55,8 247,6 291,0 206,9 245,71

n 1550 970 1330 1550 1550 1330

Note. ™ Mean, Min and Max — average, minimum and maximum values, respectively; SD — standard deviation; CV — variation
coefficient; n — number of observations. ¥ H — tree height, m; Dcr — crown width, m; Ps, Pb, Pfand Pa - biomass of trunk in bark,

branches, needles and aboveground in absolutely dry state, kg.

Fig. 1. Position of empirical data of 2030 model trees on the maps of mean January temperature, °C (a)

and mean annual precipitation, mm (b) [26]
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MARETIALS AND METHODS

OF RESEARCH

To solve the set tasks, we used a database on the bio-
mass of forest-forming species of Eurasia in the amount
of 15200 trees [22]. From it, 1550 model trees of Picea
spp. with measured indices of tree height, crown width
and biomass of needles and branches, 1330 trees with
indices of trunk and aboveground biomass and 970 trees
with indices of crown width were selected (Table 1). The
genus Picea spp. is mainly represented by species of
Picea abies (L.) H. Karst. and P. obovata Ledeb.) and in
smaller numbers species of P. schrenkiana F. et M..,
P. ajanensis (Lindl.et Gord.) Fisch. ex Carr., P. koraiensis
Nakai. and P. purpurea Mast.

Available data of geographic coordinates of model
trees were plotted on maps of mean January temperature
(https://store.mapsofworld.com/image/cache/data/map 20
14/currents-and-temperature-jan-enlarge-900x700.jpg)
and mean annual precipitation (http://www.mapmost.
com/world-precipitation-map/free-world-precipitation-
map/) [26] (Fig. 1) and are combined with morphometric
indices of model trees [23]. The rejection of the use of
mean annual temperature in favor of mean January tem-
perature has been justified previously [23; 24]. The ob-
tained table of initial data was included in the regression
analysis [24].

RESUTS AND THEIR DISCUSSION

Allometric models for the correlation of aboveground
biomass with tree height and crown width have been pre-
viously proposed [21].

1nPa:ao+al InH + a ll'lDCI", (1)

where Pa — aboveground biomass, kg. As a result of re-
gression analysis of empirical continental-level data, we
propose a model of aboveground biomass combining tree
morphometric indices (model (1)) and climatic variables:

InP; = ay+ a;(InDcr) + a,(InH) + a;[In(7 + 40)] +
+ a4(InPR) + as[In(T + 40)]-(InPR), )

where P; — biomass of i-th tree component (respectively
Ps, Pb, Pf and Pa — trunk in bark, branches, needles and
above-ground in absolutely dry condition), kg; 7' — mean
January temperature, °C; PR — mean annual precipitation,
mm; [In(7+40)]-(InPR) — is a combined variable charac-
terizing the joint effect of temperature and precipitation.

Table 2
Calculation results of models (2)

Most regression coefficients are significant at the p < 0.05
level. Since the mean January temperature in high lati-
tudes has a negative value, for its logarithmization in
model (2) it is reduced to the form (7+40).

The results of calculation of models (2) are shown in
Table 2.

The geometric interpretation of models (2) is obtained
by substituting into (2) the mean values of Dcr and H
taken from Table 1.

As we can see in Fig. 2, the dependence of above-
ground biomass of equal-sized spruce trees on tempera-
ture and precipitation is described by 3D propeller-shaped
surfaces. In cold regions, biomass decreases with increas-
ing precipitation, but as we move to warm regions, it is
characterized by the opposite trend. Biomass increases
with increasing temperature in humid regions, but begins
to decrease as we move to dry conditions. A similar pat-
tern is characteristic of trunk biomass, but it is not so ob-
vious for branch and needle biomass.

Let us consider the described regularities from a dif-
ferent perspective, realizing the concept of space-time
substitution and the principle of "What would happen
if...?". In other words, how will tree biomass react if, giv-
en constant spatial gradients of temperature and precipita-
tion, we assume a 1 °C change in temperature over time
or a 100 mm change in annual precipitation. Taking the
first derivatives of the two-factor surfaces shown in
Fig. 2, we obtained the patterns of biomass change under
given changes in temperature and precipitation.

Figure 3 shows the change in tree biomass (Aa, %)
with a 1 °C temperature increase in different climatic
zones characterized by different temperature and precipi-
tation ratios. It is assumed that precipitation changes only
spatially, and temperature increases by 1 °C as a result of
the assumed climate change at different spatial tempera-
ture levels, denoted as -30A...+10A. For stem and above-
ground biomass, a general Eurasian-scale pattern was
obtained: in sufficiently humid climatic belts, temperature
increase with unchanged precipitation causes its increase
(red areas of surfaces in Fig. 3), and in moisture-deficient
belts it causes its decrease (blue areas of surfaces in Fig. 3
a, b, d). At the same time, minus values of branch bio-
mass are observed only in extremely dry conditions (at
annual precipitation of 300 mm). Obviously, the change
in needle biomass does not go "into the minus" even in
extremely dry conditions, and only approaches the zero
level (Fig. 3, ¢).

In(Y)™ a,? InDer InH In(T'+40) InPR [lnngn;f‘g))]X adiR?® | SE®
In(Ps) 91,3762 0,6862 2,1229 27,1626 ~15,0636 43568 0,974 0,39
In(Pf) 27,4702 1,2380 09116 -6,8624® -5,0223 1,2126® 0,848 0,66
In(Pb) 30,2767 1,6641 1,0806 ~7,9246 -5,5036 1,3599 0,908 0,61
In(Pa) 73,9962 0,9059 1,7195 —21,4481 ~12,2168 3,4829 0,960 0,44

Note. V) Dependent variables; ® correction for logarithmic transformation of the model was applied [4]; © — regression coeffi-
cients not significant at the level of p < 0,05. @ adjR? — coefficient of determination adjusted for the number of variables; ’SE —

standard error of equation (2).
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-800A
-900A

Figure 4 shows the change in tree biomass (Aa, %)
when annual precipitation decreases by 100 mm in differ-
ent climatic zones. It is assumed that the January tempera-
ture changes only spatially, and precipitation as a result of
climate change decreases by 100 mm at different spatial
precipitation levels, denoted as -300A...-800A. A general
transcontinental pattern was established: in warm climatic
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Figure 2. Calculated changes according to model (2) in
aboveground biomass of spruce trees in relation to the
mean January temperature (7) and annual precipitation
(PR).

Biomass component symbols here and hereafter:

a, b, ¢, d - respectively Ps, Pb, Pf and Pa - trunk

in bark, branches, needles and aboveground in absolutely
dry condition kg

Figure 3. Change in tree biomass at 1 °C temperature
increase due to the assumed climate change at different
spatial levels of temperature and precipitation:

1 - the plane corresponding to zero biomass change under
the assumed temperature increase by 1 °C;

2 - the line distinguishing between positive and negative
changes in biomass under the assumed temperature in-
crease by 1 °C

Figure 4. Change in tree biomass with decreasing precipi-
tation due to assumed climate change at different territo-
rial levels of temperature and precipitation:

1 - the plane corresponding to the zero biomass change
under the assumed precipitation decrease by 100 mm;

2 - the line of delimitation of positive and negative chang-
es of biomass under the assumed precipitation decrease
by 100 mm

belts, a 100 mm decrease in precipitation levels at un-
changed mean January temperature causes a decrease in
stem and aboveground biomass (blue area of surfaces),
while in cold climatic belts it increases (red area of sur-
faces) (Fig. 4 a, d). The biomass of needles and branches
decreases during the transition from warm to cold climatic
conditions, and in the warmest zones (January temperature
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5 °C) this decrease approaches zero, but does not go "to
minus" (3D surfaces are entirely represented by the red
zone (Fig. 4 b, ¢). Thus, the patterns of crown biomass
change under shifts in temperature and precipitation are
somewhat different from those of stem and aboveground
biomass. The reason may be more evident residual disper-
sion in the crown biomass model due to the fact that inter-
specific variation of needle biomass and biomass of
branches supporting it in space is explained not only by
climatic factors, but also by the unrecorded ecological
“noise”.

Our results on changes in aboveground biomass of
trees in two climatic gradients confirm the regularities
previously established by Russian researchers at the local
and regional levels. A similar regularity was traced earlier
at the local level in swamp forests of the Tomsk region in
Siberia, when at the maximum sums of temperatures
above 10 °C, equal to 2200 °C, when precipitation in-
creases from 400 to 600 mm, radial growth of trunks in-
creases by 30-50 %, and at the minimum sums of tem-
peratures (1600 °C) radial growth decreases by 4-9 %
with increasing precipitation in the same range. Corre-
spondingly, at a precipitation level of 400 mm with in-
creasing temperature sums from 1600 to 2200 °C radial
growth decreases by 14-20 %, and at a precipitation level
of 600 mm in the same temperature range increases by
14-33 % [1]. According to the results obtained by A. A.
Molchanov [3], in the conditions of northern Eurasia, air
temperature has the greatest influence on the growth of
the annual ring, while precipitation plays a dominant role
in the conditions of southern forest-steppe.

The above regularities correspond to the principle of
the limiting factor of Liebich [16], according to which
plant growth is limited by an environmental factor that is
minimal in relation to a certain “norm”. However, the law
of Liebich limiting factor works well under stationary
conditions. When the limiting factor (e.g., air temperature
or precipitation) changes rapidly, forest ecosystems are in
a transient (non-stationary) state, in which some factors
that have not yet been of significant importance may
come to the fore, and the final result may be determined
by other limiting factors [18].

We used existing changes in tree biomass in spatial
climatic gradients to predict possible changes in tree bio-
mass in assumed temporal gradients of temperature and
precipitation. However, the fundamental assumption that
spatial correlation between climate and biomass can be
used to predict temporal trajectories of bioproductivity
under a changing climate remains largely unproved [25].
The success of applying space-for-time substitution the-
ory in plant ecology depends on the extent to which the
ecological conditions that determine plant properties in
spatial gradients are consistent with future ecological
conditions that determine plant properties in a temporal
gradient [5; 6]. Nevertheless, when there is no other pos-
sibility to study ecosystem processes in the long term, the
method of space-for-time substitution is still an accept-
able alternative.

CONCLUSION
A regression model was developed on the basis of the
authors' database on aboveground biomass of 1550 trees

of Picea spp. growing in Eurasia, including as independ-
ent variables both morphometric parameters of trees ob-
tained by airborne laser scanning and territorial long-term
data on temperature and precipitation.

The obtained trans-Eurasian regularities were used to
predict biomass changes due to climatic shifts based on
the theory of space-time substitution.

Eurasian scale regularities were obtained: in suffi-
ciently moisture-supplied climatic belts, a 1°C increase in
temperature with unchanged precipitation causes an in-
crease in biomass, while in moisture-deficient belts it
causes a decrease; in warm climatic belts, a 100 mm de-
crease in precipitation with unchanged mean January
temperature causes a decrease in biomass, while in cold
climatic belts it causes an increase.
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B cmamve npusedenvi pezyrvmamvl U3MEHUUBOCHU MUKPOCAMENTIUMHBIX 10KYco8 si0epnou JJTHK kionogozo no-
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AND BREEDING BASIS

Tu. E. Shcherba', A. A. Ibe?, T. V. Sukhikh?, D. E. Kopchenko®

'Reshetnev Siberian State University of Science and Technology
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation

*Non-profit Partnership “Siberian forest certification center”

50 a, 2, Akademgorodok str., Krasnoyarsk, 660036, Russian Federation
*Branch of the Federal State Institution “Roslesozashchita” —

“Forest Protection Center of the Krasnoyarsk Territory”
50 a, 2, Akademgorodok str., Krasnoyarsk, 660036, Russian Federation
E-mail: shcherba @mail.ru, shcherba @mail.ru, aaibis@mail.ru, cherkesova-tv@yandex.ru

The article presents the results of variability of microsatellite loci of nuclear DNA of clone progeny of Siberian
cedar pine trees 91/55, 94/58 and 100/64, growing on the grafting plantation of the Sentry district Forestry of the
Educational and Experimental Forestry of the Reshetnev University (south of Central Siberia).

Based on the research results, 8 stable and reliable primers have been selected by polymerase chain reaction and
electrophoresis. DNA genotypes of Siberian cedar pine samples have been identified. The probability of a random
coincidence of alleles in unrelated genotypes was 1.5%10°°. 4 common DNA profiles were identified.

Keywords: siberian cedar pine, plus trees, clone progeny, grafting plantations, nuclear DNA microsatellites.

INTRODUCTION
Siberian pine Pinus Sibirica Du Tour is one of the
most important forest-forming species, as well as a

" The research was supported by Russian Federation Presi-
dent grant for young scientists — candidates of sciences
MK-4099.2021.5.

valuable nut-bearing species in Russia [12]. Many studies
have been performed to research the selection, variability
and softening of Siberian pine Pinus Sibirica Du Tour in
terms of productivity and reproductive development, and
subsequently to the cultivation of selective planting mate-
rial to create genetically valuable high-yielding nut-
producing plantations [9; 6—13]. Grafting plantations cre-
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ated by ramets from plus trees certified for seed produc-
tion are a valuable gene pool to conduct genetic research
of selectable traits, which is an urgent task in the field of
forest selection based on molecular genetics to create
high-yielding industrial plantations [10—12].

Studying the genetic material of the clonal progeny of
plus trees of Siberian cedar pine, growing at the
educational and scientific places of the Karaulny district
forestry of the Educational and Experimental Forestry
Enterprise of the Reshetnev University is important for
the conservation and rational use of the gene pools of this
species.

The accumulated long-term data on the selection of
Siberian cedar pine require genetic studies of the results
obtained. In recent years, due to the development of spe-
cific primers, the SSR method, in which codominantly
inherited nuclear microsatellite loci (nSSRs) are used as
DNA markers, has become widely used in genetic studies
of conifers. High polymorphism of microsatellites makes
it possible to identify an organism with high accuracy and
reveal biological relationships.

The purpose of the research is to select genetic
markers of Siberian cedar pine and test them by carrying
out genetic certification of the offspring of plus-trees.

OBJECTS AND RESEARCH METHODS

The research objects were the clonal offspring of three
plus-trees 91/55, 94/58 and 100/64, growing on the
grafting plantation of the Karaulny district forestry of the
Educational and Experimental Forestry Enterprise of
Reshetnev University. (southern Central Siberia).

Plus-trees were certified for yield in the Kolyvan
forestry enterprise of the Novosibirsk region in 1977. Ta-
ble 1 provides taxation characteristics of the plus-tree
stand, where the studied plus trees grow. Table 2 charac-
terizes the plus-trees at the certification time.

At the time of certification, the plus tree 91/55 was
distinguished by a spherical crown with powerful
branches with horns. The cones are large and late in
maturity. The condition is good. Tree 94/58 had a
powerful oval-oblong shape with powerful branches. The
needle-foliage is thick. Female type of sexualization. The
condition is good. Tree 100/64 had a spherical crown,
dense foliage and an early ripening shape. The condition
is very good. The survival rate of cuttings 91/55 is 88 %,
94/58 — 90 %, 100/64 — 97 % .

In 1988, plus-trees were propagated by grafting using
the core method for cambium according to E. P. Prokazin.
Siberian pine seedlings of local (Biryusa) origin were
taken as a rootstock [1].

In May 2021, an inventory of ramets of plus trees was
carried out at the grafting plantation and cuttings were cut
for genetic research. Experimental material was collected
from 47 clonal trees.

b Data provided upon request in 2021 in the Kolyvan
forestry of the Novosibirsk region (condition assessment cards).
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The methodological basis for the work was the
microsatellite analysis method based on the polymerase
chain reaction (PCR). Microsatellite loci are regions of
the genome with repeating short (2—6 nucleotides) se-
quences called motifs [5]. The number of repeats at each
locus varies from organism to organism, so each individ-
ual is characterized by a virtually unique multilocus geno-
type. Using the electrophoresis method gives a possibility
to detect the variability of this parameter by determining
the molecular weight of the variable fragment in this case
the allele. Heavier molecules (with a larger number of
repeats) migrate more slowly and polymorphism can be
observed in the resulting electropherogram: the presence
of different discrete variants in individual individuals,
reflecting a different number of repeating motifs.

To study the variability of microsatellite loci of
nuclear DNA, we studied pine needles, previously dried
in a dry-heat oven at a temperature of +40 °C for 2-3
days. DNA extraction from needles was carried out ac-
cording to the standard protocol for plant tissues (CTAB
method) using cetyltrimethylammonium bromide [15].

To select nuclear DNA microsatellite loci, developed
specifically for studying the variability of Siberian cedar
pine, 12 nuclear microsatellite loci were selected for
testing [1], the characteristics of which are presented in
Table. 3.

When performing PCR, a commercial GenPak®PCR
Core kit (scientific manufacturing laboratory “Genlab”
LLC, Russia) was used for all primers, according to the
manufacturer’s instructions.

PCR-amplification of selected microsatellite loci was
carried out using the following regime: preliminary DNA
denaturation was at 94 °C — 15 min; then 10 cycles,
including 1 min of melting at 94 °C, annealing of primers
for 1 min at 60-50 °C (-1 °C for each cycle) and 1 min.
elongation at 72 °C, the next 25 cycles consisted of 1 min
of melting at 94 °C, 1 min of primer annealing at 53 °C,
and 1 min of elongation at 72 °C. The final elongation
cycle took place at 72 °C for 20 min.

Electrophoretic separation of amplification products
was carried out in 6 % polyacrylamide gel (PAGE), using
IXTAE buffer in chambers for vertical electrophoresis
(VE-20, LLC “HELICON COMPANY?”) at a voltage of
200V for 2.5 hours. E. coli plasmid PBR322 DNA treated
with Hpall restriction enzyme was used as a standard
length marker. The gels were stained with ethidium
bromide solution with further visualization of the ampli-
cons in UV-light using the Gel-Imager gel documentation
system. The analysis results were read using the Photo-
Capt V.12.4 program (Vilber Lourmat). Analysis of the
identified genotypes was carried out using the program
(macro) GenAlEx, a freely distributed add-in for
MS Excel [16].
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Table 1
Taxation characteristics of a positive forest stand
Age Average Average . Stand . .
Structure class/years height, m diameter, cm Bonitet type Density Selection category
9K 4/160 18 52 .
e /110 20 ) 111 thv 0,6 Plus for seed production
Table 2
Biometric indicators of Siberian cedar pine, selected for seed productivity
Height Stem diameter .
Number of a plus-tree| Age, years - % 1o Xav. m % 1o Xav. Crown diameter, m
91/55 140 19 105 72 138 8,5
94/58 150 23 128 72 138 10,0
100/64 110 17 94 44 84 7,0

Table 3

Characteristics selected for testing the nuclear microsatellite loci of the Siberian cedar pine

Ne Locus Motif Primer sequence (5'-3') Numbe;:; alleles,
1 |Psbosi2 (MOn | R CTGTCTAGGCTTTTGGCCTTTA i
2| Pessus (T6AMn | RIAAGATTCOTCTGAGTGGACGTT. 7
3| petsoss (ATH | RAGGGACCTAGCACTTICATCCT ;
4| Petotsiss (TADI | RTCTCCAGTACACACCTCGATTG i
0 N M s i z
6 | Peroma2 (TO8 | R GAGGCTGAAAAGGAGAAGATGA i
R T (GO [ s s s
N ST N i o z
R T TR 50t s
o romJwen LR
TR O (s :
N N N e 4

RESULTS AND THEIR DISCUSSION

The main criterion to select primers at the stages of
PCR and electrophoresis was the stable and reliable
manifestation of loci alleles and a sufficiently high level of
polymorphism on the tested samples. On DNA prepara-
tions isolated from the needles of 47 trees, 12 nuclear mi-
crosatellite loci were tested (Table 3). Primary analysis of
these loci demonstrated that Ps 650842 and Ps 264432
had 3 amplification zones, which made it difficult to read
variants of the variable zone and could lead to future errors
when interpreting the data obtained. The Ps_2040062 locus
was polymorphic, but it clearly contained “null alleles” (the
lack of amplification of some samples may be due to muta-
tions in the “landing” zone of the primer). Another primer
(Ps_718958) turned out to be monomorphic (Fig. 1). After
excluding the loci described above, 8 loci that demon-
strated the most stable interpretable spectra were taken into
further work (Fig. 2 and 3, Table 4).

Based on the results of a DNA study of 47 Siberian
cedar pine samples for 8 polymorphic nuclear
microsatellite loci, data was analyzed in the GenAlEx
program to identify genotypes and assess the probability
of a random coincidence of multilocus genotypes. The
probability of a random coincidence of alleles in unrelated
genotypes, calculated for each locus, should not exceed
5 %, and when using the entire set of markers, the prob-
ability of erroneously establishing genetic identity should
not exceed one millionth of a percent [2]. The probability
of a random coincidence of alleles in unrelated genotypes,
calculated for each locus, should not exceed 5 %, and
when using the entire set of markers, the probability of
erroneously establishing genetic identity should not ex-
ceed one millionth of a percent [2]. The method is also
called population matching probability. It is widely used
in DNA forensics as an indicator of the statistical power
of a particular set of marker loci [6].
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Calculations based on a set of 8 loci showed that the
probability of a random coincidence of unrelated genotypes
was 1.5x107. This value confirms the effectiveness of us-
ing this set of microsatellite loci for genetic certification of
the offspring of plus Siberian cedar pine trees.

Analysis of multilocus allele combinations by 8
microsatellite loci showed that out of 47 studied samples,
26 belonged to different genotypes (Table 5). Four com-

Ps 718958

4142 43 44 45 46 47 M 33 34 35 36 37 38 39 40

mon DNA profiles were identified: genotype A — samples
No. 100/64 21-16 (2) and 100/64 21-16 (4); genotype
B — samples No. 100/64 2-19, 100/64_3-19, 100/64 4-
17, 100/64 4-18, 91/55 6-17, 100/64 7-18; genotype C —
91/55 3-15, 91/55 _3-16, 91/55 5-15a, 91/55 8a-16,
91/55_8-16, 91/55 9a-16, 91/55 10a-16, 91/55 11-16 ,
91/55 12-16; genotype D — samples No. 91/55 9-16 (1),
91/55_10-16 (2).

Ps 2040062

Fig. 1. Electropherograms of loci amplification products of Ps_718958 and Ps_2040062.
33-47 — serial numbers of tree samples. M — standard fragment length marker

Ps 80612

3 4 9 10 11 12 15 16 M 18 15 20 22

Ps 1502048

201

[S—
186 186 ;g4

41 42 43 44 45 46 47 N 33 34

Ps 364418

Ps 1915155

Fig. 2. Electropherograms of loci amplification products of Ps_80612, Ps_364418, Ps_1502048, Ps_1915155.
1-47 — serial numbers of tree samples. M — standard fragment length marker

Ps 3175177

236
P —

by
203

4142 43 44 45 46 47 M 33 34 35 36 37 38 39 40

Ps 31489

41 42 43 44 45 46 47 M 33 34 35 36 37 38 39 40

Ps 25981

226 226
[ T P—— —

) i b 1 ]

1 2 5 6 7 8 13 14+v} 17 21 25 30 18 19 20 22

Fig. 3. Electropherograms of loci amplification products of Ps_3175177, Ps_25981, Ps_31489, Ps_39709.
1-40 —serial numbers of tree samples. M — standard fragment length marker
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Table 4

Characteristics of nuclear microsatellite loci selected for further researching Siberian cedar pine

Ne Locus Motif Fragment size Numbelr)é)sf alleles,
1 Ps 80612 (AAG) o 162-180 5
2 Ps 364418 (TGA)y 163-178 5
3 Ps 1502048 (AAT)yy 183-201 5
4 Ps 1915155 (TAT)1, 162183 7
5 |Ps 1375177 (CAT),q 203236 4
6 Ps 31489 (AGA) 186—-189 2
7 |Ps 25981 (TATT), 170-178 3
8 Ps 39709 (ATGT)s 202-226 3
Table 5
Number of genotype matches in samples of progeny of plus Siberian cedar pine trees
Identification number Number
Ne Multilocus genotypes ngotyp °l of
designation
clone (plus-tree) ramet matches
1 100/64 21-16 (2)
> 100/64 21516 (4) 163163177177189189177177236236186186178178214226¢g A 2
3 100/64 2-19
4 100/64 3-19
5 100/64 4-17
6 100/62 418 163175180183189189165177236236183192174178202226g B 6
7 100/64 6-17
8 100/64 7-18
9 91/55 3-15
10 91/55 3-16
11 91/55 5-15a
12 91/55 8a-16
13 91/55 8-16 163178177180186189165177236236186186170178214226g C 9
14 91/55 9a-16
15 91/55 10a-16
16 91/55 11-16
17 91/55 12-16
13 91/55 10-16 (1)
10 91/55 10-16 (2) 166172174177186189165177236236186186170178202214¢g D 2
20 91/55 9-16 (1)
o1 91/55 9-16 (2) 175178174183186186177177206236186195178178202226g E 2
22 100/64 2-18 163163171180186189177177206236183192178178214214¢ 1 0
23 100/64 3-18 163163177180186189165177206236186201174178202214¢g 2 0
24 91/55 5-16 163163174174186186177177236236201201170178202202¢g 3 0
25 91/55 6-16 163178162174186189165177206236186186178178202214¢g 4 0
26 100/64 6-19 166175174177186189168177206236186201178178214226¢ 5 0
27 100/64 8-18 163163177177189189168177209236186186178178214214¢ 6 0
28 100/64 9-18 163163177180189189165165206236186186178178202214¢g 7 0
29 100/64 10-18 163166177177186189177177206236186186178178202202¢g 8 0
30 91/55 11a-16 163175168171186186165177206209186186178178202214¢g 9 0
31 91/55 13-15 163163177177189189177177206236186186178178214214¢g 10 0
32 100/64 13-17 175178177177186189177180203203186186170178214226g 11 0
33 91/55 14-15 163166168168186189165180236236186186174178214214¢g 12 0
34 91/55 14-16 163175177180189189177180236236186195170178202214¢g 13 0
35 94/58 15-14 163163177177186189165174236236186186174178214226¢ 14 0
36 94/58 16-15 (1) 163178174177189189177177206206183201178178214214¢g 15 0
37 94/58 16-15 (2) 178178177177186189165177236236186201178178202214¢ 16 0
38 94/58 17-13 166175177180186189168177236236186201178178202226¢g 17 0
39 94/58 17-15 163175174174186186162177236236186186178178214226¢ 18 0
40 94/58 18-13 175175177183189189177180206206186201178178202214¢g 19 0
41 94/58 18-14 163178177180186189162165236236186201178178202214¢g 20 0
42 94/58 19-13 163175177180186189177180236236186195170178214226g 21 0
43 100/64 19-18 166172177180189189165177206236186186174174214214¢g 22 0
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End of table 5

Identification number Number

Ne Multilocus genotypes dS:iI;Z?(fn of
clone (plus-tree) ramet matches

44 100/64 21-16 (1) 163175177180186189177180236236195201178178226226g 23 0

45 100/64 21-16 (3) 175175174180189189177180236236186186178178214226g 24 0

46 100/64 21-16 (5) 163163171180186189165165236236186201178178226226¢ 25 0

47 100/64 22-17 163175177177189189177177206206186186178178214214¢ 26 0

To confirm the correspondence of the obtained clone
genotypes with the supposed plus trees No. 91/55, 94/58
and 100/64 growing in the Novosibirsk region, it is
necessary to select material (needles or wood) from these
trees. The authors plan to select control samples from
plus-trees to determine their genetic characteristics and
more detailed comparison of their genotypes with the
genotypes of the clonal offspring.

CONCLUSION

During the research, 8 nuclear microsatellite loci of
Siberian pine were selected, demonstrating the most
stable interpretable spectra. The probability of a random
coincidence of unrelated genotypes at these loci was
1.5x10°.

Four common DNA profiles were identified: genotype
A — samples No. 100/64 21-16 (2) and 100/64 21-16 (4);
genotype B — samples No. 100/64 2-19, 100/64 3-19,
100/64 4-17, 100/64 4-18, 91/55 6-17, 100/64 7-18;
genotype C — No. 91/55_3-15, 91/55_3-16, 91/55_5-15a,
91/55_8a-16, 91/55 8-16, 91/55 9a-16, 91/55 10a-16,
91/55 11- 16, 91/55_12-16; genotype D — samples No.
91/55 9-16 (1), 91/55_10-16 (2).
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NCCIEJOBAHUE BJIMAHUSA CBEPXBBICOKOYACTOTHOI'O U3JIYYEHUSA
HA MIPOHUIIAEMOCTH JIPEBECUHBI JIMUCTBEHHUIILI CHBUPCKOM
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Jpesecuna nucmeennuybl cubUpCKOU 3a cuenm UMEIOWUXcs 8 CUOUPCKOM pPe2uoHe 3HAYUMETbHBIX 3aNdCO8 AGNAEMCcs
nepcneKmueHbviM 00bekmom 015 moougpuxayuu. OOHAKO U3-3a HUZKOU NPOHUYAEMOCTU OpeBecUuHbl ee NPONUMKA MO-
OUPUYUPYIOWUMU COCMABAMU NPAKMUYECKU He803MOJICHA. B pabome npedcmagnenst pe3yibmamsl uccied08aHuil Ha-
NPABNEHHbIX HA NOBblUEHUe NPOHUYAEMOCIU 0PO6OLl Opesecuibl TUCMBEHHUYbl CUOUPCKON 3 cuem 6030eUCmaEuUsl
CBY-uznyuenus.

Dxcnepumenmanvivie UCcie008aHUS NPOBOOUNUCH, HA 00pasyax opesecunvl pasmepamu S0x50% 150 mm (nocaednuii
8001b BONIOKOH) U320MOBNEHHbIX U3 CBeNCeCPYONeHHOU S0POBOU Opesecutbl TUCMBEHHUYbL CUOUPCKOU € UCXOOHOU
enaxcrocmoio 55 %. Obpabomka opesecunvi CBY ocywecmensinace 8 MUKposoiHogou kamepe npu wacmome 2,45 I'Ty
¢ Qurcuposannoi mowpocmoio 0,9 kBm. Ipodonxcumenvrocmos oopabomxu CBY cocmasnsna 270 ¢ u 330 c.

Hocne obpabomxu CBY Opesecuna nponumvisanacy 6 agmoxnage npu oaerenuu 0,5 MIla ¢ meuenue 40 mun. /s
MOOEIUPOBAHUS NPOYECCO8 NPOUCXOOSUUX 8 COPMUMEHMAX NPOMBIULIEHHBIX PA3MEPOS, Y 4acmu 00pa3yo8 npou3eoou-
J1ack eepmemuzayusi mopyos. B kauecmee nponumouno2o cocmasa ucnoab308acs 600uwil pacmeop FeSO4.

THonyuennvle sxcnepumenmanvhvle danhvle nokazvieaiom, umo CBY-obpabomka Opeeecumvl IUCmMEeHHUYb NO360-
Jsiem dPhexmueHo nosblulams RPOHUYAEMOCHbL OPEGECUHbL KAK 800b, MAK U NONEPEK 80I0KOH. B x00e ucciedosanuii
yemanogieno, umo CBY-o6pabomka obecneuusaem ygenuueHue no2ioujeHusi OpeeecuHoll nponumo4yHo20 pacmeopa
6 2,5-2,6 pasa, a 2nyOuHbl nponumKu nonepex 80aokoH 6 2,3 pasa. Ilpu nponumke KOpOMKOMEPHBIX COPMUMEHMOB
CBY-o6pabomka no3zeonsiem 006Umvcs CKBO3H020 NPONUmMvléanuss opesecunvl. Ypesmepuas oopabomxa CBY moocem
npusooUms K 00paA308aHUI0 paspvlé06 Opesecuibl 8001b B0IOKOH.

Kniwouesvie cnosa: CBY, dpesecuna, moouguxayus, 1ucmeeHHUYd, NPOHUYAEMOCHb, NOGbLUUEHUE NPOHUYAEMOCIU,
nponumka.
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RESEARCH OF THE INFLUENCE OF MICROWAVE RADIATION ON THE PERMEABILITY
OF SIBERIAN LARCH WOOD

S. G. Eliseev, V. N. Ermolin, S. S. Stupnikov

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation
E-mail: serezha-stupnikov@mail.ru

The wood of Siberian larch, due to the significant reserves available in the Siberian region, is a promising object for
modification. However, because of the low permeability of wood, its impregnation with modifying compositions is prac-
tically impossible. The research presents the results of studies aimed at increasing the permeability of the heartwood of
Siberian larch as a result of exposure to microwave radiation.

Experimental studies were carried out on wood samples with dimensions of 50x50x150 mm (the latter along the fi-
bers) made from freshly cut heartwood of Siberian larch with an initial moisture content of 55 %. Microwave wood
processing was carried out in a microwave chamber at a frequency of 2.45 GHz with the fixed power of 0.9 kW. The
duration of microwave processing was 270 s and 330 s.

After microwave treatment, the wood was impregnated in an autoclave at a pressure of 0.5 MPa for 40 minutes. To
simulate the processes occurring in assortment of industrial sizes, the ends of some samples were sealed. An aqueous
solution of FeSO4 was used as the impregnating composition.
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The obtained experimental data show that microwave processing of larch wood can effectively increase the perme-
ability of wood both along and across fibers. In the course of research, it was found that microwave treatment provides
an 2.5-2.6 times increase in the absorption of the impregnating solution by wood, and the depth of impregnation across
the fibers by 2.3 times. When impregnating short assortments, microwave processing allows achieving thorough im-
pregnation of wood. Excessive microwave processing may cause the wood to break along the fibers.

Keywords: microwave, wood, modification, larch, permeability, increased permeability, impregnation.

INTRODUCTION

Annual consumption of natural wood is constantly
growing in the world. This is facilitated by the unique
properties of wood, such as relatively high specific
strength, environmental friendliness, decorative appear-
ance, renewable resource, etc.

The range of wood on the world market is represented
by a very extensive list of different types of tree species.
At the same time, wood of certain species is in high de-
mand due to its attractive color, texture or high physical
and mechanical properties. This negatively affects the size
of populations of this species, contributes to the formation
of a supply shortage and, consequently, an increase in the
price of such wood.

One of the ways to meet the demand for wood with
sought-after properties may be the targeted modification
of wood with less valuable species growing in northern
latitudes.

A promising species for targeted modification of
wood is Siberian larch, widespread in the Siberian region
[1]. Larch wood has fairly high physical and mechanical
properties, comparable to such species as oak, ash, and
beech [2]. And its modification can provide high bio- and
fire resistance, increasing physical, mechanical and deco-
rative properties.

Most technologies for direct changing the properties
of wood are based on deep or even through impregnation
with modifying compounds. At the same time, the perme-
ability of wood to liquids is a prerequisite for the imple-
mentation of such technologies. Larch wood is a hard-to-
impregnate species. Almost the entire volume of the larch
trunk is occupied by heartwood, which has low perme-
ability to liquids and gases [3]. Therefore, without in-
creasing the permeability of wood, it is almost impossible
to impregnate it.

A large number of works have been devoted to the
study of the reasons for the low permeability of the core
part of a coniferous tree trunk in comparison with the
sapwood. Low permeability of heartwood is explained by
a change in the position of the tori in the pores of vertical
tracheids [6], deposition of extractives in the cell walls [3]
and clogging of the marginal zones of the pores of ray
tracheids with extractives [7].

To date, a wide range of methods have been devel-
oped to increase the permeability of wood raw materials:
by pricking [4], using variable pressure [7], pre-infection
with wood-coloring fungi [8], by burning with a laser
beam [9; 10], temperature increases [3], etc. The listed
methods have serious disadvantages: they violate the in-
tegrity of the wood, are energy-consuming, and techni-
cally difficult to implement in industrial conditions, have
an unacceptably long process duration, etc.

Recently, methods for increasing the permeability of
wood through microwave treatment have been actively

developed all over the world. Studies [12; 13; 14; 15; 16;
17; 18; 19] have noted the high efficiency of microwave
processing of wood in order to increase permeability with
an acceptable decrease in mechanical properties. In the
study [12], due to microwave treatment, the absorption of
Chinese fir wood increased by 156 % compared to the
control untreated wood, and in the work [13] this value
was increased to 308 %. An increase in the permeability
of hardwood also indicates the effectiveness of micro-
wave exposure. It has been established that microwave
treatment of European beech wood provides an increase
in permeability along the fibers up to 159 % [15].

In the cited works [20; 21; 22; 23; 24] the mechanism
of increasing the permeability of wood when exposed to
microwaves is explained primarily by the heating and
evaporation of the water contained in it, as a result of
which vapor-gas pressure arises and partial destruction of
the cell walls of anatomical elements occurs. Moreover,
in most of the sources reviewed, the authors focus on in-
creasing permeability along the fibers. While it is the
transverse permeability of wood that is decisive when
impregnating assortments longer than 0.5 meters [6]. In
this regard, the possibility of increasing transverse perme-
ability due to microwave exposure is of no less interest.

Taking into account the available scientific data on the
high potential of microwave treatment to increase the
permeability of wood and taking into account the prelimi-
nary results obtained [11], it was decided to investigate
the possibility of increasing the permeability of heart-
wood of Siberian larch, taking into account structural di-
rections.

MATERIALS AND METHODS

OF RESEARCH

For research purposes from freshly cut 120 samples of
larch heartwood were made with an oriented arrangement
of annual layers relative to the layers, dimensions
50x50x150 mm (the latter along the fibers). The initial
humidity of the samples was 55 %.

Microwave processing of wood samples was carried
out in a microwave chamber at a frequency of 2.45 GHz
with a fixed power of 0.9 kW. Based on the duration of
microwave treatment (taking into account the preliminary
data obtained [11]), all samples were divided into two
treatment groups: microwave 270 s and microwave 330 s.
Control samples were not subjected to microwave treat-
ment.

After microwave treatment, all samples were impreg-
nated in an autoclave at a pressure of 0.5 MPa for 40
minutes. Since the permeability of wood along the fibers
is many times greater than the transverse one [2], to simu-
late the processes occurring in industrial-sized assort-
ments, the ends of some samples were sealed. Before im-
pregnation, the samples of the first and second groups
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were divided into two subgroups. Samples of the first
subgroup were impregnated without waterproofing the
ends, the second to study transverse permeability with
waterproofed ends to prevent longitudinal impregnation.
The samples were waterproofed by applying three layers
of PPH15 and one layer of silicone sealant. An aqueous
solution of FeSO4 was used as an impregnating composi-
tion. This solution changes the color of larch heartwood,
allowing you to record the depth of the impregnation
front. To determine the absorption of the solution, the
samples were weighed and the absorption was calculated
in kg/m®. The impregnation depth was determined after
splitting the samples along the fibers into four parts.

RESULTS AND DISCUSSION

The results of studies of microwave treatment influ-
ence on the longitudinal permeability of heartwood for
liquids are presented in Fig. 12.

The data obtained discovered that absorption of sam-
ples treated microwaves and impregnated without water-
proofing the ends increased in comparison with control
samples (Fig. 1) by 1.7-2 times. Moreover, the most sig-
nificant increase in the absorption rate was observed in
samples of the second group that underwent longer mi-
crowave treatment. A comparison of the absorption of
microwave 270 s and microwave 330 s samples showed
an 18 % superiority of the latter.

160 138,7

140 1173
120

100
80
60
40
20

0 T T

270 330

Absorption, kg/m®

Monitoring

Duration of microwave treatment, s

Fig. 1. The effect of microwave processing on the value
absorption of samples without waterproofing the ends

When splitting the samples, the following features of
the penetration of the impregnating solution were re-
vealed (Fig. 2). All samples treated with microwaves and
impregnated without waterproofing the ends showed
through penetration of the impregnating solution with
local unimpregnated areas (Fig. 2, a). While the average
depth of penetration of the impregnating solution in the
control samples was slightly more than 16 mm (Fig. 2, b).
In the transverse direction, the depth of penetration of the
impregnating solution for samples impregnated without
waterproofing was not recorded, since the solution pene-
trated primarily along the fibers.

Impregnation of wood samples with sealed ends
showed the following results (Table 1, Fig. 3). The ab-
sorption of the solution by such samples predictably
turned out to be 4-6 times lower in comparison with sam-
ples impregnated without sealing the ends. At the same
time, in the samples treated with microwaves, just as in
the previous experiment, there was a significant increase
in the absorption of the solution relative to the control
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samples. The absorption of microwave samples at 270 s
exceeded the control by 38.1 %, and at microwave 330 s
by 82.5 %. At the same time, the absorption of samples
with a microwave treatment duration of 330 s turned out
to be 44 % higher than those treated with 270 s.

Fig. 2. Samples of wood after impregnation without
waterproofing the ends:
a — microwave-treated; b — untreated microwave (control)

After assessing absorption, all wood samples impreg-
nated with closed ends were split into four parts to meas-
ure the depth of advance of the impregnation front.
The measurement results are presented in Table 1 and in
Fig. 4.

From the histogram in Fig. 4 it follows that increasing
the depth of penetration of the impregnating solution
(compared to control samples) is observed only in the
radial direction and only in samples treated with micro-
wave 330 s (by 43.5 %). While samples treated with mi-
crowave 270 s show only a tendency to increase the depth
of impregnation (within the limits of the accuracy of the
experiment). In the tangential direction, on the contrary,
there was a slight tendency towards a decrease in perme-
ability in samples treated with microwaves. In general,
when impregnating in the transverse direction, a greater
depth of solution advancement in all cases was observed
in the radial direction.

For samples of microwave 270 s, the radial direction
exceeded the tangential direction by 2.3 times, and mi-
crowave 330 s by 3 times, in control samples the differ-
ence was 2-fold. Despite the significant increase in the
relative depth of impregnation of samples of the micro-
wave group 330 s in the radial direction, in fact, the depth
of advance of the impregnation front was less than 2 mm,
which cannot be called a significant result.
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Table 1
Results of impregnation of wood with sealed ends

Duration of Microwave

Depth of impregnation in structural directions, mm

processing, s Absorption, kg/m’ radial tangential
270 22,120,386 1,20+0,04 0,52+0,02
330 29,2+1,16 1,65+0,05 0,55+0,02
Control 16,0+0,37 1,15+0,04 0,56+0,027
35 posite ends were tightened with a clamp made of heat-
"z 30 resistant plastic (Fig. 5).
& 25
~
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Fig. 3. Influence of microwave treatment on the value
absorption of samples with waterproofing of ends
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Fig. 4. The influence of microwave treatment
on the depth of wood impregnation across the grain

The results obtained showed a significant increase in
the permeability of larch heartwood along the fibers and a
less significant increase across the fibers. Apparently, the
excess pressure generated during microwave treatment
(due to its active relaxation along the fibers) turned out to
be insufficient to create transport paths across the fibers.

To confirm the hypothesis put forward. A batch of
samples was produced in the amount of 60 pcs., similar
dimensions and humidity (50x50x150 mm W — 55 %). In
this case, unlike the previous experiment, before micro-
wave treatment the samples underwent special prepara-
tion, which consisted of multilayer sealing of the end sur-
faces of the samples. Sealing was carried out to exclude
pressure relaxation due to transfer along the fibers, which
made it possible to simulate processes occurring in as-
sortments of real sizes. The ends of the samples were
covered with a layer of silicone sealant, then plastic plugs
with inserted rubber gaskets were put on them. Before
being placed in the microwave chamber, the plugs of op-

Fig. 5. Sealing the ends of the samples for microwave
processing:

1 — plastic clamp; 2 — heat resistant silicone sealant;

3 —wood sample; 4 — rubber gasket; 5 — plastic plug

As in the previous experiment, the samples were di-
vided according to the duration of microwave treatment:
270 s and microwave 330 s. After microwave treatment,
the sealing layer was restored at the ends of the samples
and then impregnated for 40 min with an aqueous solution
of FeSO4 at an excess pressure of 0.5 MPa. After im-
pregnation, the magnitude of absorption and the depth of
advance of the impregnation front were assessed. The
research results are given in table 2 and in Fig. 6 and 7.

The results obtained show (Fig. 6) that the treatment
of samples with microwave 270 s with closed ends made
it possible to increase the absorption of wood by 2.1 times
and by 2.6 times when treated with microwave 330 s. At
the same time, the group that underwent longer micro-
wave treatment had absorption 1.25 times higher than that
of the 270 s microwave samples. In comparison with
samples processed by microwave without sealing the ends
(Fig. 3), the absorption rate increased by 1.6 times for
samples of microwave 270 s and by 1.5 times for micro-
wave 330 s.

The difference in solution absorption between samples
with different durations of microwave treatment, in the
case of sealing the ends during processing, was not as
significant — 25 %, as without sealing — more than 44 %
(Fig. 3).

Separately, it should be noted that some of the sam-
ples that underwent microwave treatment for 330 s were
found to have closed cracks that formed during the treat-
ment process. This indicates excessive processing time.
The absorption values obtained for cracked samples were
not taken into account in the calculation of the average
absorption value.

The results of measuring the depth of impregnation of
samples treated with microwaves with sealed ends re-
vealed the following features (Fig. 7). The depth of ad-
vance of the impregnation front increased for all samples
that underwent microwave treatment, both in the radial
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and tangential directions. Compared to the control,
the increase in the depth of impregnation in the radial
direction ranged from 74 to 131 %, and in tangential 122—
127 %.

The greatest value of the advance of the impregnation
front (as in the previous experiment) was noted in the
radial direction for samples that underwent a longer mi-
crowave treatment of 330 s. 33 % higher than for samples
treated with microwave 270 s. In the tangential direction,
no significant difference in the depth of impregnation
between samples of different treatment durations was
established. In general, under the same microwave proc-
essing conditions in the radial direction, the depth of ad-

Table 2

vance of the impregnation front exceeded the tangential
direction by 59-107 %.

A comparison of the impregnation depth of samples
treated with microwaves with open and closed ends
showed the following. Under the same processing condi-
tions, samples with ends sealed during microwave treat-
ment showed a depth of impregnation higher than those
with unsealed ends. In the radial direction the difference
was 65-71 %, in the tangential direction 140148 %.
Typical examples of the advancement of the impregnation
front in the radial and tangential directions for microwave
samples at 330 s and 270 s are presented in Fig. 8.

Indicators of impregnation of wood treated with microwaves with sealed ends

Duration of microwave

. 3
reatment, s Absorption, kg/m

Depth of impregnation in structural directions, mm

radial tangential

270 34,7+1,08

2,05+0,08 1,29+0,04

330 43,4+1,78

2.73+0,11 1,3240,05

Monitoring 16,4+0,39

1,18+0,02 0,58+0,015
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Duration of microwave treatment, s

Fig. 6. Influence of microwave treatment on the absorption value of samples with sealed ends

during microwave processing and impregnation

2,73

Depth of impregnation, mm

270

330 Monitoring

Duration of microwave treatment, s

# Radial direction

= Tangential direction

Fig. 7. The influence of microwave treatment on the depth of wood impregnation across the grain

with closed ends for microwave processing and impregnation
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Fig. 8. Fragments of wood samples treated with microwaves and impregnated with closed ends:

a — radial direction; b — tangential direction

CONCLUSIONS

Based on the results of the research, the following
conclusions can be drawn:

— Microwave exposure to the heartwood of Siberian
larch allows you to increase its permeability, both longi-
tudinally and transversely.

— This is confirmed by a significant increase in ab-
sorption and depth of wood impregnation.

— Since microwave treatment allows for end-to-end
impregnation of wood along the fibers and a 2.5-fold in-
crease in the absorption of impregnating liquid, this cre-
ates good prospects for using microwaves to prepare for
impregnation of short-length assortments.

— Increasing the duration of microwave treatment has
a positive effect on the results of increasing the perme-
ability of larch heartwood. But excessive microwave
treatment can lead to wood ruptures along the grain. Their
formation is most likely associated with high vapor-gas
pressure arising in the wood.

— When impregnating long assortments, the modeling
of which was carried out by sealing the ends of the sam-
ples, there is a significant increase in the permeability of
larch wood across the fibers. The depth of impregnation
increased by 2.3 times, and absorption by more than 2.6
times. This indicates that microwave treatment of long
assortments before impregnation also has good prospects
for increasing their permeability.
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HNCCIIEJOBAHUSA BJIMAHUS HEYCTAHOBUBIINXCSA PEXKUMOB PABOTHI
HA BBIXO/JIHBIE TAPAMETPBI JIBUT'ATEJISA TIECOTPAHCIIOPTHOU MAIIINHBI

B. C. Baiinemok, f. C. I'onuaposa

Cubupckuil rocy1apCcTBEHHBIH YHUBEPCUTET HAYKU M TEXHOJIOTHH MMeHH akanemuka M. @. Peiernea
Poccuiickas @enepanus, 660037, r. KpacHospck, npoci. uM. razetsl «KpacHosipckuii pabounii», 31
E-mail: baydelyuk@bk.ru

Ilpedcmasnenvr pesynomamol Uccie008amenbckol pabomul, yeib KOMopou — UCCie008amy GIUAHUE HEYCMAHOBUB-
WIUXCSL HAZPY30YHBIX PENCUMO8 HA OUHAMUYECKUE XAPAKMEPUCTNUKU OU3ETbHO20 A8MOMPAKMOPHO20 08USAMENS JIeCo-
MPAHCROPMHOU Mawiunbl. B cmamve npednazaemcst Memoouka ROJYHANMYPHBIX UCHLIMAHUL OU3ETbHO20 08U2amens U
1abOPAMOPHAsL IKCNEPUMEHMATbHASL YCMAHOBKA OJIsl UCCTIe008AHUSL GIUSHUSL HEYCMAHOBUBUUUXCSL PENCUMOE PAbOnbl
ogueamens Ha e2o 6bixoOHble napamempul (M(f), o(f), h(f), P,, t;.); npusedenvl pe3yrvmamol UCCie008aAHUSA BIUAHUA
HeyCMaHOBUBUUUXCSL HAZPY30UHBIX U CKOPOCHIHBIX PENCUMO8 pabombl 08U2amelisi Ha bIXOOHblE NAPAMempbl, YCMAHOBe-
HO, umo onst dgueamens AM3-238HE cywecmeyem ouanazon wacmom (f = 0,7...0,9 I'y) uzmenenus momenma conpomus-
nenust M, Ha Konenuamom 8any, 6 KOMopoM 603MOICHO MAKCUMATbHOE OMKIOHEHUE OCHOBHBIX NAPAMEMPO8 OM CPEOHUX
BHAYEHULl UX HA CONOCMABUMbL YCIMAHOBUBLUUXCS PEICUMAX, HA OCHOBAHUU AHATU3A AMIIUMYOHO-YACMOMHBIX XAPAKme-
PUCMUK KOeOAHULL Peliki MONIUGHO20 HACOCA YCHAHOGIEeHO, Ymo 8 danHom duanazone yacmom (= 0,7...0,9 I'y) uzme-
Henusi M, nabmooaemces coenadeHue yacmom 6bIHY’COCHHBIX KONeOAHU ¢ COOCMEEHHOU Yacmomou 4y8CmeUumeibHo20
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PARAMETERS OF A TIMBER TRANSPORTING MACHINE ENGINE
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The paper presents the results of research aimed at investigating the influence of unsteady load conditions on the
dynamic characteristics of a diesel automotive engine of a timber transporting machine. The methodology of semi-full-
scale tests of a diesel engine and a laboratory experimental installation for studying the influence of unsteady engine
operating modes on its output parameters (M.(f), o(f), h(f), P,, t.) is offered. The results of researching the influence of
the engine unsteady load and speed modes on the output parameters are presented. It is established that for the YaMZ-
238NB engine, there is a frequency range (f = 0.7...0.9 Hz) of changes in the moment of resistance M, on the crank-
shaft, in which the maximum deviation of the main parameters from their average values in comparable steady-state
modes is possible. On the basis of the analysis of the amplitude-frequency characteristics of the fuel pump rack oscilla-
tions, it is found that in this frequency range (f = 0.7...0.9 Hz) of the M, change the frequencies of forced oscillations
coincide with the natural frequency of the governor's sensitive organ, which brings the engine-governor system to a
resonant state.

Keywords: diesel automotive engine, unsteady operating mode, engine output parameters.

INTRODUCTION

Russia has the world's largest reserves of forest re-
sources (22 % of world reserves). In the composition of
Russian forests, coniferous tree species amount to more
than 80 % (39 % of larch, 17 % of pine, 11 % of spruce,
6 % of cedar), the main reserves of which are located in
the northern and eastern regions of Russia, characterized
by severe climatic conditions, complex relief and soil
composition. For the industrial use of forest resources,

logging equipment is now increasingly being used having
powerful general-purpose diesel engines, which were de-
signed without taking into account the peculiarities of
operation in the conditions of development of forest re-
sources.

Timber transporting and technological machines oper-
ating in the forest industry should be considered as an
independent class of machines that have their own spe-
cific use and their own operating conditions, determined
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by terrain, climate, time of year, road or drag condition,
soil moisture, machines application technology, etc. [2; 3;
7]. The operation of machines under these conditions is
characterized by an increased intensity of changes in
speed and load conditions in a wide range of amplitudes
and frequencies. The forces of resistance to the movement
of a machine along a rack or cutting area, rapidly chang-
ing over time, have a significant impact on the operation
of the engine, its loading, and cause unsteady operating
conditions of the engine, which affects its reliability, effi-
ciency and durability.

The most reliable assessment of the reliability of a
diesel engine can be made under real operating condi-
tions. But operational tests require a significant amount of
time and money, and the results obtained have a wide
scatter, which requires simultaneous conducting of a
number of tests. In addition, during operational tests it is
difficult, and often impossible, to determine the influence
of individual factors on engine wear. Therefore, stand
laboratory tests of engines for reliability have become
widespread. They can significantly reduce the time and
material costs of testing, as well as increase the identity of
research results. However, stand tests of engines in accor-
dance with GOST 18509-88 do not provide a number of
factors affecting the durability of engines under operating
conditions, and in the engine passport, the technical char-
acteristics of the engine do not include its dynamic char-
acteristics, which are important for an engine operating
under unsteady conditions.

Particular difficulties arise when studying the influence
of unsteady conditions on the wear of main engine parts.
This is due to the fact that mass-produced test stands do not
allow simulating engine operating modes in laboratory
conditions, there are no standard requirements for such
testing methods, and there is also no consensus on the con-
cept of the “engine unsteady operating mode”. This situa-
tion forces researchers to independently develop methods
and equipment for testing engines in unsteady operating
conditions, and to introduce criteria for unsteady operating
conditions. The analysis of the methods and installations
used for studying engines in unsteady operating modes
showed that for the most part they do not allow simulating
a wide range of operating loads.

Thus, the methods and installations developed by
Kanarchuk V. E. [5] and Khrushkov P. P. [12] make it
possible to study unsteady modes and their effect on the
wear resistance of automotive engines. The unsteady
mode is considered as a set of transient processes of the
speed regime, the duration and sequence of which is de-
termined by the imbalances of the engine torques and the
power consumer that arise under operating conditions.

However, in order to determine the influence of indi-
vidual parameters of unsteady modes on the wear rate of
the engine, the sources [5; 12] artificially kept one of
them (speed or load) constant, which does not reflect the
operating conditions, where the load on the engine and the
angular velocity of its shaft simultaneously change.

An original way to eliminate the last drawback inher-
ent in the methods listed above was proposed by V. P.
Antipin [1]. A load changing according to a harmonic
law in the range (0.01...2.0) Hz was created on the crank-
shaft of the test engine using an electric braking stand
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STEU-28-1000, in the stator circuit of which a 3-phase
magnetic amplifier controlled by a low-frequency genera-
tor of periodic oscillations is connected. The disadvantage
of the proposed method of reproducing variable loads on
the shaft of the tested engine is that with an increase in the
power of the braking device above 100 kW, the installa-
tion time constant increases, i.e. the braking device does
not allow reproducing loads changing with a frequency of
more than 1.5 Hz.

From the analysis of existing methods for studying
unsteady operating modes of automotive engines it fol-
lows that they do not allow solving the above tasks of
studying the characteristics of automotive engines with a
power of more than 100 kW. This circumstance required
the development of a special installation and methodology
for studying the amplitude-phase frequency characteris-
tics of the engine and a methodology for studying the
influence of unsteady modes on the wear of a diesel en-
gine with a power of more than 100 kW. The develop-
ment of the methodology was carried out in accordance
with the requirements of GOST 18509-88 based on the
analysis of the operating conditions of timber transporting
machines.

PURPOSE OF THE RESEARCH

1. Develop a methodology for modeling operational
load conditions to study the dynamic characteristics of a
diesel engine.

2. Create an experimental laboratory installation to
conduct research into the influence of unsteady operating
conditions on the output parameters (dynamic characteris-
tics) of a diesel automotive engine and to study the effect
of unsteady operating conditions on engine wear.

3. Investigate the influence of the amplitude and fre-
quency of load changes on the dynamic characteristics of
the YaMZ 238NB engine.

METHOD AND INSTALLATION

TO TEST THE ENGINE

Research of operating modes of skidders [2; 3; 8]
showed that at any moment in time the current value of
the resistance forces is determined by two components: a
constant one equal to (0.75-0.85) Mn, and a variable one
equal to 0.15 Mn - the rated torque of the engine.

The frequency spectrum of changes in resistance
forces can be divided into two zones [7]: the first zone
characterizes the slow process with a period of change (7)
of more than 10 seconds < 0.1 Hz. Changing forces in this
range is available for regulation by the engine governor
and by humans. They are determined by changes in macro
conditions and are taken into account by the traction
balance equation. Their fairly complete characteristic is
the mathematical expectation (p,) or the average value
and dispersion (D,), since the engine time constant (7,) is
significantly less than the period of change of these forces
and the engine’s response to their influence is known in
advance.

The second frequency zone characterizes fast proc-
esses with a period of less than 10 seconds (0.1 Hz),
which can only be controlled by the engine governor.
These forces are not taken into account by the traction
balance equation and can be characterized by spectral
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density of a random process, describing the microcondi-
tions in which the machine operates.

Due to the lack of a consensus on the physical essence
of the unsteady operating mode of the engine, it is advis-
able to take the process of transition from one speed mode
to another [11] under the influence of a change in the mo-
ment of resistance M, as the main element defining this
operating mode, since it most fully characterizes the work
of an automotive engine in operating conditions.

Under operating conditions of machines during logging,
unsteady operating modes of machine engines are random
in both frequency and amplitude. It is extremely difficult to
reproduce the entire range of loads in full in laboratory
conditions, therefore, when developing an installation for
studying engine wear, it was proposed to load the engine
according to the harmonic law, which says, that according
to the first theorem of V. A. Kotelnikov [9], any function
(including one describing a random process) with a fre-
quency range from zero to maximum can be spread hori-
zontally in a row, and as the harmonic number increases, its
frequency increases and its amplitude decreases, which is
observed in nature.

The method of harmonic loading of the engine does
not contradict the research of academician V.N. Boltin-
skii [10], where it is indicated that under operating condi-
tions the moment of resistance on the engine shaft
changes according to a quasi-harmonic law.

Based on the above, a methodology [4] for semi-full-
scale testing of a diesel engine and a laboratory experimen-
tal installation were developed to study the influence of
unsteady engine operating conditions on its output parame-
ters. The YaMZ-238NB engine used on tractors K-700, K-
703, K-744 and the KrAZ-255L vehicle widely used in the
timber industry was chosen as the object of research.

The new engine YaMZ-238NB of serial production
was tested. It was run-in on a stand for 60 hours according
to the modes recommended by the manufacturer, after
which the engine was equipped with additional sensors
for monitoring the main parameters of engine operation
and all work related to the preparation of the engine for
testing was completed. The power limiter was removed
and the engine was additionally run for 16 hours in M,
mode = 80 kgm (800 Nm), »n = 1500 rpm, N, = 170 hp.
(125 kW), for the purpose of additional running and de-
velopment of test methods.

According to GOST 18509-88, before starting re-
search on the YaMZ-238NB engine on a brake stand, the
nominal and maximum values of effective power and
torque, hourly and specific fuel consumption were deter-
mined according to the external speed characteristic at
crankshaft speeds corresponding to these values. At the
same time, measurements were made of: angular velocity
of the crankshaft @, braking torque T, effective torque
M., position of the fuel pump rack #, oil pressure in the
lubrication system P,, exhaust gas temperature f,,, engine
indicators P.. All of the above indicators were recorded
on an oscillogram.

Experimental installation for studying unsteady engine
YaMZ-238NB operating conditions consists of a load
device, a frame for installing the engine under test, a
software device, a system of instrumentation and re-
cording equipment (Fig. 1).

A commercially produced test stand KI-598B (asyn-
chronous balancing machine AKB-92-8, power 55 kW)
and a load powder brake PT-250 M, power 50 kW are
used as a load device. The total braking power of the load
device is 160 kW (220 hp).

The engine under test is installed on a frame (front
semi-frame of the K-700 tractor) and connected with a
load device via a cardan shatft.

The low-frequency generator of periodic oscillations
NGPK-3, which sets the law of load changes in the form
of a sine wave, triangular, sawtooth or rectangular pulses
in the range of 0.06—-100 hertz is the software device of
the installation. The frequency setting error in the range of
0.1-100 Hz is *3 %; amplitude stability — 70,1 %.

The installation operates as follows (Fig. 2): the low-
frequency generator NGPK-3 generates periodic or sinu-
soidal signals, which are amplified by the amplifier U and
supplied to the excitation winding of the powder brake
PT, the braking torque of which varies according to the
law of the excitation current. Thus, the powder brake re-
produces the variable component of the moment of resis-
tance, which is summed with the constant component
reproduced by the KI test stand, and arrives at the shaft of
the engine under test.

The value of the constant component of the resistance
moment is set by the KI brake stand by changing the
value of the load resistance R in the rotor circuit of the
balancing machine.

Fig. 1. General view of the experimental installation:

1 — YaMZ-238NB engine; 2 — stand KI-598B; 3 — powder brake PT-250M
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Fig. 2. Installation block diagram:

MA — magnetic amplifier; R — load resistance; KI — test stand KI-
A — amplifier; ICE — internal combustion engine; NGPK-3 — low-

In this mode, the installation operates at frequencies of
change in the resistive torque of more than 1.5 hertz. In
the frequency range less than 1.5 Hz, the KI-598B brake
stand does not provide a linear dependence of the constant
component of the resistance moment; therefore, in the
frequency range (0.1-1.5) Hz, the variable component of
the resistance moment is modeled by the KI brake, and the
constant component - by the powder brake PT. In this case,
the software device, using the PC switch, is disconnected
from the excitation winding of the powder brake and
connected to the control winding of the magnetic amplifier
MA in the power supply circuit of the KI brake. The
magnetic amplifier ensures a change in the current in the
stator circuit of the KI brake, and therefore the braking
torque according to the law specified by the software device.
The constant component of the moment of resistance in this
case is provided by a powder brake PT, the excitation
winding of which is connected to a direct current source.
Due to the design features and characteristics of the powder
brake, the braking torque 7}, does not change when the shaft
speed fluctuates up to 200 rpm.

Researching the influence of variable loads on en-
gine output parameters

The engine of a timber transporting machine, being an
active dynamic object, reacts differently to external influ-
ences that vary over a wide range of frequencies and am-
plitudes. Research into the influence of the dynamic prop-
erties of the engine on the technical and economic indica-
tors with a rapidly changing load on the crankshaft comes
down to finding, first of all, the dynamic characteristics of
the output parameters (angular velocity of the crankshaft
o and torque M,) as indicators determining its reliability
and resource.

From the theory of automatic control [13] it is known
that the same dynamic system reacts differently to differ-
ent input influences. Amplitude-frequency (AFCs) and
phase-frequency (PFCs) characteristics were taken as
dynamic characteristics of the engine, reflecting the en-
gine’s response to external influences. The AFCs of the
engine were determined: by the engine torque — as the
ratio of the engine torque to the resistance moment M,(f) /
M, (f); by angular velocity — as the ratio of the angular
velocity of the crankshaft to the moment of resistance w(f)
/ M(f). Amplitude values of engine torque M,, angular
velocity of the crankshaft ®, as well as the position of the
fuel pump rack %, were determined from the oscillogram
as their deviations from the average steady-state values.
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598B; PT — powder brake; SD — switching device;
frequency generator NGPK-3; C — coupling

Phase-frequency characteristics were determined from
oscillograms as the phase shift between the input /M,(f)/
and output /M.(f), o(f), h(f)/ parameters.

The frequency characteristics of the YaMZ-238NB en-
gine were determined on an experimental installation with
a sinusoidal change in the moment of resistance in the fre-
quency range most characteristic for engine operation un-
der operating conditions (f = 0.05-5.0 Hz), in the regula-
tory region of the speed characteristic. Fig. 3 shows a sam-
ple oscillogram of changes in engine output indicators
IM(f), o(f), A(f), P,, t.;/ at a load M, = 745 Nm, o = 136
1/s, 6 = 0.20, f= 0.8 Hz. Oscillogram recordings show that
the engine output parameters, as well as the resistance
torque, are sinusoidal in nature, but with some phase lag.

Graphs of the amplitude-frequency characteristics
(fig. 4) were constructed on the basis of the experimental
data obtained by decoding the oscillograms.

From the analysis of the AFC and PFC graphs of the
angular velocity of the crankshaft, it follows that an
increase in the frequency of changes in the input torque
from 0.05 to 0.15 Hz is not accompanied by noticeable
changes in the deviations of the angular velocity from
steady-state oscillations. However, starting from a
frequency of 0.2 Hz to 0.8 Hz, the amplitude of deviations
in the angular velocity of the crankshaft increases sharply,
reaching its maximum at a frequency of 0.8 Hz, which
adversely affects the organization of engine operating
cycles, causing an increase in dynamic loads on its parts,
and therefore contributes to increased wear at these
frequencies. A further increase in the frequency of
changes in the input torque from 0.8 to 1.25 Hz is
accompanied by a damping of the amplitude of angular
velocity fluctuations from a maximum value of 11 1/s
(at a frequency of 0.8 Hz) to 6.0 1/s (at a frequency of
1.25 Hz). A change in frequency from 1.25 Hz to 3.0 Hz
and higher is accompanied by an exponential decay of the
angular velocity amplitude to 0.4 1/s, which does not
cause noticeable vibrations of the fuel pump rack, and,
consequently, disturbances in the organization of the
engine operating cycle.

The influence of variable loads on oil pressure in
the lubrication system and angular accelerations of the
engine crankshaft

The change in the angular accelerations of the
crankshaft and pressure in the lubrication system
depending on the frequency of changes in the moment of
resistance as parameters influencing the wear rate of the
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main engine parts is of practical interest when the engine
operates in unsteady modes in the regulatory region of the
speed characteristic.

The angular acceleration of the shaft was calculated
using the formula

e=do/ du (1/s%),

where do is the increment in the angular velocity of the
crankshaft during the time dt =Ar.

At frequencies above 3 Hz, the angular accelerations of
the crankshaft do not exceed 0,5 1/s% i.e., the engine filters
these frequencies and its operating mode can be considered
steady. Low-frequency components of the amplitude of oil
pressure fluctuations in the lubrication system are filtered at
frequencies above 2 Hz. The study of oscillogram decoding
data is presented in the graph in Fig. 5.

The graph shows that with increasing frequency,
changes in the moment of resistance M,, shaft acceleration
¢ and the amplitude of pressure fluctuations A, in the
lubrication system increase, reaching their maximum val-
ues (e = 54 1/s%; Apr = 4-10* N/m?) at a frequency of 0.8
Hz. Further increase in the frequency of changes in M,
leads to reducing the angular acceleration of the crank-
shaft and the amplitude of oil pressure fluctuations.

The influence of variable loads on the dynamic per-
formance of the engine operating cycle

It was noted above that during the period of load
changes, phase lags in the output parameters of the engine
are observed, which have the most unfavorable combina-
tions at a frequency of 0.8 Hz and negatively affect the
performance of the operating cycle. Fig. 6 illustrates the
nature of changes in the main engine indicators (M,; ®; &;
h; P,; AP/Ag) during the period of change in the moment
of resistance at a frequency of 0.8 Hz in the regulatory
region of the characteristic at M, ,, = 745 Nm, © = 1361 /s,
d. = 0.20. This mode of engine operation is the most typi-
cal for the operating conditions of skidders [2; 3; 7].

From Fig. 6 and 7 it is clear that all output parameters
of the engine lag in phase from the moment of resistance
M: M,—by 1/4 T, ® —by 1/2 T, h — by 1/8T, P,— by
3/8T, (AP/ A9) ., — by 3/8T. At this frequency, the
amplitude of the engine torque oscillations exceeds the
resistance torque by 11 %. The engine torque reaches its
maximum when the load is released at a moment of
0.75T, when M, = M, ,, which leads to a significant
increase in the angular velocity o and acceleration «.
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Fig. 3. Oscillogram of engine test at frequency f= 0.8 Hz:

M, (M,) — torque; TDC — mark of the top dead center of the piston of the 1-st cylinder; n — crankshaft rotation speed;
h — vibrations of the fuel pump rack; ¢, — temperature of exhaust gases in the outlet collector; M, — variable load component;

P, — gas pressure in the combustion chamber of the 1-st cylinder
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Fig. 4. Amplitude-frequency characteristics of the YaMZ-238NB engine
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When the load is released in the first quarter of the
period of its change (0..0.25 T), a decrease in the
maximum cycle pressure P, and the average pressure
increase (AP/Ao),, is observed due to a decrease in engine
torque M, (maximum cyclic fuel supply for the period). In
the second quarter of the load change period, the engine
torque increases (g, growth), which leads to an increase in
dynamic indicators (P,, AP/A¢), which reach their
maximum value [P, = 9.0 mN/m? (92 kg/cm?); (AP/AQ)ay
= 29.6 MN/m?-rad (5.28 kg/cm®-deg)] by the middle of
the last quarter of the period (0.85 T) of change in the
moment of resistance M,. Minimum values of dynamic

60
&
1/5%

40

30

cycle indicators [P, = 7.4 mN/m* (75 kg/em®); (AP/AQ),,
= 19.7 MN/m*rad (3.52 kg/cm’-deg)] are reached at
(0.25...0.30) T.

It should be noted that, despite the symmetrical nature
of the oscillations of the fuel pump rack, its relative posi-
tion in steady state, the dynamic indicators of the cycle do
not maintain such symmetry (Fig. 7). The maximum value
of P, is 12.5 % greater at 0.875T, and the lowest value of
P, is 8 % less than P, at the corresponding steady state.
The average increase in pressure has an even greater de-
viation from the steady state: AP/AQ) .y is 32 % more at
0.875T and 10 % less at 0.30T (Fig. 7).

Apt

M r.av— 74‘5 nm
(Ua\!=136 ]./S

Fig. 5. Dependence of crankshaft acceleration ¢ and amplitude of oil pressure fluctuations A4,
in the lubrication system of the YaMZ-238NB engine on the frequency of change of the moment of resistance M,
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Fig. 6. Change in output indicators M,, o, € of the YaMZ-238NB engine over the period of load changes

at a frequency of 0.8 Hz
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Fig. 7. Change in output and dynamic parameters h, P,, AP/Ag, P,(b) of the YaMZ-238NB engine during

the period of load change at a frequency of 0.8 Hz
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A significant increase in dynamic performance in the
second half-cycle of change in the moment of resistance
(load release) is explained by an increase in engine torque
and angular acceleration of the crankshaft due to an
increase in the cyclic fuel supply (at 0.875T g, reaches its
maximum). The change in engine torque M, and the
angular acceleration of the crankshaft € are in phase. An
increase in acceleration increases the ignition delay period
and the duration of the third phase of fuel injection (fuel
injection after seating of the injection valve, due to the
expansion of the fuel located between the valve and the
injector nozzle), which leads to increasing the “rigidity”
of the engine operating process.

From the above analysis of the influence of variable
loads on engine performance, it follows that in unsteady
engine operating modes there is a significant increase in
the dynamic performance of the operating cycle (P, — by
12.5 %; AP/A@) o, — by 32 %), compared with comparable
steady-state modes. An increase in the dynamic indicators
of the cycle (“rigidity” of the working process) leads to an
increase in the specific dynamic loads on the interfaces,
and, consequently, to an increase in the wear rate of the
main engine parts when operating in unsteady conditions.

CONCLUSIONS

1. The proposed methodology for studying automotive
engines in unsteady operating modes makes it possible to
evaluate their dynamic properties, to study the influence
of these modes on the performance of the operating cycle
of internal combustion engines, in conditions that are as
close as possible to to operational ones.

2. An experimental laboratory installation which
makes it possible to create constants with different load
levels on the shaft of the tested engine, as well as
sinusoidal, pulsed and stochastic variables with a range of
60 dB has been developed and created.

The proposed methodology and the developed
installation can be used to carry out accelerated wear tests
of automotive engines according to a given program,
without resorting to full-scale operational tests.

3. It has been experimentally established that for the
YaMZ-238NB engine there is a frequency range of
changes in the moment of resistance on the crankshaft
(f=0.7...0.9 Hz), in which the maximum deviation of the
main parameters from their average values in comparable
steady-state modes is possible.

On the basis of the analysis of the amplitude-
frequency characteristics of the fuel pump rack, it was
established that in this frequency range (f = 0.7...0.9 Hz)
of changes in M,, there is a coincidence of the frequencies
of forced oscillations with the natural frequency
of the sensitive organ of the regulator, which drives
the “engine—governor” system into a resonant state.

4. Experimental studies have established that the
output parameters of the engine, with a sinusoidal change
in the moment of resistance in the regulatory region of the
characteristics, also change according to the sinusoidal

law of the same frequency, but with some phase lag. All
parameters reach the maximum deviation in amplitude
from the average steady-state values at the frequency of
the variable component equal to 0.81 Hz. Under these
conditions, there is a phase delay in the angular velocity
by 1/2 T, the engine torque by 1/4 T, and the fuel pump
rack by 1/8 T.
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UCCJIEJOBAHME TEILJIOBOM 3®®EKTUBHOCTHU OI'PAXKIAIOIINX KOHCTPYKIUI
N3 IPEBECHO-UEMEHTHBIX KOMIIO3UTOB
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3aoaua coxpawenus snepeonompedneHUss u 3ampam Ha SKCRIYAMAayuio 30aHUl U COOPYICEHUI S6TIAemcst NPeono-
CHLIKOU 07151 pazpabomKu dHepeochepecaowux mexnono2ui u mamepuanos. Iosviwenue snepeodgpexmusHocmu doc-
Mu2aemcs npu yMenbueHuy nomeps menia Hepes o2paxcoaiowue konempykyuu. TexHono2us npouzeoocmea 0pesecho-
YEMEHMHBIX KOMNOZUYUOHHBIX MAMEPUANO8 umMeen OOIbUOe SHAYCHUEC C UHICCHEPHOU MOYKU 3PEHUs, A MAKIHCe KaK
MEXHONO2USL YMULUAYUU OPEBECHBIX OMX0008, UMEIOWAs. IKOIOSULECKYIO NPUBLEKAMEenbHOCMb. B xo0e ucciedosanuil
ONPedensIUCh YOeabHble NOMePU MENa 4epes 02Paicoaiowyio KOHCMPYKYUIO U MepMULEcKoe CONPOMUBIEHUE 02Padic-
oaioweti KOHCMPYKyuu U3 Opeeecho-yYeMeHmHo20 KOMROZUMA 8 8U0e ONUIKOOEMOona U apOoauma, a makice 6IUsHUe Ha
nokasamenu meniogou dPHEKMuUGHOCMU HATUHUSL 8 MACCUBE CIEHbL U30TUPOSAHHBIX BO30YUHBIX ROIOCMEl U BKII0Ye-
HUTL U3 9KCMPY3UOHHO20 NeHonoaucmupona. Hcciedosanue npogoouniocs ¢ npuMeHenuem npospammuozo nakema Elcut.
Tonyuennvie genuuunbl yOSTbHbIX NOMEPL MENIOMbl PACHemHOL KoHCmpyKyuu cocmagnsiom om 19,5 do 51 Bm/(m’
-°C), senuuuna conpomuenenus menjionepedaue ozpadxcoaioweti koncmpykyuu 1,07 0o 2,9 (m’ -°C)/Bm  noxazamenu
3a6ucam om YCcio8uil IKCALYAMAayuy U 6aPUAHMA UCHOTHEHUs (YelbHOe MeN0 KOHCMPYKYUL, 8030YUHbLe ROTOCHU TUOO
6CMABKU U3 IKCMPYZUOHHO20 NeHonoaucmupona). Ilonyuennvle pezyibmamsl Mocym Obimb UCHOAb30BAHBL NPU NPOEK-
MUPOBAHUU U IKCIILYAMAYUU CIPOUINETILHBIX KOHCIPYKYUL.
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RESEARCH OF THERMAL EFFICIENCY OF ENVELOPE STRUCTURES
FROM WOOD-CEMENT COMPOSITES

S. N. Dolmatov, P. G. Kolesnikov

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation
E-mail: pipinaskus@mail.ru

The task of reducing energy consumption and operating costs of buildings and structures is a prerequisite for the
development of energy-saving technologies and materials. Increased energy efficiency is achieved by reducing heat loss
through envelope structures. The technology for the production of wood-cement composite materials is of great impor-
tance from an engineering point of view, as well as a technology for the disposal of wood waste, which has environ-
mental attractiveness. In the course of the research, the specific heat losses through the envelope structure and the
thermal resistance of the envelope structure made of wood-cement composite in the form of sawdust concrete and arbo-
lite were determined, as well as the influence on the thermal efficiency of the presence of isolated air cavities and inclu-
sions from extruded polystyrene foam in the wall massif. The study was carried out using the Elcut software package.
The obtained values of the specific heat losses of the design structure are from 19.5 to 51 W/ (m’ - ° C), the value of the
heat transfer resistance of the envelope structure is 1.07 to 2.9 (m* - ° C) / W, the indicators depend on the operating
conditions and version (one-piece body of the structure, air cavities or inserts from extruded polystyrene foam). The
results obtained can be used in the design and operation of building structures.

Keywords: wood-cement composition, wood concrete, sawdust concrete, specific heat loss, resistance to heat trans-
fer, experiment, thermal efficiency.

INTRODUCTION residential and industrial buildings. Rational energy con-
Industrial and civil construction consumes significant  sumption is achieved through the use of modern materials
amounts of building structural and thermal insulation ma-  and implementation of highly efficient structural solutions
terials. The growing cost of energy carriers acutely raises  at the stage of design, construction and subsequent opera-
the issue of reducing energy consumption for heating of  tion of buildings and structures [1; 2]. In the conditions of
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sharply continental climate of Eastern Siberia with ex-
tremely low temperatures in winter, the walls of buildings
and structures should ensure heat preservation in the
building, and in summer time — to insulate rooms from
penetration of high temperatures. Providing high thermal
insulation values of external walls increases the tempera-
ture of their inner surface. This improves the sanitary
condition of the object, improves the microclimate. When
the indoor temperature is +20 °C, the temperature of the
wall surface should be at least +19 °C, and in the corners
of the exterior walls — 1415 °C, so even if the air humid-
ity increases, no condensation will form on the walls. In
addition to increasing the comfort of the object and im-
proving its microclimate, there is a real economic effi-
ciency from reducing the cost of electricity and heat re-
quired for heating construction objects [3].

The aim of the research is to determine the thermal
resistance of the envelope structure made of wood-cement
composite (WCC)

To achieve the goal the following tasks should be
solved:

— to analyze the methods of determining the thermal
resistance of the envelope from wood-cement composite
(WCC);

— to determine by methods of simulation modeling the
thermal resistance of the envelope of WCC;

— to study the influence of air cavities in the body of
the building envelope on the thermal resistance indicators

MATERIALS AND METHODS

RESEARCH

The reduced resistance to heat transfer of the external
building envelope is the main heat-protective characteris-
tic of the external envelope, the calculation of which is
based on the area-averaged density of the heat flux pass-
ing through the envelope in the design conditions of op-
eration.

Considering the performance indicators of thermal in-
sulation of walls made of different materials should be
based on the requirements of certain regulatory docu-
ments. Determination of thermal conductivity of materials
is carried out in accordance with GOST 7076-99 [4]. The
essence of the method is to create a stationary heat flux
passing through a flat sample of a certain thickness and
directed perpendicular to the front (largest) edges of the
sample, measuring the density of this heat flux and the
temperature of the opposite face edges.

Determination of heat transfer resistance of envelope
structures is performed according to GOST R 54853—
2011 [5]. The standard normalizes the method of deter-
mining the heat transfer resistance on the basis of creating
conditions of stationary heat exchange in the envelope
and measuring the temperatures of indoor and outdoor air,
the temperature of the surfaces of the envelope, as well as
the density of the heat flux passing through it.

These methods have certain inconveniences and limi-
tations, such as the need for an expensive heat chamber,
the duration of the observation process, the need to install
and mount the structure, block or masonry to be tested,
the difficulty of obtaining a steady-state heat flux in real
conditions, influence of local inhomogeneities, limited
number of measuring sensors.

To determine the thermal efficiency indicators in the
research process, the Elcut software product was used, the
principle of which is based on the finite element method.

The object of the study was to determine the thermal
efficiency of the envelope structure of two variants of
wood-cement composites. The first variant was sawdust
concrete, the second — arbolite, made on the basis of wood
chips — crushed wood. Calculation of the reduced resis-
tance to heat transfer is based on the representation of a
fragment of the thermal envelope as a set of independent
elements, each of which affects the heat losses through
the fragment. Specific heat losses due to each element are
based on a comparison of the heat flow through the node
containing the element and through the same node with-
out the element under study.

The normative document [6] describes a method of
determining the reduced heat transfer resistance of the
building envelope based on the calculation of temperature
fields using computer programs.

Calculation of specific heat losses through the ele-
ments of the envelope contains the following parts:

— element scheme;

— temperature field;

— outdoor and indoor air temperatures assumed in the
calculation of the temperature field;

— minimum temperature of the internal surface of the
structure and heat flow through the node.

The heat transfer coefficient of the homogeneous i-th
part of the fragment of the building envelope (specific
heat loss through the i-th flat element), Ui, is determined
by the formula

— BT/(M2~CO), (1)

where R is the conditional resistance to heat transfer

of the i-th element, (m*-°C) / W. It is determined by the
formula

Riyc“ =L+ZRS +L’

» - (v*-C%)/Br, ()

si se

where Rs is the thermal resistance of the homogeneous
part of the fragment, (m*-°C) / W; o is the heat transfer

coefficient of the inner surface of the envelope,
W / (m*°C); a,, is the heat transfer coefficient of the

outer surface of the envelope, W/(m?-°C),

R ==, 3)

where A is the heat conductivity coefficient of the mate-
rial, W/(m2~°C); d, is the thickness of the material layer,

m.
Then it is necessary to check the fulfillment of the
condition

Rs 2 RHOpM ’ (4)

where R is the standardized value of the reduced heat

HOPM

transfer resistance of the envelope, (m” -°C) / W.
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To determine the thermal protection indicators, a
thermal calculation was performed according to the re-
quirements of SP 50.13330.2012. The value of the re-
duced resistance to heat transfer was estimated. The enve-
lope structure made of WCC was modeled in the Elcut
system. Then the structure was divided into a finite ele-
ment mesh and the steady-state heat flow through the en-
velope was calculated.

The program determined the heat flow through a cer-
tain cross-section using thermal fields [7]. Mathematical
modeling of the envelope and its thermal regime was
based on certain boundary conditions, which were:

— Indoor air temperature with walls made of WCC ac-
cording to GOST 30494-2011, t;,, =20 °C [8].

— Outdoor air temperature according to SP
50.13330.2012, t. =35 °C [6].

— Heat transfer coefficient of the wall surface (internal)
according to SP 50.13330.2012, a; = 8.7 W/(m?*-°C) [6].

— Heat transfer coefficient of the wall surface (external)
according to SP 50.13330.2012, o, =23 W/(m?-°C) [6].

The object of modeling was a fragment of the enve-
lope structure, the dimensions of which are shown in

Fig. 1. The heat flow was directed normal to the surface
and crossed a 40 cm thick layer of material.

In the first variant it is a full-body construction.
Wood-cement composite in two variants (sawdust con-
crete and arbolite) was taken as a design material. Indica-
tors of density, thermal conductivity of materials deter-
mined in the course of previous works are presented in
Table 1. Operating conditions of envelope structures for
the Krasnoyarsk region can be taken as A or B depending
on the humidity regime of the rooms and moisture zones
of the construction area.

The thermal resistance of the insulated air layer
with dimensions of 10x30 cm can be assumed to be
R = 0.16 m* °C/W. The calculated coefficient of thermal
conductivity is 0.26 W/(m °C) [9]. In the second variant,
insulated air cavities of a certain size are made in the
body of the structure. In the third variant these cavities are
filled with an effective heat insulator (extrusion polysty-
rene foam), R = 0,033 m® °C/W [10]. The thermal con-
ductivity values of wood-cement composites have been
determined previously [11].

Fig. 1. Geometric dimensions of the wood-cement composite envelope structure

Table 1
Thermal conductivity coefficient

Material Density kg/m’ Thermal conductivity coefficient W/(m °C)
In dry condition Operating conditions
A B

WCC sawdust concrete 880 0,25 0,41 0,63
WCC arbolite 670 0,18 0,33 0,53
Extrusion polystyrene foam 40 — 0,033 —
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Fig. 2. Value of thermal conductivity coefficient of WCC (sawdust concrete on the left, arbolite on the right)
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Fig. 3. Base reference points and nodes, finite element mesh partitioning of the design body in the Elcut program
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Fig. 4. Thermal fields and temperatures of the design body in the Elcut program
(solid WCC body on the left, filled cavities with extrusion polystyrene foam on the right)

RESULTS AND DISCUSSION

Table 2 shows the calculations of specific heat losses
and the obtained values of heat transfer resistance for dif-
ferent operating modes of the structure.

The obtained values of specific heat losses of the de-
sign structure are from 19.5 to 51 W / (m* - °C), the value
of heat transfer resistance of the envelope structure is 1.07
to 2.9 (m” - °C) / W, the values depend on the operating
conditions and the version of execution (solid body of the
structure, air cavities or inserts from XPS foam).

The normative value of heat transfer resistance of the
envelope for the climatic conditions of Krasnoyarsk ac-
cording to the requirements [6] is R = 3.6 (m” - °C) / W.
Thus, it turns out that even the wall of wood-cement
composite in the form of arbolite with a density of 670
kg/m® 400 mm thick with inserts of extruded polystyrene
foam, which has in the most favorable conditions (dry
state) R = 2.9 (m” - °C) / W, does not meet the require-
ments of the normative document. That is, to meet the
existing regulatory requirements requires a multi-layer
construction with high-performance insulation. The real
experience of individual builders shows a somewhat dif-
ferent picture. Usually, the thickness of the building enve-
lope is assumed to be equal to double the cross-section of
the most common masonry block with the size of

0.4%0.2x0.2 m. In the best case we have a massive wall
with a thickness of 40 cm. The experience of living and the
value of heating costs of houses with walls made of wood-
cement composite, even in the absence of thermo-efficient
inserts or insulated air cavities in the wall construction,
shows that such a construction has the right to exist and
heating costs do not exceed critical values [12; 13].

High thermal efficiency indicators (with an energy
saving coefficient value of 3 or more) inevitably require
comprehensive justification because of the need to use
expensive effective thermal insulation of sufficient thick-
ness. In this case, it is important to fulfill the condition
according to which the service life of effective insulation
materials will exceed their payback period. Consequently,
there are prerequisites to consider the normative values of
thermal efficiency coefficients somewhat overestimated,
which is in good agreement with the research data [14].

CONCLUSION

1. Methods of determining the thermal resistance of the
envelope structure from wood-cement composite, provided
by the requirements of GOST 707699, GOST R 54853—
2011 are very labor-intensive and have significant drawbacks.

2. Modern methods of simulation modeling and finite
element method allows us to analytically determine the
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thermal resistance values of the envelope structure made of
wood-cement composite. The obtained values of specific
heat losses of the design structure are: (for average operat-
ing conditions) 36.3 W / (m®> - °C) for WCC arbolite,
4437 W / (m? - °C) for WCC sawdust concrete, the value
of resistance to heat transfer of the envelope structure for
WCC arbolite is 1.52 (m” - °C) / W, for WCC sawdust con-
crete it is 1.25 (m* - °C) / W.

3. When placing in the body of the building envelope
insulated air cavities indicators of thermal resistance of the
building envelope increases: (for average operating condi-
tions) 34.1 W/ (m’ - © C) for WCC arbolite, 38.8 W / (m’ - °C)
for WCC sawdust concrete, the value of heat transfer resis-
tance of the building envelope for WCC arbolite is 1.61
(m* - °C) / W, for WCC sawdust concrete it is 1.41

(m® - °C) / W. Under the condition of replacing the volume
of these cavities with high-performance thermal insulator in
the form of extrusion polystyrene foam thermal resistance
indicators increase significantly to the levels of 19.5 W /
(m* - °C) for WCC arbolite, 20.35 W / (m® - °C) for WCC
sawdust concrete, the value of heat transfer resistance of
the building envelope in this case for WCC arbolite is 2.82
(m? - °C)/W, 2.7 (m* - °C) / W for WCC sawdust concrete.

The increase in the thermal efficiency of the structure
with the introduction of XPS foam inserts into its array is:
for arbolite 167 %, for sawdust concrete 192 %. Wall struc-
tures made of sawdust concrete, which has a higher density
than arbolite, it is advisable to equip with inserts made of
highly efficient thermal insulation material — extrusion pol-
ystyrene foam.

Table 2
Calculation results
Type of wood-cement Density Specific heat losses Calculated value of the heat transfer
composite kg/m’ Q, W/ (m*- °C) resistance of the envelope structure R,
(m*-°C)/ W
In dry Operating In dry Operating
condition conditions condition conditions
A B A b
Sawdust concrete 42,1 44,37 51,3 1,31 1,25 1,07
Sawdust concrete with air cavities 880 36,4 38,8 4325 1,52 1,41 1,27
Sawdust concrete with XPS foam inserts 20,21 20,35 22,4 2,72 2,7 2,45
Arbolite 34,23 36,3 38,8 1,61 1,52 1,41
Arbolite with air cavities 670 31,12 34,1 39,6 1,77 1,61 1,37
Arbolite with XPS foam inserts 18,67 19,5 20,1 2.9 2,82 2,73
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HCCJIEJOBAHME BO3JIEVCTBUS CHET'OBOM HAT'PY3KH HA KAPKAC TEILIUILIBI
JIJIS1 BBIPAIIMBAHU S CESIHIEB C 3KC B SOLIDWORKS®
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Paseumue KomnvlomepHvIX mexHoI02Ul 0KA3bI8AEM 3HAYUMENbHOE GIUSAHUE HA 8Ce CPepbl 0esmenbHOCU Yenose-
Ka, ynpowast e20 dcusis. [Ipu smom cosepuieHcmeyemcesi He moibKo annapamuds COCMasusiiowdsl, Ho U NPOSPAMMHOE
obecneuenue, 8 MOM YUCIE U CUCHEMbL ABMOMAMUUPOBAHHO20 NPOEKMUPOBAHUS, CROCOOHbBLE 00NIe2uumb MpPyoO UHIICe-
Hepa He MOAbKO N0 Ppa3pabomKe npoeKmHol OOKYMEHMAYUU, HO U HO GbINOIHEHUIO MPYOOEeMKUX NPOYHOCHHBIX pacye-
mog abou croaxcnocmu. Ilpoepamma SolidWorks npeonasnauena ons pewenuss nodobnvix 3aday. Kpome moeo, uc-
NnoAb308aHUe CNEYUATUSUPOBAHHBIX UHCMPYMEHmMOo8 cmpykmypHoeo auanusa SolidWorks Simulation, SolidWorks
Motion u Opyaux no360aum 3HAYUMENLHO PA32PY3UMb YMCHEEHHbII MPYO UHICEHEPA, UCKTIOYUE MOHOMOHHbLE apUQ-
Memuyeckue GbIYUCTIeHUSL.

Obvexmom ucciedosanusi OanHol HAYYHOU pabomel A6NAEMCs KapKac meniuysl O GbIpAWUBAHUs CEAHYes C 3a-
Kpulmoti Kopuegoti cucmemoi. IIpeOmem uccied08anus — HANPSANCEHUs, OZHUKAIOWUE 8 KOHCMPYKYUU MEnIuybl noo
8030eticmsuem CHe2080l Hazpy3Ku U cobcmeeHHou cunvl msxcecmu. Lenv pabomsl — 060cHO8aHUE NAPAMEMPOB KOH-
CMPYKYyUU Kapkaca menauysl 05 8blpAUSanus cesanyes ¢ 3akpbimoil kopueeou cucmemou (3KC) na ocrose ananuza
HA2PY30K U HANPANCEHUT, BO3HUKAIOWUX 6 ee DNEeMEeHmAax nood Oelicmeuem 6eca I1eMeHmMo8 KOHCMPYKYUl U CHe208biX
8030eticmeuti 0151 obecnedeHusi HeoOXo0UMOoU U OOCMAMOYHOU NPOYHOCTNU MEeMOOOM MEepPOOMenIbHO20 MOOeTUPO8a-
HUSL.

B npoyecce pabomul nposoounocv ucciedosanue mooenu Kapxkaca menauysl 0 @uvipawusanus ceanyes ¢ 3KC
C Yenbio ONmUMU3aYUY KOHCmpyKyuu. B pezynomame ucciedosanus onpedeienvl. MAkCUMATbHble HANPSANCEHUS, BO3HU-
Kalowue Ha Kapkace menauyvl noo OeucmeUueM CHe2080U HAZpy3Ku, Haubonee HAPYylCeHHble MeCma KOHCMPYKYUU.
Hanwl pexomenoayuu no onmumuzayuy KOHCMpYKyuu.

Kniouessle cnosa: 1ecosoccmanosiienue, meniuyd, meepoomenbHoe MOOIUPOSaHIUe, AHAIU3 HA2PY30K.
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STUDY OF THE IMPACT OF SNOW LOAD ON THE GREENHOUSE FRAME FOR GROWING
SEEDLINGS WITH CRS IN SOLIDWORKS*

D. V. Chernik, E. V. Avdeeva, A. K. Logachev, K. N. Chernik, N. L. Rovnykh

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federati
E-mail: dionisu2@mail.ru

The development of computer technology has a significant impact on all spheres of human activity, making his life
easier. At the same time, not only the hardware component is being improved, but also the software, including com-
puter-aided design systems that can facilitate the engineer's work not only in developing design documentation, but also
in performing time-consuming strength calculations of any complexity. SolidWorks is designed to solve such problems.
In addition, the use of specialized structural analysis tools SolidWorks Simulation, SolidWorks Motion and others will
significantly lighten the engineer's mental work by eliminating monotonous arithmetic calculations.

The object of study of this scientific work is the frame of a greenhouse for growing seedlings with a closed root sys-
tem. The subject of the study is the stresses arising in the structure of the greenhouse under the influence of snow load
and gravity. The purpose of the study is to substantiate the design parameters of the greenhouse frame for growing
seedlings with the closed system based on the analysis of loads and stresses arising in its elements under the influence
of the weight of structural elements and snow impacts to ensure the necessary and sufficient strength by the method of
solid modeling.

* The project «Development of an import-substituting complex of precision seed sowing equipment for growing seedlings with a
closed root system, optimization of the parameters of a modular greenhouse for the conditions of forestries of the Krasnoyarsk Terri-
tory», No. 2022030508374 is supported by the Krasnoyarsk Regional Science Foundation.
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In the process of work, a study of the model of the greenhouse frame for growing seedlings with the closed root sys-
tem is carried out in order to optimize the design. As a result of the study, the following are determined: maximum
stresses arising on the greenhouse framework under the influence of snow load; the most loaded places of the structure.

Recommendations for design optimization are given.

Keywords: reforestation, greenhouse, solid-state modeling, load analysis.

INTRODUCTION

The basics of state policy in the field of use, protec-
tion and reproduction of forests in the Russian Federation
for the period up to 2030 and the Forest Code of the Rus-
sian Federation provide for the further development of
forest reproduction. The law specifies that reforestation is
carried out to restore cut down, dead, damaged forests and
should ensure the restoration of forest plantations, the
conservation of the forests biological diversity and useful
functions of the forests. Methods of forest restoration are
defined by part 1 of Article 62 of the Forest Code: natural,
artificial and combined. Artificial reforestation is carried
out by planting seedlings or sowing seeds of forest plants.
Planting of seedlings and saplings is carried out with an
open and closed root system (CRS) [1].

Studies on growing pine with a closed root system
have shown that despite the lag in growth at the first stag-
es compared with the open root system, crops with a
closed root system already in the fourth year of cultiva-
tion give a gap in height growth compared with the open
root system. This factor shows that crops with the CRS
grow in height faster and in the coming years will surpass
crops with the open root system in diameter [2].

Repeated buildings collapses, including greenhouses,
due to the snow loads have led to the fact that the task of
regulating snow loads on the coatings has become very
actual. This problem is difficult and extensive, and its
solution, for a number of reasons, turns out to be insuffi-
cient and still far from being completed. The snow forma-
tion on the coating depends on the geometric characteris-
tics of the greenhouse and its position relative to the wind
direction. Snow loads on the coatings of heated and un-
heated greenhouses differ by 3—4 times [3]. Proceed from
this, optimization of the greenhouse frame design based
on analysis of the impact of snow load using high-
precision intelligent computer-aided design systems is an
actrual topic.

MATERIALS AND METHODS STUDIES

Before analyzing the loads and stresses that arise in
the structural elements of a greenhouse under the influ-
ence of internal and external forces using solid-state mod-

Initial data for conducting research work

eling tools, it is necessary to calculate the snow load,
which, in turn, depends on the territorial location of the
greenhouse (see the table).

The standard value of the snow load on the horizontal
projection of the coating should be determined by the
formula [4]

SO :ceCtMSg H (1)

where ¢, is a coefficient that takes into account the re-
moval of snow from building coatings under the influence
of wind or other factors; ¢, — a thermal coefficient; p — a
coefficient of transition from the weight of the snow cov-
er of the ground to the snow load on the coating; S, is the
standard value of the weight of snow cover per 1 m* of
horizontal surface of the earth, kPa.

Algorithm for performing analysis in SolidWorks [5]:

1) creating a new static study;

2) determining the material of the greenhouse struc-
tural elements using material editing tools;

3) imposing external connections that limit the move-
ment of the greenhouse model in space;

4) imposing external loads and gravity on the green-
house frame according to the above calculations for snow
and wind loads;

5) creating a model mesh;

6) launching study analysis;

7) assessment of the strength of the greenhouse frame
structure based on the results obtained.

RESULTS AND THEIR DISCUSSION

Based on the initial data, a three-dimensional model of
the greenhouse to study and justify the design parameters
was developed (Fig. 1).

To analyze the resulting greenhouse frame model in a
computer-aided design system, we create a new static
study and set the characteristics of steel St3 [6].

We apply external links on the greenhouse model that
limit the movement of the greenhouse model in space. It
is planned to install reinforced concrete piles as the foun-
dation of the greenhouse; we fix the plane of each pile at
the level of the supporting surface.

Ne Parameter Meaning

1 Territorial location of the greenhouse Krasnoyarsk region
2 Snow area \

3 Dimensions of the area for the greenhouse, m 30x17,3

4 The shape of the end and row structures of the greenhouse arched

5 Number of end structures 2

6 Number of row structures 14

7 Step between arches, m 2

8 Maximum distance between the axes of the upper and lower belts of the arch, mm 465

9 Steel grade of greenhouse structural elements St3
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Having previously determined the snow load and the
equivalent forces corresponding to this load, we apply
them to the greenhouse frame together with the force of
gravity (Fig. 2). The equivalent forces of the asymmetric
snow load are 442.5 kN and 737.5 kN [4; 7].

Creation of a model grid. To automatically adapt the
element size to the local curvature of the geometry and to
create a smooth grid array, we will use a grid density set
based on mixed curvature, with the grid density set to the
maximum, which ensures maximum calculation accuracy.

Analysis of the study: based on the calculation results,
a load diagram was obtained in the form of a ribbon with

a color indication, where red is the maximum voltage,
blue is the minimum (Fig. 3).

The maximum stresses arising on the greenhouse
frame under snow load are 1038 MPa, which is 4.15 times
higher than the permissible stresses (250 MPa). The spot
of maximum stresses concentration is located at the bend
of the inner belt on the side of the seventh arch (Fig. 4).
This is due to the fact that the arches, located closer to the
center of the greenhouse structure, experience the greatest
stresses, since they do not have additional supports inside
the structure.

Fig. 2. Application of equivalent snow load forces to the greenhouse frame
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Fig. 3. Stress diagram on the greenhouse frame from snow load
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4

Fig. 4. Spot of maximum stress concentration from snow load

The data obtained make it possible to conclude that it
is necessary to increase the distance between the inner
and outer belts of the arch by 1.5-2 times, which will in-
crease the load capacity of the loaded nodes.

CONCLUSION

Based on the results of the stress analysis of the con-
struction of the greenhouse frame for growing seedlings
with a closed root system under the influence of a snow
load, the following conclusions are made:

— the maximum stresses arising on the greenhouse
frame under the influence of a snow load exceed the per-
missible stresses by 4.15 times;

— the most loaded place is the node on the inner belt of
the arch, where the small and large radii of the belts of
ordinary greenhouse structures meet;

— to significantly increase the strength of the green-
house frame structure, it is necessary to increase the dis-
tance between the inner and outerbelts of the arch by 1.5—
2 times;

— it is recommended to replace the steel of the green-
house frame structure with steel of a higher strength class
S345 [8].
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