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Article. Mixed stands with the dominance of pine and spruce occupy up to a quarter of the area of the
forest fund in the conditions of the North-West of Russia. Modern forest management and the current
regulatory framework are aimed at the formation and cultivation of pure softwood stands, but in certain
climatic, soil and hydrological conditions mixed softwood stands grow more successfully and productively.
Modern silvicultural activities and the current regulatory framework are aimed at the formation and
cultivation of pure coniferous stands; however, under certain climatic, soil, and hydrological conditions,
mixed coniferous stands grow more successfully and productively. This study examines the spatial
distribution patterns of mixed pine and spruce stands in the Valdai-Tikhvin and Luga-Volkhov landscape
districts of the Leningrad region. To identify the predominant types of mixed stands in each landscape,
the Shannon, Simpson, and Pielou biodiversity indices were calculated. To assess the influence of
landscape conditions on the distribution of mixed stands, the Spearman rank correlation coefficient
was calculated. It has been established that different types of mixed stands are formed depending on
landscape conditions, with soil-hydrological conditions having a decisive influence on their distribution.
In the Valdai-Tikhvin landscape district, spruce-deciduous and spruce-pine stands predominate among
mixed stands by area. In the Luga-Volkhov landscape district, spruce-deciduous stands occupy the
largest area among mixed stands, which is associated with significant anthropogenic impact on this
landscape district. Under predictive modeling through the felling rotation cycle (100 years), spruce-
deciduous stands will predominate in the studied territories.
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JTanawadTHbIE 0COBEHHOCTH
NPOCTPAHCTBEHHOIrO pa3MeLleHMUsA
CMELUaHHbIX APEeBOCTOEB COCHbI U €eNnun
JIeHHrpaacKom obnacTm
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AHHoTauuma. CmellaHHble ApeBOCTOM C NpeobnagaHnem COCHbI U €Ny 3aHMMatoT A0 YETBEPTU NoLaan
necHoro ooHAa B yCrioBusix ceBepo-3anaga Poccuun. CoBpeMeHHbIe NTeCOX039NCTBEHHbIE MEPONPUATUS
1 gencTeyloLlas HopmaTtmeHas 6asa HanpaeneHbl Ha POPMMPOBAHME U BblpaLLMBaHNE YNCTbIX XBOMHbIX
OpEeBOCTOEB, OAHAKO B OMpederneHHbIX KNMMaTU4eCKMX, MOYBEHHbIX U TMAPOSIONMYECKMX YCMOBUSIX
CMellaHHble XBOWHbIE OPEeBOCTOM pacTyT boree ycnewHo v nNpogykTuBHO. [laHHOe wccnegoBaHve
paccmaTpmBaeTr OCODEHHOCTM MPOCTPAHCTBEHHOIO pacnpegeneHus CMellaHHbIX APEeBOCTOEB COCHbI
n enu B Bangancko-TuxemHCKOM U Jlyxcko-BonxoBckom naHawadTHbIX panoHax JleHnHrpagckomn
obnactu. [Ins BbiBNeHus npeobnagawwmx TUNOB CMeLlaHHbIX APEBOCTOEB B KaKAOM naHiwadre
ObInM paccuynTaHbl MHAEKCHI Bruonornveckoro pasHoodpasus LieHHoHa, Cumncona v Mueny. [Ans oueHku
BMMSHWSA NaHawadTHbIX YCNOBUA Ha pacnpoCTpaHEeHWe CMeLlaHHbIX APEeBOCTOEB pPacCyMTbIBarcs
KOppensiuMoHHbIN nokasaTtens CnupmeHa. YCTaHOBMEHO, YTO B 3aBMCMMOCTU OT MaHAWwadTHbIX
yCnoBun (QOPMUPYIOTCA pasnuyHble TUMbl CMELLaHHbIX APEBOCTOEB, MPUMYEM peluakllee BrUsHUE
Ha MX pacnpegerneHne okasblBatoT NOYBEHHO-ruaporornyeckne ycrnosus. B Bangancko-TUXBUHCKOM
naHawadTHOM OKpyre cpean CMeLlaHHbIX APeBOCTOEB MO nnowaan npeobnagarT enoBo-NNCTBEHHbIE
N enoBo-COCHOBbIE apeBocToun. B Jlyxcko-Bonxosckom naHawadgpTHOM okpyre HanbonbLuyto niowanb
cpeam CMeLLaHHbIX 4PeBOCTOEB 3aHNMAaTb €/10BO-NMCTBEHHbIE, YTO CBA3aHO C CUMbHBIM aHTPOMOreHHbIM
BO30ENCTBMEM Ha AaHHbIN NaHAawadTHbIR OKpyr. [Mpy MPOrHO3HOM MOOENUPOBaHUKM Yepe3 obopoT
py©oku (100 neT) Ha nccnegoBaHHbIX TeppUTOopUSAxX ByayT npeobnagatb enoBO-NIMCTBEHHbLIE APEBOCTOMU.
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Introduction

In the first quarter of the last century, G.F. Morozov expressed the idea of conducting silvicultural
studies within the limits of landscapes, which are "like focal points or nodes, where the mutual influences
of the general and local climate, from one side, topographical relief and geological conditions, from the
other, flora and fauna - from the third, are meeting each other..." (Morozov, 1913, as cited in Yakovlev,
2024). Planning of forest management on a landscape basis should take into account the effect of social
changes on natural systems (Estreguil and Mouton, 2009; Qiu et al., 2018; Uuttera et al., 2004). For
example, with an increase in anthropogenic impact on the forest landscape, the area of stands with a
predominance of deciduous species increases.

For planning silvicultural activities, the mostimportant characteristics of the landscape is its resilience.
Initially, resilience in ecology was defined as the capacity of a system to absorb external stress factors or
perturbation without changing its fundamental structure and function or without moving to a qualitatively
different state (Holling, 1973). Over the past three decades, the concept of resilience has expanded
from its original focus to socio-ecological systems and stability, where it takes into account the capacity
of the system for self-organization, adaptation to changes, and transformation (Folke, 2006). This idea
was later integrated into landscape ecology, leading to the development of landscape resilience concept
(Cumming, 2011). Landscape resilience emphasizes the critical importance of spatial heterogeneity
and spatial interactions between complex adaptive systems for the overall stability of systems against
external factors of disturbance or perturbation.

Biodiversity is the main criterion for the ecological resilience of landscapes. Habitats with spatially
heterogeneous abiotic conditions are known to provide a wide variety of potentially suitable niches
for plant species. The scientific background of landscape ecology suggests that, at a higher spatial
level, the composition and structure of landscape mosaics also affects biotic processes and, thereupon,
species richness (Honnay, et al., 2003). There are several studies on the relationship between the
landscape structure (assessed through landscape indices) and plant diversity (Burton and Samuelson,
2008; Hernandez-Stefanoni and Dupuy, 2008; Moser et al., 2002).

Mixed coniferous stands largely affect overall biodiversity (Angeistam and Kuuluvainen, 2004; Felton
et al., 2020). And the spatial distribution of mixed stands is, in its turn, greatly influenced by landscape
features and specific soil and hydrological conditions (Etheridge et al., 2006). Each landscape has its
own characteristic type of mixed stands, which will have higher mensuration characteristics compared to
pure stands (Yakovlev and Danilov, 2019; Mina et al., 2018; Popov, 2017). Age distribution of dominant
stands is clearly related to the intensity of forest use (Tikhonova et al., 2017).

A number of studies employing the landscape approach have been carried out for the forests of
the boreal zone of the European part of Russia (Angeistam and Kuuluvainen, 2004; Chertov, 1981;
Danilov et al., 2018; Fedorchuk et al., 2005; Gromtsev, 2002, 2015; Isachenko, 1994; Isachenko et al.,
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2010; Tikhonova et al., 2017). Nevertheless, the comprehensive studies on the influence of landscape
conditions on the distribution of mixed stands are few. Most studies emphasize only one predominant
species. The question regarding the duration of succession stages in the development of mixed stands
has not been fully defined and different researchers provide various conflicting terms (Danilov et al., 2018;
Gromtsev, 1988, 1990, 2000, 2002; Isachenko, 1994; Rautiainen et al., 2016; Yaroshenko et al., 2001).

Our work is dedicated to the landscape ecology of the Leningrad region and the forecasted
distribution dynamics of mixed stands. By landscape ecology we understand the science that studies
the interconnections between the spatial structure and ecological processes. Here, the causes and
consequences of spatial heterogeneity and vegetation, including landscape composition (type and
quantity) and landscape configuration (shape, connectivity, and spatial location), are examined at
different scales (Farina, 1998; Lindenmayer, 2002; Turner, 2005).

The study of the spatial structure and fragmentation of stands is necessary for landscape planning
at the regional level for sustainable forest management. Furthermore, it is necessary to forecast
changes under the influence of felling and restoration of forest cover in the context of climate changes.
Previous studies demonstrate that in the boreal zone of the European part of Russia mixed pine and
spruce stands have higher productivity comparing to single-dominant coniferous stands (Danilov et
al., 2018; Tretiakov, 2007; Yakovlev and Danilov, 2019). Therefore, the aim of our study was to assess
the landscape relations of the regional distribution of stands with different pine and spruce ratios in the
Leningrad region.

Material and methods

Research object

The Leningrad region is located in the north-west of the Russian Federation. In the north, the region
borders the Republic of Karelia, in the east — the Vologda region, in the south —the Novgorod and Pskov
regions, and in the west — Finland and Estonia (Administrativno-territorial’'noe..., 1997).

The entire territory of the region belongs to the boreal (taiga) zone of Eurasia. According to forest
vegetation zoning, it belongs to the Baltic-Belozersky taiga district'. The Leningrad region is part of two
physiographic countries: Fennoscandia (the Baltic Shield country) and the Russian (East European)
Platform Plain (Sostoyanie okruzhayuschei..., 2018).

The climate of the region is continental. Maritime air masses cause relatively mild winters with
frequent thaws and moderately warm, sometimes cool summers. The average annual air temperature
decreases from west to north-east of the region from +4.5 °C to +2.0 °C. The duration of the period with
an average daily air temperature above 5 °C is about 160 days in the east of the region and 170 days
in the south-west. The sum of average daily temperatures on days with temperatures above +10 °C is
1600-1800 °C. The entire territory of the Leningrad region is in a zone of excessive moisture. Relative
air humidity is always high (from 60% in summer to 85% in winter). Annual precipitation is 600-700 mm.

The forest-covered area of the Leningrad region is 4805.5 thousand ha, or about 60% of the total
area of the region?. The dominant coniferous species — Scots pine Pinus sylvestris L. (32%) and Norway
spruce Picea abies (L.) H. Karst. (28%) — occupy up to 60% of the forest fund territory. Among deciduous
species, a significant share of the area belongs to silver birch Betula pendula L. (31%) and aspen Populus
tremula L. (7%). About 75% of the forest fund area belongs to four forest types: Lingonberry, Bilberry,
Wood Sorrel, and Sphagnum, as well as their transitional subtypes (Fedorchuk et al., 2005). In the region,
as a result of anthropogenic activity over the past 300 years, large tracts of old-growth and indigenous
spruce and pine forests have practically not survived. Mature coniferous forests of spruce and pine
occupy 812 thousand ha, mature deciduous forests of birch, aspen, and alder — 833 thousand ha of the
forest-covered area of the region?. The area of wetlands included in the forest fund is 714 thousand ha.

This study examines two landscape districts located on the Russian Plain and having a high
percentage of forest cover: the Luga-Volkhov district (forest-covered area is about 60%) and the Valdai-

" Order No. 367 of August 18, 2014 "On Approval of the List of Forest Vegetation Zones of the Russian Federation and the List of
Forest Districts of the Russian Federation" (as amended on October 18, 2018).

2 Forest Plan of the Leningrad Region. Web page. URL: https:/kpr.lenobl.ru/ru/deiatelnost/lesopolzovanie/lesnoj-plan-
leningradskoj-oblasti/ (accessed: 27.12.2018).
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Fig. 1. Location of the study sites: 1 - Valdai-Tikhvin landscape district; 2 - Luzhsko-Volkhovsky landscape district.

Tikhvin district (80%) (Danilov and Yakovlev, 2020; Sostoyanie okruzhayuschei..., 2018) (Fig. 1). In total,
these districts occupy more than 70% of the area of the Leningrad region.

The Luga-Volkhov district is a vast, highly wetlands lowland plain. Its foundation is mainly composed
of the Lower Paleozoic rocks: the Ordovician and Devonian glaciolacustrine sands overlain by boulder
loams, varved clays. The foundation of the |Izhora Plateau stands out, as it is uplifted and composed
of limestones and dolomites covered by moraine (Isachenko, 1994). The climate is continental. The
average temperature in January is —8.5 °C, in July — +16.7 °C. The frost-free period lasts 120 days a
year. The predominant terrain type is abrasion and accumulatively terraced glaciolacustrine plains. The
area of the district is 31.1 thousand km? (Mashovets, 1967). The 13 landscapes distinguished within the
Luga-Volkhov district can be grouped as follows (Danilov and Yakovlev, 2021; Isachenko et al., 1965)
(Fig. 2):

1) elevated plateau on carbonate rocks (Izhora landscape);

2) flat moraine landscapes (Luga-Oredezh, Pashsk-Syas, Putilovsk, Samro-Plyussa, Vishersk);

3) glacio-lacustrine clay landscape (Tosno-Volkhov);

4) glacio-lacustrine sandy landscapes (Luga, Narva-Luga, Tikhvin);

5) kame landscapes (Luga, Mginsky);

6) lowland plain on carbonate rocks (Upper Luga landscape).

Valdai-Tikhvin district is mainly situated on a raised bedrock of carbonate limestones and dolomites.
The position of the district in the region, combined with a higher hypsometric level compared to other
landscape districts, determines the continentality and severity of the climate (Isachenko, 1994). The
average temperature in January is —10.7 °C, in July — 16.2 °C. The frost-free period lasts 107 days a
year. The annual precipitation is 800 mm.

The following relief types prevail: hilly-basin and hilly moraine; somewhere are found abrasion and
accumulatively terraced glaciolacustrine plains, swamp plains are common in depressions. The area of
the district is 22.6 thousand km? (Mashovets et al., 1967). Within the Valdai-Tikhvin district, three groups
of landscapes are represented (Isachenko et al., 1965) (Fig. 3):

1)hilly moraine landscapes (Tikhvin ridge, Veps, Svir-Oyat, Olonets, Middle Oyat, Kapshinsky);

2) flat moraine landscapes (Svir-Olonets, Upper Svir, Shoksha);

3) glacio-lacustrine sandy landscapes (Lower Svir, Suda-Chagoda).
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Fig. 2. Percentage distribution of area by groups landscape types of the Luzhsko-Volkhovsky District.

A typical feature of hilly moraine landscapes are frequent cenotes (sinkholes) and lakes. The
landscape is dominated by the following soils: medium to heavy podzolized medium loamy soils,
swamp, and peat soils. The main parent rocks are sandy loams, sands, boulder loams, and peat. The
main soil types are: podzolic sandy loam soils with a contact-podzolic loamy soil horizon, medium and
heavy podzolic sandy loam soils on boulder, peaty-podzolic-gley sandy loam soils, cryptopodzolic sandy
soils. In the landscape, there is an active soil erosion. Soils are dry on the slopes, whereas in the
hollows and basins between the hills swampy soils are common. Swamps are upland and small lowland
by origin. The landscape is characterized by a developed river network with pronounced drainage,
gradually weakening from the slopes to the hollows. It should also be noted that lake basins are present
in the hilly moraine relief. Humidity changes from insufficient (atmospheric) at the peaks to permanently
excessive (groundwater and groundwater-pressure). On hilltops and in lowlands, pine dendrocenoses
predominate, while on slopes — spruce forests, due to the optimal humidity in these areas (Blagovidov,
1946; Chertov, 1981; Isachenko, 1994; Pestryakov, 1973; Yakovlev, 2024).

Flat moraine landscapes typically have a flat undulated surface made of moraine with different
contents of boulders. Dual-layer sediments are found in some places, the diffused moraine is covered
in the upper part of the soil horizon with a thin (up to 50 cm) layer of sandy loam or sand. The following
soils prevail in the landscapes: medium and heavily podzolic sandy loam and loamy soils, peaty-swamp
soils are also common. The main parent rocks are: sandy loam, sands, loams, boulder loams, and peat.
The region is characterized by high swampiness (up to 60% of the territory) with a poorly developed
drainage system. Only sections along rivers and on hilltops are well drained. Watersheds are largely
occupied by swamps in the study area. Due to the predominance of loamy soils and the spread of
dual-layer sediments, spruce stands are most common in flat moraine landscapes (Blagovidov, 1946;
Chertov, 1981; Isachenko, 1994; Pestryakov, 1973).

Glaciolacustrine sandy landscapes have a typically undulated hilly relief. The widespread swampiness
is caused by the close bedding of the water-resistant horizon of moraine or varved clays. Closed hollows
and basins are often filled with peatbogs and lakes. The following soils prevail in the landscapes: slightly
and medium podzolic sandy and loamy soils, swamp soils in the lowlands. The main parent rocks are:
sands and sandy loam, boulder loam, peat. Good drainage is observed exclusively near riverine areas.
Large upland moors are mostly located in river watersheds. On sandy and sandy loam soils, pine
dendrocenoses predominate, while on loamy soils — spruce dendrocenoses (Blagovidov, 1946; Chertov,
1981; Isachenko, 1994; Pestryakov, 1973; Yakovlev and Danilov, 2018).
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Fig. 3. Percentage distribution of area by groups landscape types of the Valdai-Tikhvin District.

Glaciolacustrine clay landscapes have a typical plain, flat relief. Weak surface flow and poor
permeability of clay rocks leads to a large spread of swamps (predominantly upland) and swampy
podzolic soils. Up to 60% of the territory in these landscapes are excessively humid. The following soil
types are dominant: podzolic-gley and podzolic-gleylike heavily loam soils and clay soils, swamp soils.
The main parent rocks are: varved clays, moraine and boulder loam and clay. In the drained areas,
spruce forests grow, often with an admixture of broad-leaf species. In heavily moist and swampy areas,
pine forests prevail (Blagovidov, 1946; Chertov, 1981; Isachenko, 1994; Pestryakov, 1973).

Kame landscapes combine groups of sand hills (kames) and flat marshy glaciolacustrine plains.
There are relatively few swamps (mostly with small basins, around lakes). Upland moors are dominating,
lowland and transitional-type moors are rare. The following soils prevail: slightly and medium podzolic
sandy, sandy loam and loamy soils, peaty-podzolic sandy and swamp soils. Due to the release of
Devonian carbonate rocks, the parent rocks are also carbonate. The main parent rocks are: dual-layer
sediments (fine-grained dusty sands, sands, moraine loams bedding under the reddish loam). The
prevalence of sandy and sandy loam soils determines the spread of pine stands (Blagovidov, 1946;
Chertov, 1981; Isachenko, 1994; Pestryakov, 1973).

The elevated plateau on the carbonate rocks of the I1zhora landscape is characterized by a slightly
undulated relief, scattered karst sinkholes, depressions, and moraine hill groups. This area is well drained
due to the fracturing of the forming limestone. Its swampiness is low, the swamps are relatively small in
size. The following soils prevail: humus-carbonate, slightly podzolic loamy, sandy loam soils underlain by
carbonate clay. The main parent rocks are: highly carbonate moraine loams and clays. In this landscape,
spruce forests with an admixture of broad-leaf species prevail. Due to the strong economic exploitation,
small-leaved stands - birch forests and aspen forests are widespread (Blagovidov, 1946; Chertov, 1981;
Isachenko, 1994; Pestryakov, 1973).

The lowland plain on the carbonate rocks of the Upper Luga landscape has a characteristic plain
undulated relief, which is dissected by wide river valleys. Its swampiness is moderate (20%). Its distinctive
feature is the close bedding of Devonian limestones, covered with carbonate loam. The following soils
prevail: slightly podzolic loamy, humus-carbonate soils are found in some locations. The main parent
rock is morain medium, sandy, and light loam. Soil richness dictates spruce forest dominance with the
presence of broad-leaf species, mainly mixed with spruce-birch stands (Blagovidov, 1946; Chertov,
1981; Isachenko, 1994; Pestryakov, 1973).
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Experimental design and data analysis

Our study of mixed coniferous stands combined the ecosystem, succession, and landscape
approaches. The object of the study was forests defined within administrative and landscape boundaries.
We used a quantitative assessment of the composition of the stands, reflecting the dynamics and
condition of the forests. During the analysis of natural objects of various sizes and complexity, the
hierarchy of spatial levels is taken into account.

The study of the landscape distribution of mixed pine and spruce stands used the following sources:
a landscape map of the region (Mashovets et al., 1967), the state forest inventory materials on the
Leningrad Oblast®, and other cartographic data on the Leningrad Oblast and district forestries within the
Region's landscapes*.

Dendrocenoses with the dominant species share up to 90% in the composition were classified as
pure forest stands. Mixed coniferous stands are understood as tree communities in which the share of
coniferous species is at least 40% of the total composition (Danilov and Yakovlev, 2020). Forest types
were determined using the edafic cenotic scale of V.N. Sukachev (Sukachev et al., 1957).

According to the methods used in the state forest inventory®, four age categories of trees were
distinguished:

— young-growth aged up to 20 years;

— mid-aged from 21 to 40 years;

— maturing aged between 41 and 60 years;

— mature and over-mature older than 81 years.

The analysis of the spread of stands was done by summing the area of each multidominant tree
community.

To qualitatively assess distribution of mixed stands on the objects of study, three biodiversity indices
were calculated: the indices of Shannon, Simpson, and Pielou. The indices are calculated to interpret
the results and to make a conclusion about the existing landscape diversity features in the considered
area. For assessing landscape diversity, administrative and landscape territorial units can be used
(Viktorov, 1986; Liebhold and Gurevitch, 2002; Perry et al., 2002).

The Shannon index was calculated as:

H= —Z p;log2p;,

where H is the diversity in bits, and p, is the specific abundance of the community.

This index has no upper limit. The Shannon index compares two components: occurrence and
evenness. An increase in the index indicates an increase in the number of contours and their distribution.
To determine biodiversity in landscapes, the index was calculated as follows:

- T L5 %y
i=1

where S, is the area of the ith landscape type, S is the total area of the territory, n is the number of
landscape types in the given territory.
The Simpson diversity index was also calculated using the following formula:

c=> ("/y)

rwhere n. is the significance rating of each species, N is the sum of the significance ratings.

The Simpson index shows the dominance of certain types of community. Index values range from
0 to 1. Index value of 0.1 already indicates a high level of dominance. This index increases with the
increase of one or more species dominance (Danilov et al., 2020).

3 Forest Plan of the Leningrad Region. Web page. URL: https://kpr.lenobl.ru/ru/deiatelnost/lesopolzovanie/lesnoj-plan-
leningradskoj-oblasti/ (accessed: 27.12.2018).

4 Forest Management Regulations of the Leningrad Region. Web page. URL: https://kpr.lenobl.ru/ru/deiatelnost/lesopolzovanie/
informaciya-o-lesah-glavnaja/proekty-lesohozyajstvennyh-reglamentov/ (accessed: 27.12.2018).

5 Forest Plan of the Leningrad Region. Web page. URL: https://kpr.lenobl.ru/ru/deiatelnost/lesopolzovanie/lesnoj-plan-
leningradskoj-oblasti/ (accessed: 27.12.2018).
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The Pielou index as a measure of the uniformity of the species spectrum was calculated as follows:

Er=H/y

where H is the actual value of the Shannon index; H__ is the maximum value of the Shannon index
for a given number of senior taxa:

H,, . = logN,

where N is the number of species in biota.

The Pielou index is a modification of the Shannon index, obtained by excluding the species richness
parameter. The Pielou index value ranges from 0 to 1. A dominance can be considered high when the
index value is at least 0.9 (Megarran ,1992).

Spearman's rank correlation coefficient is the most suitable for assessing the influence of specific
landscape conditions on the spatial distribution of stands. The Spearman's rank correlation coefficient is
calculated as follows (Agresti, 2007; Danilov et. al., 2020; Gardener, 2017):

_ 1 _Y6d*+A+B
p=1 n3-3 ,
rae A= —Z(A3 Aj)

1 3
B = N8 - By)

jf — sequential numbers of correlated variables for the attribute x; Aj is the number of identical ranks
in the jth correlated variables for x; k — sequential numbers of correlated variables for the attribute y; B
is the number of identical ranks in the kth correlated variables for y.

The changing process of mixed stands area can be considered to be Markov process. The
dependence of the diversity dynamics of the vegetation in boreal landscapes on the frequency of felling
and fires was studied using an unsteady Markov model with variable probabilities using generalized
data. The following formula was used for model calculation (Viktorov, 1986; Neshatayev, 2002):

Sij+20 =Sij X (L =X Py — XK XPip) + XSk X Py
rwheresif"'zo’sif is the fraction of the area covered by the i-th state at steps j and j+10, K is the
felling frequency coefficient; P, is the probability of tree stand destruction, as a result of which the i-th
state is replaced by the m-th state atK. =1, P, is the probability of the i-th state to be replaced by the
n-th state during succession, S, is the area of the k-th state , P, ;is the probability of the kth state to be
replaced by the i-th state.

Results and discussion

According to forest inventory data®, mixed coniferous stands with a predominance of pine and spruce
cover up to a quarter of the forest fund of the North-West and about one half of the forested area of the
Leningrad Oblast. It should be noted that distinguishing forest dendrocenoses solely by the dominant
species is incorrect due to the different development patterns of mixed stands of different composition
and leads to the wrong assignment of silvicultural measures. The growth pattern of mixed stands strongly
depends on the composition and species ratio; however, in different landscape districts and landscape
types, these features manifest differently. It is important to consider that the concept of "geographic
landscape" is not limited to relief, but also includes soil-hydrological and climatic conditions. Thus,
the Luga-Volkhov district is characterized by a longer growing season and a less continental climate.
Accordingly, the Valdai-Tikhvin district shows lower variability of coniferous stands by composition and

5 Forest Plan of the Leningrad Region. Web page. URL: https:/kpr.lenobl.ru/ru/deiatelnost/lesopolzovanie/lesnoj-plan-
leningradskoj-oblasti/ (accessed: 27.12.2018).
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lower average mensuration characteristics of stands in mixed dendrocenoses (Figs. 4, 5). The formation
of stands of different composition is largely determined by abiotic environmental factors; however, it can
also critically depend on past economic activities in these territories (Danilov and Yakovlev, 2020).

An analysis of mensuration indices of coniferous stands in the green-moss forest type group
revealed significant differences depending on the share of species in the composition. In the Valdai-
Tikhvin landscape district, dendrocenoses with a predominance of pine have lower stocks and average
heights than stands where spruce predominates; however, the average diameter is larger in pine stands.
In spruce-pine dendrocenoses, there is a tendency for average diameters and tree heights to increase
with an increase in the share of spruce in the stand composition.

In the Luga-Volkhov landscape district, the stand stock increases with an increase in the share
of pine in the composition. It is important to note that in mixed stands with pine participation, stand
productivity increases when the share of pine in the composition is from 6 units. In mixed spruce-pine
stands, with spruce present in the composition at 5 and 8 units, the highest stock of stemwood is
observed. In dendrocenoses with a predominance of spruce, average diameters and heights are lower
than in dendrocenoses with a predominance of pine. In spruce and pine stands, with an increase in the
share of coniferous species in the composition, their mensuration characteristics also increase.

Differences in the formation of the stand stock depending on the share of spruce and pine in the
considered landscape districts demonstrate the role of these geographical units in the formation of
coniferous tree communities in the analyzed region.

Valdai-Tikhvin district is characterized by larger forest cover and a high number of intact forest lands.
Due to strong anthropogenic exploitation, the Luga-Volkhov district has virtually no intact forests, and its
forest cover is significantly lower. Here, mixed dendrocenoses with a predominance of coniferous species
are more widespread (Fig. 6). In the Luga-Volkhov district, due to strong anthropogenic development,
intact forests are practically absent, and forest cover is significantly lower. Here, small-leaved species
dominate (Fig. 7).

The main difference between the districts lies in the area occupied by pure pine stands. Due to the
presence of kame landscapes in the Luga-Volkhov landscape district, a larger area of conditionally pure
pine stands is observed here than in the Valdai-Tikhvin landscape district. Due to strong anthropogenic
impact, a decrease in spruce-pine and pine-spruce dendrocenoses is observed in this district.

Stands with a predominance of coniferous species are most common in the bilberry forest type (Figs.
8, 9). Since this forest type is the most common in the territory of the considered landscape districts
and the Leningrad Oblast as a whole, its conditions are optimal for the growth of mixed coniferous
forests; however, in the considered landscape districts, a different structure of forest types is observed
(Fedorchuk et al., 2005).

Waterlogged forest types (long-moss, carex-sphagnum, grass-sphagnum, and sphagnum) are more
widespread in the Valdai-Tikhvin district than in the Luga-Volkhov district. This is associated with large
areas of clay parent rocks, the predominance of hilly moraine landforms, in which swamps occupy
depressions between the hills, and with hydrological characteristics (Danilov and Yakovlev, 2020).

Rank analysis using the Spearman criterion was used to characterize the influence of specific
landscape features on the distribution of stands by area. This approach has previously proven itself
in the studies of pine and spruce distribution in various landscapes of the region (Shutov, 1994). The
obtained values show that landscape features have the greatest influence on the distribution of pure
coniferous and pine-broad-leaf stands (Fig. 10). Landscape characteristics also significantly influence
the distribution of pure pine stands, since they grow in extreme conditions (on very dry and poor or
swampy soils). The influence of landscape on the distribution of pure spruce, pine-spruce, and broad-
leaf stands is insignificant. The spread of pure spruce and broad-leaf stands is primarily associated with
human economic activity. Pine-spruce stands, as a rule, are confined to light sandy loam soils at the
boundaries between different landscape locations (Belyaeva et al., 2020).

The minimal influence of landscape conditions is observed in spruce-pine stands. This is one of the
most common types of stands in the region, capable of growing in all habitats with moderate moisture
and relatively rich sandy loam soils (Danilov and Yakovlev, 2021).

The negative index value for mixed coniferous and spruce-broad-leaf stands is associated with
a strong decrease in their area resulting from felling and substitution with pure spruce species or
recurrence of small-leaved tree species.
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Fig. 4. Average taxation indices of mixed stands of pine and spruce in Valdai-Tikhvin District.
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Fig. 5. Average taxation indices of mixed stands of pine and spruce in the Luzhsko-Volkhovsky District.
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Fig. 6. Percentage distribution of area by stand types in Valdai-Tikhvin District.

Fig. 7. Percentage distribution of area by stand types in Luzhsko-Volkhovsky District.
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Fig. 8. Distribution of mixed coniferous stands by forest type in Val-Dai-Tikhvin District. P-S.d — Polytrichoso-Sphagnosa
waterlogged and drained forest type, P-S — Polytrichoso-Sphagnosa forest type, VmS.d — Vacciniummyrtillus waterlogged and
drained forest type, Vm.wl. — Vacciniummyrtillus waterlogged forest type, Vm.w.d — Vacciniummyrtillus well-drained forest type,
0.a - Filipendulo-Herbosum forest type, V v-i — Vacciniumvitis-idaea forest type.

Fig. 9. Distribution of mixed coniferous stands by forest type in the Luzhsko-Volkhovsky District. Notations as in Fig. 8.
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Fig. 10. Calculated values of Spearman's coefficient.

The total forested area of the region only weakly depends on landscape characteristics. Its size is
more affected by anthropogenic impact in the form of felling and fires, while among natural factors, the
greatest influence is exerted by soil and hydrological conditions.

To study the nature of the distribution of stands by area of landscape districts and to assess
dominance, we used several biodiversity indices. The calculated values of the Shannon index showed
that in both landscape districts the most evenly distributed stands are dominated by broad-leaf species
(Fig. 11). However, the index value is lower in the Luga-Volkhov landscape district, which is the result
of its high economic exploitation.

Mixed stands are most evenly distributed in the Valdai-Tikhvin landscape district; the same tendency
is observed also in each individual type of stands, except for pine-broad-leaf. Apparently, this is explained
by the lower exploitation of this district. Pure coniferous stands are most evenly distributed in the Luga-
Volkhov district due to the wider spread of pure pine stands.

The Simpson Index shows the dominance of one type of stands over others. Its values are significantly
higher for the Valdai-Tikhvin landscape district (Fig. 12), which is associated with its higher forest cover
and lower anthropogenic impact. In all landscape districts, dominance of broad-leaf stands is observed
as a result of human activity. A high index value is also observed for mixed stands in the Valdai-Tikhvin
district. Among mixed stands, the maximum index value was obtained for spruce-pine stands, which
indicates their wide distribution and greater plasticity to growing conditions.

The Pielou index, characterizing the evenness of stand groups over space, showed patterns similar
to the distribution of the Shannon index (Fig. 13). It can be concluded that the most informative in this
work are the Shannon and Simpson indices; therefore, below we analyze the data only using these
two indices. Next, indicators are examined for each of the landscapes of the Luga-Volkhov and Valdai-
Tikhvin districts separately.



108 Danilov, D.A. et al., 2026. Ecosystem Transformation 9 (4), 93—120

Fig. 11. Comparison of Shannon Index values for the two counties.

Fig. 12. Comparison of Simpson index values for the two counties.
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Fig. 13. Comparison of Pilu index values for the two counties.

In the Valdai-Tikhvin landscape district, the highest Shannon index value for broad-leaf stands is
in the Suda-Chagoda landscape (Fig. 14). This indicates the most even distribution of these stands on
the territory of the forestry and the high exploitation degree of its forests. Among coniferous stands,
the highest index value is observed for pure pine stands in glaciolacustrine sandy landscapes. In the
territory of the Svir-Oyat hilly moraine landscape, the most evenly distributed are spruce-broad-leaf,
spruce-pine, and spruce-broad-leaf stands.

The distribution of Simpson indices for the landscapes of the Valdai-Tikhvin district showed
strong dominance of broad-leaf stands (Fig. 15). Among coniferous stands, in glaciolacustrine sandy
landscapes, pure pine stands dominate. In the territory of the Svir-Oyat hilly moraine landscape, spruce-
pine stands dominate. The index value for the remaining types of stands is insignificant and does not
allow us to speak of any dominance.

The observed distribution of stand types over the territory of the Valdai-Tikhvin landscape district
is closely related to its landscape structure. Thus, among glaciolacustrine landscapes, landscapes of
the sandy group prevail, which determines the widespread distribution in this territory of stands with a
predominance of pine. In the territory of the Svir-Oyat hilly moraine landscape, dominance of stands with
a predominance of spruce is observed.

In the Luga-Volkhov district, the Shannon index is maximum for broad-leaf dendrocenoses in all
landscapes except the Mginsky kame landscape (Fig. 16), where the highest index value is observed in
pure pine stands. Among coniferous stands, the maximum Shannon index is observed in all landscapes
except the Izhora landscape. The latter is confined to the outcrop of carbonate rocks; in this regard, the
highest index value here is observed for spruce-broad-leaf dendrocenoses.

The predominance of broad-leaf stands in all landscapes of the district, except the Mginsky
landscape, is also confirmed by the high value of the Simpson index (Fig. 17). As in the case with the
Shannon index, among coniferous stands, conditionally pure pine stands predominate in all landscapes
except the Izhora landscape, while in the Izhora landscape — spruce-broad-leaf dendrocenoses. For
the remaining dendrocenoses, the value of the Simpson index does not allow us to distinguish the
dominance of stand types over one another.

The prevalence of sandy loam soils in glaciolacustrine sandy and kame landscapes, combined
with the high swampiness of flat moraine and hilly moraine landscapes in both districts, determines the
extensive occurrence of conditionally pure pine dendrocenoses. In turn, the large share of landscapes
with loamy soils and high anthropogenic development causes the dominance of soft-leaved stands.
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Fig. 14. Shannon index values for the Valdai-Tikhvin District forestries.

Fig. 15. Simpson index values for the Valdai-Tikhvin District forestries.
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Fig. 16. Shannon index values for the forestries of the Luzhsko-Volkhovsky District.

Fig. 17. Simpson index values for the forestries of the Luzhsko-Volkhovsky District.

1M1
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Indigenous spruce stands, after clear-cutting, due to the lack of care for the composition of undergrowth
and plantations, are replaced by deciduous stands (Danilov and Yakovlev, 2020).

Modeling of the dynamics of species composition changes in the Valdai-Tikhvin and Luga-Volkhov
landscape districts using the Markov chains method (Figs. 18, 19), showed the probabilistic direction
of succession processes in mixed coniferous stands. However, it should be noted that the following
assumptions were made when constructing the forecast model:

— The total area of mixed pine and spruce stands was considered unchangeable;

— The transitions from mixed stands to pure or broad-leaf stands and vice versa were not taken into
account;

— Markov chains were built for the stands of the green-moss forest type, since transitions between
forest types are extremely rare.

In the Valdai-Tikhvin landscape district, at the present time, among mixed stands, the largest area is
occupied by spruce-broad-leaf stands, and a slightly smaller area by spruce-pine stands. Spruce-broad-
leaf stands prevail in up to 20 years old stands, while spruce-pine stands in mature and over-mature
stands (Fig. 18). According to the forecast model, over time, the area of spruce-broad-leaf and spruce-
pine stands will increase. There is also a tendency for the area of mature and over-mature stands to
increase. In one hundred years, the maximum area will remain with spruce-broad-leaf stands, while the
minimum area will be occupied by pine-broad-leaf stands.

In the Luga-Volkhov landscape district, the largest area among mixed stands also belongs to spruce-
broad-leaf stands, while all others occupy significantly smaller areas. In forest stands up to 20 years
old, spruce-broad-leaf stands prevail, whereas in all other age groups pine-spruce stands dominate
(Fig. 19). In this landscape district, there is also a tendency for the area of mature and over-mature
stands to increase over time, which in one hundred years will lead to their complete domination. In
contrast to the Valdai-Tikhvin district, in the Luga-Volkhov district, the area of stands with the presence
of pine in the composition will also increase. Thus, in one hundred years, the second place in terms of
occupied area will belong to pine-spruce stands.

Conclusions

The conducted study showed that, depending on landscape conditions, mixed stands of spruce and
pine of various composition are formed. The spatial distribution of mixed stands over landscape groups
is most influenced by soil and hydrological conditions. In landscapes of a hilly and flat moraine group
with richer loamy soils, the area of mixed stands is noticeably higher than in kame and glaciolacustrine
sandy landscapes with sandy soils, where pure pine forests predominate.

In landscapes with the richest carbonate soils, broad-leaf stands dominate. Their general
predominance is a response to intense anthropogenic impact, since after clear-cutting in areas rich in
soil fertility, natural regeneration occurs mainly through small-leaved species.

Mixed stands with a predominance of pine and spruce are found in all landscape districts and areas.
However, the ratio of pine-spruce, spruce-pine, pine and spruce stands with broad-leaf species, as well
as conditionally pure spruce and pine stands, varies and is confined to the landscape conditions of the
area and, as a consequence, of the district. The predominance of one or another mixed tree formation
in landscape areas allows us to determine the most productive stands by composition. Multi-species
coniferous stands are more productive compared to compositionally pure stands; thanks to this, it is
possible to direct forest management towards the formation and exploitation of mixed stands in certain
landscape groups.

The planning of forest usage on a landscape basis that takes into account the optimal felling method
and regime in mature and over-mature stands will allow to use the forest plot constantly and inexhaustively
and to create a stand with high mensuration indexes, which allows obtaining the maximum amount of
harvested wood with a good commodity structure. Furthermore, it becomes possible to regulate the
growth pattern of dendrocenoses in the direction desirable for forestry. In turn, modeling of succession
transformations on a landscape basis will allow timely planning and prevention of undesirable species
change on a regional scale.
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Fig. 18. Changes in the areas of mixed stands over one hundred years in the Valdai-Tikhvin District.

Fig. 19. Changes in the areas of mixed stands over one hundred years in the Luzhsko-Volkhovsky District.



114 Danilov, D.A. et al., 2026. Ecosystem Transformation 9 (4), 93—120

References
Agresti, A., 2007. Introduction to categorical data analysis. John Wiley and Sons, New York, USA, 400 p.

Administrativno-territorial'noye deleniye Leningradskoy oblasti [Administrative-territorial division of
Leningrad Region], 1997. Committee on Civil Service and Local Self-Government under the Governor
of Leningrad Region, Saint Petersburg, Russia, 199 p. (In Russian).

Angeistam, P., Kuuluvainen, T., 2004. Boreal forest disturbance regimes, successional dynamics and
landscape structures — a European perspective. Ecological Bulletin 51, 117—-136.

Belyayeva, N.V., Danilov, D.A. and Kazi, I.A., 2020. Otsenka razmeshcheniya podrosta na vyrubkakh
i pod pologom materinskogo drevostoya dlya prognoza razvitiya lesnogo fitotsenoza [Assessment
of undergrowth placement on clearcuts and under the canopy of parent stand for forecast of
forest phytocenosis development]. Materialy pyatoy nauchno-tekhnicheskoy konferentsii-vebinara
«Lesa Rossii: politika, promyshlennost’, nauka, obrazovaniye» [Proceedings of the fifth scientific
and technical conference-webinar “Forests of Russia: policy, industry, science, education”]. Saint
Petersburg, Russia, 309. (In Russian).

Blagovidov, N.L., 1946. Pochvy leningradskoy oblasti [Soils of Leningrad Region]. Lenizdat, Leningrad,
USSR, 144 p. (In Russian).

Burton, M.L., Samuelson, L.J., 2008. Influence of urbanization on riparian forest diversity and structure
in the Georgia Piedmont. Plant Ecology 195 (1), 99-115.

Chertov, O.G., 1981. Ekologiya lesnykh zemel' (pochvenno-ekologicheskoye issledovaniye lesnykh
mestoobitaniy) [Ecology of forest lands (soil-ecological study of forest habitats)]. Nauka, Leningrad,
USSR, 192 p. (In Russian).

Cumming, G.S., 2011. Spatial resilience: integrating landscape ecology, resilience, and sustainability.
Landscape Ecology 26 (7), 899-909. https://doi.org/10.1007/s10980-011-9623-1

Danilov, D.A., Yakovlev, A.A., 2020. Osobennosti razmeshcheniya smeshannykh drevostoyev sosny
i yeli v landshaftnykh okrugakh Leningradskoy oblasti [Peculiarities of mixed pine and spruce
stands placement in landscape districts of Leningrad Region]. Materialy Vserossiyskoy V nauchno-
tekhnicheskoy konferentsii-vebinara “Lesa Rossii: politika, promyshlennost’, nauka, obrazovaniye”
[Proceedings of the All-Russian V scientific and technical conference-webinar “Forests of Russia:
policy, industry, science, education”]. Saint Petersburg, Russia, 85-88. (In Russian).

Danilov, D.A., Yakovlev, A.A., 2021. Osobennosti rasprostraneniya smeshannykh khvoynykh
drevostoyev v Luzhsko-Volkhovskom landshaftnom okruge [Peculiarities of mixed coniferous stands
distribution in Luga-Volkhov landscape district]. /zvestiya Sankt-Peterburgskoy lesotekhnicheskoy
akademii [Proceedings of the St. Petersburg Forest Technical Academy] 234, 80—101. (In Russian).
https://doi.org/10.21266/2079-4304.2021.234.80-101

Danilov, D.A., Belyayeva, N.V., Gryaz'kin, A.V., 2018. Osobennosti formirovaniya zapasa i tovarnoy
struktury modal'nykh khvoynykh drevostoyev sosny i yeli k vozrastu spelogo nasazhdeniya [Features
of stock formation and commercial structure of modal coniferous stands of pine and spruce by the age
of mature stand]. Lesnoy zhurnal [Forestry Journal] 2, 40—48. (In Russian).

Estreguil C., Mouton C., 2009. Measuring and reporting on forest landscape pattern, fragmentation and
connectivity in Europe: methods and indicators. OPOCE, Luxembourg, 65 p.

Etheridge, D.A., 2006. Effects of intensive forest management on stand and landscape characteristicsin
northern New Brunswick, Canada (1945-2027). Landscape Ecology 21, 509-524.

Farina, A., 1998. Principles and methods in landscape ecology. Chapman & Hall, London, UK, 235 p.



Danilov, D.A. et al., 2026. Ecosystem Transformation 9 (4), 93—120 115

Fedorchuk, V.N., Neshataev, V.Yu., Kuznetsova, M.L., 2005. Lesnyye ekosistemy severo-zapadnykh
rayonov Rossii: Tipologiya, dinamika, khozyaystvennyye osobennosti [Forest ecosystems of
northwestern regions of Russia: Typology, dynamics, economic features.] St. Petersburg Research
Institute of Forestry, Saint Petersburg, Russia, 382 p. (In Russian).

Felton, A., Petersson, L., Nilson, O., 2020. The tree species matters: Biodiversity and ecosystem service
implications of replacing Scots pine production stands with Norway spruce. Ambio 49, 1035-1049.
https://doi.org/10.1007/s13280-019-01259-x

Folke, C., 2006. Resilience: the emergence of a perspective for social-ecological systems analyses.
Global Environmental Change 16 (3), 253-267.

Gardener, M., 2017. Statistics for ecologists using R and Excel. Pelagic Publishing, London, UK, 406 p.

Gromtsev, A.N., 1988. Retrospective analysis of humanninduced dynamics in the forests of Southern
Karelia during 1840-1980. Lesnoy zhurnal 4, 125-127.

Gromtsev, A.N., 1990. Humanninduced forest successions in the middle taiga landscapes of Karelia.
Lesovedenie 5, 3-12.

Gromtsev, A.N., 2000. Landscape ecology of taiga forests: theory and practice. Karelian Research
Center of the RAS, Petrozavodsk, Russia, 144 p.

Gromtsev, A., 2002. Natural disturbance dynamics in the boreal forests of European Russia. Silva
Fennica 36 (1), 41-55.

Gromtsev, A.N., 2015. Forests and their multi-purpose use in the north-west of the European part of the
taiga zone of Russia. Karelian Research Center of the RAS, Petrozavodsk, Russia, 190 p.

Hernandez-Stefanoni, J.L., Dupuy, J.M., 2008. Effects of landscape patterns on species density and
abundance of trees in a tropical subdeciduous forest of the Yucatan Peninsula. Forest Ecology and
Management 255 (11), 3797-3805.

Holling, C.S., 1973. Resilience and stability of ecological systems. Annual Review of Ecology, Evolution,
and Systematics 4 (1), 1-23.

Honnay, O., Piessens, K., Landuyt, W., Hermy, M., 2003. Satellite based land use and landscape
complexity indices as predictors for regional plant species diversity. Landscape and Urban Planning
63 (4), 241-250.

Isachenko, A.G., 1994. Landshaftnoye rayonirovaniye i tipologiya landshaftov Leningradskoy oblasti
[Landscape zoning and typology of landscapes of Leningrad Region] . In: Shutova, I.V. (ed.),
Obshchiye printsipy strategii lesopol’zovaniya i lesovyrashchivaniya na landshaftno-tipologicheskoy
osnove [General principles of forest management and forest growing strategy on landscape-
typological basis]. Forestry Research Institute, Saint Petersburg, Russia, 11-25. (In Russian).

Isachenko, A.G., Dashkevich, Z.V., Karnoukhova, E.V., 1965. Fiziko-geograficheskoye rayonirovaniye
Severo-Zapada SSSR [Physical-geographical zoning of the North-West of

Isachenko, G.A., Volkova, E.A., Reznikov, A.l., Khramtsov, V.N., 2010. Mnogoletnyaya dinamika landshaftov
taygi Severo-Zapada Yevropeyskoy Rossii: rezul'taty polevykh issledovaniy [Long-term dynamics of taiga
landscapes of North-West European Russia: results of field studies]. Materialy Vserossiiskoi nauchnoi
konferentsii «Prostranstvennaya organizatsiya, funktsionirovaniye, dinamika i evolyutsiya prirodnykh,
prirodno-antropogennykh i obshchestvennykh geograficheskikh system [Proceedings of the All-Russian
scientific conference “Spatial organization, functioning, dynamics and evolution of natural, natural-
anthropogenic and social geographical systems”]. Kirov, Russia, 57—62. (In Russian).



116 Danilov, D.A. et al., 2026. Ecosystem Transformation 9 (4), 93—120

Liebhold, A.M., Gurevitch, J., 2002. Integrating the statistical analysis of spatial data in ecology.
Ecography 25 (5), 553-557.

Lindenmayer, D.B., 2002. On the use of landscape surrogates as ecological indicators in fragmented
forests. Forest Ecology and Management 159, 203-216.

Mashovets, V.., Zubkov, A.l.,, Durov, A.G., 1967. Atlas Leningradskoy oblasti [Atlas of Leningrad
Region]. Main Administration of Geodesy and Cartography under the Council of Ministers of the
USSR, Moscow, USSR, 82 p. (In Russian).

Megarran, E., 1992. Ekologicheskoye raznoobraziye i yego izmereniye [Ecological diversity and its
measurement]. Mir, Moscow, Russia, 162 p. (In Russian).

Mina, M., Huber, M.O., Forrester, D.I., Thirig, E., Rohner, B., 2018. Multiple factors modulate tree
growth complementarity in Central European mixed forests. British Ecological Society. Journal of
Ecology 106, 1106—1119. https://doi.org/10.1111/1365-2745.12846

Morozov, G.F., 1913. Issledovaniye lesov Voronezhskoy gubernii [Study of forests of Voronezh province].
Lesnoy zhurnal [Forestry Journal] 3—4, 463—481. (In Russian).

Neshataev, V.Yu., 2002. Model' dinamiki raznoobraziya rastitel'nosti Verkhne-Tazovskogo zapovednika
pod vliyaniyem lesnykh pozharov [Model of vegetation diversity dynamics of Verkhne-Tazovsky
Reserve under the influence of forest fires]. Vestnik Tomskogo gosudarstvennogo universiteta
[Bulletin of Tomsk State University], 177-182. (In Russian).

Moser, D., Zechmeister, H.G., Plutzar, C., Sauberer, N., 2002. Landscape patch shape complexity
as an effective measure for plant species richness in rural landscape. Landscape Ecology 17 (7),
657—-669. DOI:10.1023/A:1021513729205

Perry, J.N., Liebhold, A., Rosenberg, M.S., Dungan, J.L., 2002. lllustrations and guidelines for selecting
statistical methods for quantifying spatial pattern in ecological data. Ecography 25 (5), 578—600.
DOI:10.1034/j.1600-0587.2002.250507 .x

Pestryakov, V.K., 1973. Pochvy Leningradskoy oblasti [Soils of Leningrad Region]. Lenizdat, Leningrad,
USSR, 342 p. (In Russian).

Popov, S., 2017. Structure and features of spatial distribution of pine forests in the Pinega State Nature
Reserve. Nature Conservation Research 2 (1), 40-56. https://doi.org/10.24189/ncr.2017.055

Qiu, J., Game, E., Tallis, H., Olander, L.P., 2018. Evidence-based causal chains for linking health,
development, and conservation actions. Bioscience 68 (3), 182—193.

Rautiainen, A., Virtanen, T., Kauppi, P.E., 2016. Land cover change on the isthmus of Karelia 1939—
2005: agricultural abandonment and natural succession. Environmental Science & Policy 55 (1),
127-134. https://doi.org/10.1016/j.envsci.2015.09.011

Shutov, I.V., 1994. Obshchiye printsipy strategii lesopol'zovaniya i lesovyrashchivaniya na landshaftno-
tipologicheskoy osnove [General principles of forest management and forest growing strategy on
landscape-typological basis]. St. Petersburg Research Institute of Forestry, Saint Petersburg, Russia,
136 p. (In Russian).

Sukachev, V.N., Zonn, S.V., Motovilov, G.P., 1957. Metodicheskiye ukazaniya k izucheniyu tipov lesa
[Methodological instructions for studying forest types]. USSR Academy of Sciences, Moscow, USSR,
116 p. (In Russian).



Danilov, D.A. et al., 2026. Ecosystem Transformation 9 (4), 93—120 117

Tikhonova, E., Tikhonov, G., Shevchenko, N., Knyazeva, S., 2017. Tree diversity patterns along the
latitudinal gradient in the northwestern Russia. Forest Ecosystems 4, 27. https://doi.org/10.1186/
s40663-017-0114-y

Tret'yakov, S.V., 2007. Prirost sosny i yeli v smeshennykh drevostoyakh sredney podzony taygi
Yevropeyskogo Severa Rossii, zatronutykh khozyaystvennoy deyatel'nost'yu [Increment of pine and
spruce in mixed stands of the middle taiga subzone of the European North of Russia affected by
economic activity]. Vestnik MGUL — Lesnoy vestnik [Bulletin of Moscow State Forest University —
Forestry Bulletin] 5 (54), 65—75. (In Russian).

Turner, M.G., 2005. Landscape ecology in North America: past, present, and future. Ecology 86 (8),
1967—1974. https://doi.org/10.1890/04-0890

Uuttera, J., Maltamo, M., Kurki, S., Mykra, S., 2004. Differences in forest structure and landscape
patterns between ownership groups in Central Finland. Boreal Environment Research 3, 191-200.

Viktorov, A.S., 1986. Risunok landshafta [Landscape pattern]. Mysl', Moscow, USSR, 179 p. (In
Russian).

Yakovlev, A.A., 2024. Vliyaniye pochvennykh usloviy na formirovaniye rastitel'nykh soobshchestv na
postagrogennykh i lesnykh zemlyakh (na primere Leningradskoy oblasti) [Influence of soil conditions
on the formation of plant communities on post-agrogenic and forest lands (on the example of Leningrad
Region)]. PhD in Agricultural Sciences thesis. Saint Petersburg, Russia, 354 p. (In Russian).

Yakovlev, A.A., Danilov, D.A., 2018. Landshaftnyye osobennosti formirovaniya smeshannykh
drevostoyev sosny i yeli v zelenomoshnoy gruppe tipov lesa severo-vostoka Leningradskoy oblasti
[Landscape features of formation of mixed pine and spruce stands in the green moss forest type
group of the north-east of Leningrad Region)]. Aktual'nyye problemy lesnogo kompleksa [Current
Problems Of the Forest Complex] 53, 47-51. (In Russian).

Yakovlev, A.A., Danilov, D.A., 2019. Landshaftnyye osobennosti taksatsionnykh pokazateley
smeshannykh drevostoyev sosny i yeli v zelenomoshnoy gruppe tipov lesa Severo-Vostoka
Leningradskoy oblasti [Landscape features of forest inventory indicators of mixed pine and spruce
stands in the green moss forest type group of the North-East of Leningrad Region]. Materialy IV
nauchno-tekhnicheskoy konferentsii “Lesa Rossii: politika, promyshlennost', nauka, obrazovaniye”
[Proceedings of the IV scientific and technical conference “Forests of Russia: policy, industry, science,
education’]. Saint Petersburg, Russia, 198-201. (In Russian).

Yaroshenko, A.Y., Potapov, P.V., Turubanova, S.A., 2001. The last intact forest landscapes of northern
European Russia. Greenpeace Russia, Moskow, Russia, 75 p.

CnUCoK nutepaTypbl

AOMUHUCTpaTUBHO-TEPPUTOPUANBLHOE AeneHne JleHnHrpagckon oonactn, 1997. Komutet no Bonpocam
rocyaapCTBEHHOW Cry0bl U MeCTHOro camoynpasneHnusi npu NydepHaTtope JleHnHrpagckow obnacTu,
CaHkT-lMeTepObypr, Poccusa, 199 c.

Bensesa, H.B., Janunos, O.A., Ka3sn, U.A., 2020. OueHka pasMmelleHMs nogpocta Ha BbipyOkax
M noa MNOMoroMm MaTepPUMHCKOro [APeBOCTOS [ANs MNpOrHo3a pasBUTUSt JIeCHOro huToueHo3a.
Mamepuanbl nsmol Hay4YHO-mexHu4eckol KoHgepeHyuu-eebuHapa «Jfleca Poccuu: nonumuka,
MPOMbIWIIeHHOCMb, Hayka, obpasosaHuey. CaHkT-INeTepbypr, Poccusa, 309 c.

Bnarosugos, H.J1., 1946. NouBbl NeHnHrpagckon obnactu. JleHnsgart, NeHnHrpag, CCCP, 144 c.

BukTtopos, A.C., 1986. PucyHok naHgwadrta. Meicns, Mocksa, CCCP, 179 c.



118 Danilov, D.A. et al., 2026. Ecosystem Transformation 9 (4), 93—120

Oannnos, O.A., Akosnes, A.A., 2020. OcobeHHOCTM pa3MeLLieHMs1 CMeLUaHHbIX APEBOCTOEB COCHbI U
enu B NaHawadTHbIX okpyrax JleHnHrpagckon obnactn. Mamepuarisi nimol Hay4YHO-mexHU4YecKol
KoHpepeHyuu-eebuHapa «Jfleca Poccuu: nonumuka, npoOMbIWIIEHHOCMb, Hayka, obpa3ogaHuex.
CankT-TeTtepbypr, Poccus, 85-88.

Oanunos, O.A., AxoeneB, A.A., 2021. OcobGeHHOCTM pacnpoCTPaHEHUs] CMELLUaHHbIX XBOWMHbIX
apesoctoeB B Jlyxcko-Bonxosckom naHawadgTHoM okpyre. Mseecmusi CaHkm-llemepbypackol
necomexHuydeckol akademuu 234, 80—101. https://doi.org/10.21266/2079-4304.2021.234.80-101

Oannnos, A.A., bensieBa, H.B., psisbkuH, A.B., 2018. OcobeHHocTn dhopMMpoBaHMS 3anaca 1 ToBapHOM
CTPYKTYpbl MOAAnNbHbIX XBOVWHbIX APEBOCTOEB COCHBI 1 €N K BO3pacTy CNernoro HacaxaeHus. JlecHol
XKypHan 2, 40-48.

UcaueHko, A.l, 1994. NangwadptHoe panoHWpoBaHWe M Tunonorua naHawadgTos JleHnHrpaackom
obnactn. B: LyTtoBa, W.B. (pen.), Ob6wue npuHyunbi cmpameauu f1ecornonb308aHus U
niecosbipaujusaHus Ha naHOwaghmHo-murionioaudeckoli ocHose. HNW necHoro xosancrtea, CaHkT-
Metepbypr, Poccus, 11-25.

UcaueHko, A.l., Jawkesuny, 3.B., KapHoyxoBa, E.B., 1965. ®dusuko-reorpacuyeckoe pamnoHnpoBaHue
CeBepo-3anaga CCCP. JTI'Y, Nenunrpaa, CCCP, 250 c.

WcadeHko, A. Bonkoa, E.A., PesnukoB, A.., Xpamuos, B.H., 2010. MHoronetHss guHamuka
nanawadToB Tanrn Cesepo-3anaga EBponeinckon Poccuun: pesynbrathl MNOMeBbIX UCCNeaoBaHUN.
Mamepuanbl Bcepoccutlickol  Hay4HoU KoHgbepeHuyuu «llpocmpaHcmeeHHass opaaHusauus,
¢yHKUUOHUpOBaHUe, OQuHaMuKka U 380/IOUUST  MPUPOOHBIX, MPUPOOHO-aHMPONO2EeHHbIX U
obuwecmeeHHbIX eeozpagpudeckux cucmem. Knpos, Poccusi, 57-62.

Mawogeu, B.A., 3ybkos, A.W., Oypos, A.Il., 1967. Atnac JleHuHrpagckon obnactu. NYuK npn CoBmuH
CCCP, Mockea, CCCP, 82 c.

Moposos, I®., 1913. NccneposaHne necos BopoHexckon rybepHun. JlecHou xypHan 3—4, 463—481.

MarappaH, 3., 1992. 3kopnornyeckoe pasHoobpasne n ero nusameperue. Mup, Mocksa, Poccus, 162 c.

Hewataes, B.FO., 2002. Mogenb AnHamMukM pasHoobpasusi pacTutenbHocTn BepxHe-Ta3oBcKoro
3anoBefHUKa MO4 BNUAHMEM TeCHbIX MoXapoB. BecmHuk Tomckoeo eocydapcmeeHHO20
yHusepcumema, 177-182.

MecTpsikos, B.K., 1973. MNMousbl JleHnHrpaackomn obnactu. JleHnsaart, JleHuHrpag, CCCP, 342 c.

CocTosiHne okpy>xatoLLen cpegbl B JleHuHrpagckom obnactu, 2018. KomuteT no npupogHsIiM pecypcam
JleHunHrpagckon obnactu, CaHkT-lNeTepOypr, Poccus, 372 c.

Cykaues, B.H., 3oHH, C.B., MoTtoBurnos, 1., 1957. MeToanyeckue ykasaHus K U3y4eHUo TUMNOB Neca.
Akagemus Hayk CCCP, Mockea, CCCP, 116 c.

TpetbsikoB, C.B., 2007. NpUpOCT COCHbI U €N B CMELLUEHHbIX OPEBOCTOSX CPEeAHEN NoA30Hbl Taunru
EBponenckoro Ceepa Poccun, 3aTpOHYThIX XO3AWNCTBEHHOW AesTenbHOCTbio. BecmHuk MITYJI -
JlecHoli esecmHuk 5 (54), 65-75.

®epopuyyk, B.H., Hewartaes, B.lO., KysHeuosa, M.J1., 2005. JlecHble akocucTeMbl ceBepo-3anagHbixX
panoHoB Poccun: Tunomnorusi, ANMHaMuUKa, X03SMCTBeHHble ocobeHHocTn. CIOHUWITX, CaHkT-
Metepbypr, Poccus, 382 c.

YepTtos, O.I, 1981. Bkonormns necHbix 3emenb (MNOYBEHHO-3KONOMMYECKOe WUCCrnedoBaHWe MeCHbIX
mMecToobuTaHuin). Hayka, NeHnHrpag, CCCP, 192 c.



Danilov, D.A. et al., 2026. Ecosystem Transformation 9 (4), 93—120 119

Wytos, WU.B., 1994. OO6wue nNpuHUMUMBLI CTpaTernyM recomnofib30BaHWs M NEeCOBbIpalLMBaHMSA Ha
naHpwadgTHo-TMnonorudeckon ocHose. CING6HNWITX, CaHkT-INeTepbypr, Poccus, 136 c.

Akoenes, A.A., 2024. BnnsiHne NOYBEHHbIX YCINOBUA Ha (hOpMUPOBaHME PACTUTENbHbLIX COOOLLECTB
Ha MoCTarporeHHbIX M fnecHbIX 3emnsax (Ha npumepe JleHuHrpagckon obnactun). Juccepmayus Ha
couckaHue y4eHoll cmereHu kaHoudama ceflbCkoxo3sticmeeHHbIx HayK. CaHkT-IeTepOypr, Poccus,
354 c.

Axkoenes, A.A., Oanunos, O.A., 2018. JlaHgwadTHele 0COBEHHOCTM (POPMUPOBAHUSA CMELLAHHbIX
OPEBOCTOEB COCHbI U €N B 3EMEeHOMOLLHONW rpynne TUMOB fleca CeBepo-BoCTOKa JIeHnHrpagckom
obnacTtun. AkmyarsbHbie npobriembl 1ecHo20 Komrinekca 53, 47-51.

Axkosnes, AA., Oanunnos, O.A., 2019. NaHawadTHble 0COGEHHOCTU TaKCALMOHHbLIX MoKasaTenen
CMeLLaHHbIX OpPeBOCTOEB COCHbl M env B 3eneHoMoLUHoW rpynne TunoB neca CeBepo-BocTtoka
JleHuHrpagckon obnactn. Mamepuansl IV Hay4YHO-mexHu4Yeckol KoHghepeHyuu «Jleca Poccuu:
rnonumuka, nPOMbIWIEHHOCMb, HayKka, obpa3osaHuey. CaHkT-MNeTepbypr, Poccusa, 198—-201.

Agresti, A., 2007. Introduction to categorical data analysis. John Wiley and Sons, New York, USA, 400 p.

Angeistam, P., Kuuluvainen, T., 2004. Boreal forest disturbance regimes, successional dynamics and
landscape structures — a European perspective. Ecological Bulletin 51, 117—-136.

Burton, M.L., Samuelson, L.J., 2008. Influence of urbanization on riparian forest diversity and structure
in the Georgia Piedmont. Plant Ecology 195 (1), 99—-115.

Cumming, G.S., 2011. Spatial resilience: integrating landscape ecology, resilience, and sustainability.
Landscape Ecology 26 (7), 899-909. https://doi.org/10.1007/s10980-011-9623-1

Estreguil C., Mouton C., 2009. Measuring and reporting on forest landscape pattern, fragmentation and
connectivity in Europe: methods and indicators. OPOCE, Luxembourg, 65 p.

Etheridge, D.A., 2006. Effects of intensive forest management on stand and landscape characteristicsin
northern New Brunswick, Canada (1945-2027). Landscape Ecology 21, 509-524.

Farina, A., 1998. Principles and methods in landscape ecology. Chapman & Hall, London, UK, 235 p.
Felton, A., Petersson, L., Nilson, O., 2020. The tree species matters: Biodiversity and ecosystem service
implications of replacing Scots pine production stands with Norway spruce. Ambio 49, 1035-1049.

https://doi.org/10.1007/s13280-019-01259-x

Folke, C., 2006. Resilience: the emergence of a perspective for social-ecological systems analyses.
Global Environmental Change 16 (3), 253-267.

Gardener, M., 2017. Statistics for ecologists using R and Excel. Pelagic Publishing, London, UK, 406 p.

Gromtsev, A.N., 1988. Retrospective analysis of humanninduced dynamics in the forests of Southern
Karelia during 1840-1980. Lesnoy zhurnal 4, 125-127.

Gromtsev, A.N., 1990. Humanninduced forest successions in the middle taiga landscapes of Karelia.
Lesovedenie 5, 3-12.

Gromtsev, A.N., 2000. Landscape ecology of taiga forests: theory and practice. Karelian Research
Center of the RAS, Petrozavodsk, Russia, 144 p.

Gromtsev, A., 2002. Natural disturbance dynamics in the boreal forests of European Russia. Silva
Fennica 36 (1), 41-55.



120 Danilov, D.A. et al., 2026. Ecosystem Transformation 9 (4), 93—120

Gromtsev, A.N., 2015. Forests and their multi-purpose use in the north-west of the European part of the
taiga zone of Russia. Karelian Research Center of the RAS, Petrozavodsk, Russia, 190 p.

Hernandez-Stefanoni, J.L., Dupuy, J.M., 2008. Effects of landscape patterns on species density and
abundance of trees in a tropical subdeciduous forest of the Yucatan Peninsula. Forest Ecology and
Management 255 (11), 3797-3805.

Holling, C.S., 1973. Resilience and stability of ecological systems. Annual Review of Ecology, Evolution,
and Systematics 4 (1), 1-23.

Honnay, O., Piessens, K., Landuyt, W., Hermy, M., 2003. Satellite based land use and landscape
complexity indices as predictors for regional plant species diversity. Landscape and Urban Planning
63 (4), 241-250.

Liebhold, A.M., Gurevitch, J., 2002. Integrating the statistical analysis of spatial data in ecology.
Ecography 25 (5), 553-557.

Lindenmayer, D.B., 2002. On the use of landscape surrogates as ecological indicators in fragmented
forests. Forest Ecology and Management 159, 203-216.

Mina, M., Huber, M.O., Forrester, D.I., Thirig, E., Rohner, B., 2018. Multiple factors modulate tree
growth complementarity in Central European mixed forests. British Ecological Society. Journal of
Ecology 106, 1106—1119. https://doi.org/10.1111/1365-2745.12846

Moser, D., Zechmeister, H.G., Plutzar, C., Sauberer, N., 2002. Landscape patch shape complexity
as an effective measure for plant species richness in rural landscape. Landscape Ecology 17 (7),
657—-669. DOI:10.1023/A:1021513729205

Perry, J.N., Liebhold, A., Rosenberg, M.S., Dungan, J.L., 2002. lllustrations and guidelines for selecting
statistical methods for quantifying spatial pattern in ecological data. Ecography 25 (5), 578—600.
DOI:10.1034/j.1600-0587.2002.250507 .x

Popov, S., 2017. Structure and features of spatial distribution of pine forests in the Pinega State Nature
Reserve. Nature Conservation Research 2 (1), 40-56. https://doi.org/10.24189/ncr.2017.055

Qiu, J., Game, E., Tallis, H., Olander, L.P., 2018. Evidence-based causal chains for linking health,
development, and conservation actions. Bioscience 68 (3), 182—193.

Rautiainen, A., Virtanen, T., Kauppi, P.E., 2016. Land cover change on the isthmus of Karelia 1939—
2005: agricultural abandonment and natural succession. Environmental Science & Policy 55 (1),
127-134. https://doi.org/10.1016/j.envsci.2015.09.011

Tikhonova, E., Tikhonov, G., Shevchenko, N., Knyazeva, S., 2017. Tree diversity patterns along the
latitudinal gradient in the northwestern Russia. Forest Ecosystems 4, 27. https://doi.org/10.1186/
s40663-017-0114-y

Turner, M.G., 2005. Landscape ecology in North America: past, present, and future. Ecology 86 (8),
1967—1974. https://doi.org/10.1890/04-0890

Uuttera, J., Maltamo, M., Kurki, S., Mykra, S., 2004. Differences in forest structure and landscape
patterns between ownership groups in Central Finland. Boreal Environment Research 3, 191-200.

Yaroshenko, A.Y., Potapov, P.V., Turubanova, S.A., 2001. The last intact forest landscapes of northern
European Russia. Greenpeace Russia, Moskow, Russia, 75 p.



	Landscape features of the spatial distribution of mixed pine and spruce stands in the Leningrad regi
	Introduction
	Material and methods
	Research object
	Experimental design and data analysis

	Results and discussion
	Conclusions
	References
	Список литературы


