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Many problems of modern forest ecology require analysis of the conjugated dynamics of processes
occurring at different spatio-temporal scales of the functioning of plant communities and soils resulted from
their interaction under the influence of all edaphic and anthropogenic factors. Mathematical models can be an
effective tool for such analysis. The aim of this study is to present the implementation of new model system that
makes it possible to reproduce in simulation experiments the spatial structure of forest phytocenoses formed by
tree and grass-shrub layers, as well as associated heterogeneity of soil conditions and the diversity of ecological
niches at different hierarchical levels. To determine the required level of detail of the spatial heterogeneity of
forest biogeocenoses related to the processes of their multi-scale functioning, experimental studies were carried
out on permanent sampling plots in the Prioksko-Terrasny State Natural Biosphere Reserve and in the
"Kaluzhskie Zaseki" State Nature Reserve. The spatial structure of communities and related heterogeneity of
ecological conditions were studied using traditional soil and geobotanical, as well as modern instrumental
methods. The obtained data were used to construct the algorithms and to estimate the parameters of different
blocks of the new system of models. The implementation of a spatially-explicit process-based system of models
has shown its ability to reproduce the dynamics of forest ecosystems, taking into account the species
composition and spatial structure of different layers of vegetation and the associated patchiness of soil
conditions. Due to a wide range of interrelated ecosystem characteristics implemented in the system of models
it is possible to simulate productivity, biological turnover of C and N, and the dynamics of forest ecosystems,

V. N. Shanin et al. 1



ORIGINAL
RESEARCH

FOREST SCIENCE ISSUES, 2023, VOL. 6, NO 4. ARTICLE 135

taking into account their typical spatial structure at different scales. This improves understanding of ecosystem
processes and their contribution to maintaining the sustainable functioning of forests, which can be used for
predictive assessments of the efficiency of forest management techniques and in solving other forestry and

environmental problems.

Key words: simulation models, spatial structure, tree stand productivity, ground layer vegetation, forest

soils, soil nutrients, carbon cycle.

INTRODUCTION

Conservation of Dbiodiversity and
biosphere functions of the Earth's forest
cover is impossible without identifying
mechanisms for sustainable maintenance of
the structure and functioning of forest
ecosystems. In the case of old-growth forests,
they are characterized by multispecies and,
as a rule, multilayer and uneven-aged
composition, as well as with high spatial
heterogeneity of the soil cover. The necessary
change of generations is ensured in them,
including those determining the successional
dynamics of ecosystems.

An integral characteristic of all

terrestrial ecosystems is their spatial
structure (Eastern European Forests ..., 2004;
Karpachevsky, 1981). It is manifested, for
example, in the horizontal and vertical
arrangement of plants in the biogeocenosis
and the vertical structure of the canopy. In
addition, spatial structure determines many
soil processes. The interest in analyzing the
spatial structure of communities and its
changes is due to the assumption that this
analysis can help in the study of ecological
processes occurring in the community. It is
generally accepted that the spatial structure

of communities is an indicator of habitat
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diversity and full utilization of environmental
resources by plants. It is the mutual spatial
arrangement of individuals that largely

determines such important biological
processes in plant communities as successful
species renewal and competition for
resources (Kolobov et al, 2015; Kolobov,
Frisman, 2018). Equally relevant are the
issues related to the analysis of mechanisms
of formation of feedbacks between the
functioning of biota and its habitat (in
particular, soil cover), which manifest
themselves at different hierarchical levels
and with different characteristic times. The
joint effect of different ecological processes
multidirectional the

can be (reducing

resulting effect) or co-directional
(accelerating time and/or increasing the
and, in

intensity of its manifestation),

addition, can have specific features at
different spatial scales. Nevertheless, it is
often possible to show that the observed
complexity of processes can result from the
composition of simple interactions between
individuals, primarily determined by the
spatial structure, which, in turn, is formed
under these processes.

The problem of joint analysis of

is one of the most
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important problems of ecology, which unites
population biology and the science of
environmental conditions (edaphology) and
relates basic and applied ecology (Levin,
1992). A large number of topical issues, such
as predicting the ecological consequences of
global climate change, preserving
biodiversity and ecosystem stability, require
the study of phenomena occurring at a wide
range of scales of space, time and levels of
ecological organization, as it is impossible to
identify a particular scale to describe the
entire of natural

variety phenomena.

Accordingly, the analysis of spatial
relationships of biota components should be
carried out at different spatial scales as from
the microlevel, defined by the functioning of
microbocenosis in soil loci, to the level of an
individual (tree or grass-shrub plant)
interacting with its nearest neighbors, and
further to the relationships of plant
populations of ground cover and forest
stands, i.e. at the level of biocenosis.

In recent years, the analysis of the
spatial structure and spatial heterogeneity of
ecosystems, and their biotic components has
acquired a qualitatively new theoretical and
practical level. This is largely due to the
accelerated development of modern
technologies of ground and airborne 3D laser
scanning, as well as aerial photography with
the use of drones. The possibility of obtaining
such sets of measurements, along with the

use of methods of mathematical processing of
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spatially distributed data, makes it possible
to use previously unavailable approaches to
the analysis of the structure of ecosystems at
levels and to obtain

different spatial

fundamentally new information on the

mechanisms of internal organization,
functioning and sustainable development of
biogeocenoses. Despite advances in spatial
data analysis, questions that can be answered
using spatial statistical techniques remain
within the scope of identifying the features of
the structures formed. It means that it
became possible to calculate the probability
that the observed structure is related to
spatially related phenomena or processes.
However, spatial statistical methods do not
allow us to explain the mechanisms of
particular structure formation and what
ecological processes may cause the observed
patterns. An approach is needed that
combines spatial statistical methods and
individual-based simulation models that
reproduce the functioning and quantitative
characteristics of ecosystems based on
mathematical or mechanistic descriptions of
processes.

The role of the forest ecosystems living
ground cover is rarely considered when
analyzing the carbon balance of areas
(Goulden et al, 1997; Law et al, 1999).
However, in many widespread types of
boreal forests, tree canopy density is low,
which ensures high availability of solar

radiation for plants of the grass and shrub
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layer and, as a consequence, determines high
photosynthesis intensity (Baldocchi et al,
2000). No less important is the influence of
the grass-shrub layer on the regeneration of
woody plants.

Vegetation litter in forest ecosystems
plays the role of a nutrient source, and the
ratio of its input and decomposition rates
regulates the rate of nutrient dynamics in the
soil and, consequently, the production
process (Nilsson, Wardle, 2005; Kolari et al.,
2006). Hence, changes in the structure of
plant communities lead to qualitative and
quantitative changes in forest litter, which, in
turn, has a direct impact on soil carbon
accumulation (Karpachevsky, 1981; Chertov,
1981; Hattenschwiler, Gasser, 2005). In
addition, the nature of vegetation litter and
forest cover formed by it determine in many
respects the structure of soil microbocenosis
in charge of transformation and
mineralization processes of organic matter
and nitrogen compounds in soils.

The structural complexity analysis of
forest ecosystems reveals the mechanisms
and processes that determine their non-
linear dynamics and lead to the formation of
specific spatial organization of forest
vegetation. An indispensable tool for such an
analysis is simulation modeling, which allows
to formalize a quantitative description of the
dynamics of forest ecosystem elements,
spatial relationships between elements and

the role of interactions between components
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in maintaining its sustainability. Forest
ecosystem stability in this case is understood
as its ability to maintain structure,
functioning, dynamics and productivity in the
process of development, both in the absence
of external disturbances and under various
kinds of impacts. Simulation experiments will
improve understanding of the complex
interactions between different ecosystem
and the that

components processes

determine the structure, stability and
productivity of complex plant communities.
domestic forest the

For ecology,

relevance  of the  development of
mathematical models as a tool for predicting
productivity and assessing ecosystem
functions of forests is determined by the
transition of the country's forest sector to an
intensive model of development. Such model
timeframes for

is focused on shorter

obtaining marketable products, including
through the wider introduction of planted
forest crops and forest plantations in the
practice of forest management (Romanov et
al, 2016). Apart from the issues of economic
feasibility of expenditures on artificial
reforestation and afforestation in different
soil and climatic conditions, the issue of
substantiation of optimal forestry scenarios
that ensure high timber production while
preserving ecological functions of forests
becomes no less important.

Simulation models of forest ecosystems

usually consist of the following blocks:

A
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models of tree regeneration and die-off,
models of tree biomass production, models of
competition, and models of soil organic
matter dynamics. They can also include
models of living ground cover, tools to
forest activities

simulate management

(planting and maintenance of forest crops,

felling, etc) and various types of
disturbances (fires, windfall,
phytopathogens). We have given more

detailed reviews of models of different types
previously (Grabarnik et al., 2019b; Chertov
etal, 2019).

Renewal models. One of the most
important tasks in analyzing the dynamics of
forest ecosystems is the study of
regeneration processes. Its solution allows us
to get closer to understanding the basics of
sustainable development of ecosystems. One
of the generally accepted concepts of forest

cenosis dynamics is the "gap" model
(Korotkov, 1991; McCarthy, 2001). In this
case, the forest cover is represented as a
"patchiness” of small areas occupied by
cohorts of trees at different stages of
development and formed on the site of fallen
trees of previous generations. Here, the
emergence of regrowth and its development
to the adult tree stage is related to the falling
off of trees and the location of neighboring
large trees that form the spatial "frame" of
the ecosystem. Empirical models describe the
dependence  of and

density species

composition of forest regeneration on
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geographic and climatic factors (Pukkala,

Kolstrom, 1992), as well as habitat
characteristics and species composition of
the upper forest stand (Pukkala et al., 2012).
Tree establishment in renewal models
considers tree establishment at the local level
depending on the presence of nearest
neighbors (Kuuluvainen et al., 1993; Fajardo
et al, 2006; Wiegand et al, 2009;
Pommerening, Grabarnik, 2019). Dynamic
spatial point process models account for
competition between upper layer trees to
answer fundamental questions related to
stand dynamics and explain the emergence of
spatial structures (Moeur, 1997).

Competition models. Competition in
individual-based models is described with
varying degrees of spatial detail. In general,
there are several main approaches. In the
most general case, competition indices
(Daniels et al., 1986) are used to summarize
the strength and direction of interactions
between

plants in a community. A

development of this approach is the
application of ecological field theory in
describe
2012;

Seidl et al., 2012). In a number of models, the

individual-based models to

competitive interactions (Zhukova,
two main types of competition (for light and
for soil resources) are considered separately
(or only one of them is considered). When
modeling crown competition, both simple
models that consider the overlap of so-called

"shading zones" (actually vertical projections
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of crowns) of neighboring trees and more
complex models that use three-dimensional
representation of crowns (in discrete models
crowns are usually approximated by square
prisms) and precise calculation of sunlight
passing through the canopy are used
(Brunner, 1998; Martens et al, 2000; Stadt,
Lieffers, 2000; Olchev et al., 2009; Lebedev,
Chumachenko, 2011). In particular cases,
crowns can be represented as flat "screens”
(Korzukhin, Ter-Mikaelian, 1995), or more
generally the model is able to account for the
internal structure of  the crown
(heterogeneity in biomass distribution), such
as the Mixfor-3D model (Olchev et al., 2009).
More complex models reproduce the spatial
structure of the crown with high accuracy
(Renshaw, 1985). Among such models, the
LIGNUM model (Perttunen, 2009), which is
based on L-systems and reproduces the
crown architecture in detail, is also
noteworthy. The LIGNUM model is designed
to simulate processes at the individual tree
level, but attempts have been made to model
the growth of single-species forest stands
(Sievanen et al., 2008). The PICUS model
(Lexer, Honninger, 2001) is an individual-
based three-dimensional gap-model that
allows the heterogeneity of the forest canopy
to be taken into account when calculating
illuminance using a three-dimensional ray
and terrain features. The

FORRUS-S

path model
spatially-explicit model

(Chumachenko et al., 2003) belongs to the
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class of bioecological models that simulate
the processes of birth, growth and death of
individuals. The model considers the
influence of habitat conditions and light
regime on forest stand growth and allows
simulating different regimes of multipurpose
forest management, which makes it an
important element of forest management
planning in forest areas. In recent years, an
approach that simplifies the vertical
structure of a stand into several "layers"
corresponding to different stand layers has
become popular (e.g., Kolobov, 2013; Collalti
etal, 2014).

Several regression models describing
the dependence of root mass on depth have
been proposed to describe the spatial
structure of root systems (Strong, LaRoi,
1985; Gale, Grigal, 1987; Starr et al., 2009,
2012). It should be noted that models of root
systems are usually not independent, but are
part of more complex models of natural or
agroecosystems. It should be especially

emphasized that even many modern
simulation models do not have a block
simulating competition for water and mineral
nutrition elements (only competition for light
is simulated or generalized competition
indices are used). In the simplest models of
root competition, soil nutrients are equally
distributed among all plants in the simulated
area, and the uptake rates of water and
mineral nutrition elements decrease with

distance from the trunk (Yastrebov, 1996;
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Casper et al,, 2003). Many of the approaches
mentioned above are attempts to "tie" the
intensity of underground competition to the
intensity of aboveground competition (much
more easily defined). There is also a whole
group of ecosystem models that consider
limiting stand productivity by the amount of
N available in soil, such as iLand (Seidl et al.,
2012), PICUS (Lexer, Honninger, 2001), 4C
(Lasch-Born et al., 2020), and TRIPLEX (Zhou
et al., 2008), but in which soil is treated as a
common resource that is spatially
homogeneous and biomass growth limited by
the amount of N available is calculated using
functions.

species-specific response

Nevertheless, a number of studies have
unambiguously shown that the content of
available nutrients and organic matter in
soils can differ by more than an order of
magnitude at distances of only tens of
centimeters (Kuzyakova et al, 1997;
Spielvogel et al., 2009).

In simulation models that operate
objects on a regular lattice, the concept of a
"nutrition zone" is introduced, i.e., the area
(group of cells) occupied by the roots of a
particular tree. Typically, in such models,
root mass is assumed to be uniformly
distributed over the entire nutrition area of a
(Goreaud 2002;

Raynaud, Leadley, 2005). It should also be

particular tree et al,
noted here that few models of this kind have
been developed to simulate the dynamics of

multi-species stands and thus account for
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species-specific differences in root
distribution (Mao et al.,, 2015; Shanin et al,,
2015a). The EFIMOD model system
(Komarov et al, 2003a) uses a relatively
simplified representation of the processes of
competition for light and mineral nitrogen in
soil and biomass production. The EFIMOD
model system (Komarov et al., 2003a) takes
into account the influence of only the above
two factors on productivity. The model is
based on the assumption that all possible
uncertainties will be leveled out when
calculating the average dynamics in a
population  of individuals

(Komarov, 2010).

interacting

In stands formed by several tree species

with different ecological and cenotic
strategies, spatial heterogeneity in resource
availability can be much higher than in
monocultures (Grime, 2002; Pretzsch, 2014).
This is the most likely reason for the higher
productivity = of  multi-species  stands
compared to single-species stands (Bielak et
al.,, 2014; Cavard et al,, 2011; Pretzsch et al,,
2015), as confirmed both by experimental
studies and simulation modeling (Rotzer,
2013; Moghaddam, 2014; Toigo et al.,, 2015;
Forrester, Bauhus, 2016; Pretzsch, Schiitze,
2021). Accordingly, competition models
should take into account species-specific
features of crown development and root
systems of trees.

models

Cellular-automata of plant

populations. In models of this type, the main

2



ORIGINAL
RESEARCH
object of the model is an individual, which
changes its state and characteristics in time
according to some rules. They include
dependence on the state and/or size of
neighboring objects (Komarov, 1982; Berger
et al.,, 2008; Herben, Widova, 2012; Oborny et
al, 2012, etc.). This approach is used to
analyze the joint dynamics of a set of discrete
objects having spatial coordinates. General
properties of the modeled system are
controlled and determined through local
interactions between the objects composing
the system. This property allows building
models of

meaningful complex

multicomponent systems, such as, for
example, a multispecies community of plants
characterized by different ecological and
biological properties. At the same time, these
models exhibit nonlinear properties meaning
that spatio-temporal models with simple
developmental rules for individuals can
reproduce complex patterns of population
dynamics. Using cellular-automata models,
for example, the effects of competition and
seed dispersal on the resilience of plant
communities under severe disturbances have
been studied (Komarov, 1982; Matsinos,
Troumbis, 2002; Komarov et al, 2003b).
Cellular automata have also been used to
describe invasion processes of species with
different abilities to compete for space
compared to local community species (Arii,
Parrott, 2006). Combining the techniques of

cellular automata, L-systems and matrix
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modeling (Frolov et al,, 2015, 2020a, 2020b)
allows us to predict the population dynamics
of multispecies communities taking into
account species-specific features of growth,
development, and response to environmental
factors, and improves the accuracy of the
mass-balance approach to predicting their
productivity.

Soil organic matter dynamic models. In
early forest ecosystem models, blocks for
simulating soil organic matter dynamics were
either absent or presented in the form of
unchanging edaphic conditions (Shugart et
al,, 1992). Active development of soil organic
matter dynamics models reached its peak at
the end of the XX century. Models of this
period are often integrated into models of
element

biogeochemical cycles.

foreign models, the CENTURY model is the

Among

best known (Parton et al., 1988), and among

domestic models, the ROMUL and
Romul_Hum models analyzed below (Chertov
et al, 2001; Chertov et al, 2017a, 2017b;
Komarov et al, 2017a). The VSD+ (Posch,
Reinds, 2009) and SMARTmI (Bonten et al,,
2011) models allow modeling the dynamics
of a small number of soil parameters and are
used to simulate the response of terrestrial
ecosystems, including forests, to the input of
acid-forming and eutrophying compounds
with precipitation. The ForSAFE forest soil
chemical dynamics model (Sverdrup et al,
2007) can be combined with the VEG ground

cover vegetation model (Belyazid et al,
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2011). Another group of researchers from
the UK continues to develop the MAGIC
model (Cosby et al, 2001; Oulehle et al,
2012), which allows modeling changes in soil
acid-alkaline properties and the in-soil
nitrogen cycle.

According to the nature of the use of
soil organic matter models in the structure of
forest ecosystem models, they can be divided
into two groups. The first group includes
model systems without "feedback”, i.e. those
that do not take into account the impact of
soil changes on forest vegetation
productivity. Examples of such models are
forestry models of economic productivity
with conversion of taxation parameters to
carbon and forest residue pools through
conversion functions, such as in the EFISCEN
(Nabuurs et al., 2000) and MELA (Hirvela et
al,, 2017) models. In feedback model systems,
soil models are functionally embedded in the
structure of ecosystem process models
(Parton et al, 1988; Chertov et al, 1999;
Komarov et al, 2003a; Grabarnik et al,
2019a). The main driver of the feedback is
soil nitrogen available to plants, produced by
mineralization of soil organic matter. In turn,
the role of N in plant productivity in process
models is accounted for either as an external
factor (just like temperature and humidity)
by correction factors to the wunderlying
growth function (Kellomaki et al., 1993; Seidl

et al, 2012) or as a resource used to

synthesize plant biomass (Komarov et al,
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2003a; Shanin et al, 2019), for which
biomass growth is calculated. At the same
time, the change in soil organic matter
reserves under the influence of plant fall
directly affects the production of available
nitrogen.

The following problems can be
formulated within the framework of analysis
by means of simulation modeling of the
relationship between the structure of forest
communities and their sustainable
functioning:

1. Mathematical description of the
structure of complex plant communities
based on modern methods of spatial
statistics. The solution of this problem will
make it possible to model the features of
spatial structure necessary for inclusion in
more complex models of self-organization of
vegetation cover of forest ecosystems.

2. Construction of individual-based
spatially-explicit simulation models of forest
ecosystem dynamics. These models should
reproduce (a) the mechanisms of competitive
relationships for light and soil resources,
which are determined by the spatial
structure of phytocenoses, which will allow
to obtain in simulation experiments realistic
reconstructions of structural changes in
forest ecosystems; (b) the dynamics of
growth of individual plants depending on the
amount of obtained resources and habitat
conditions. An

important property of

competition models should be the ability to
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imitate plant adaptation to heterogeneous
environmental conditions and competitive
pressure from neighboring plants.

3. Finding the required level of detail in
the description of endo- and exogenous
processes occurring in forest ecosystems,
which is required to ensure scalability of the

model system.

4. Development of methods for
modeling  structural and  functional
organization, population dynamics and

productivity of living ground cover plants.
The solution of this problem will improve the
description of biophilic elements turnover
taking into account the production of
phytomass of ground cover plants and spatial
variation of soil organic matter dynamics as a
consequence of heterogeneity of living
ground cover structure. This problem is
closely related to the problem of developing a
model of natural regeneration of trees, taking
into account the spatial structure of the stand
and ground cover and the ecotope conditions
formed by them.

5. Development of soil organic matter
dynamics models (mineralization and
humification processes) taking into account
spatial heterogeneity in plant litter input and
soil hydrothermal regime. The latter will
require the development of a spatially-
explicit model of soil climate, taking into
account the following factors of its formation:
the heterogeneity of vegetation and soil

cover structure, including the influence of
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vegetation and microrelief.

EXPERIMENTAL STUDIES

According to existing concepts, the
spatial structure of forest ecosystems
changes hierarchically, reflecting the total
effects of different factors and multiple
processes underlying spatial patterns at one
or another scale (Kuuluvainen et al.,, 1998;
Kulha et al, 2018; Tikhonova, Tikhonov,
2021). Meanwhile, some factors and
processes form patterns at multiple scales
(Elkie, Rempel, 2001). To determine the
level of detail of the

required spatial

heterogeneity of forest biogeocenoses
associated with the processes of their
functioning at different scales, we conducted
a set of experimental field studies. The
results of them were used to modify and

parameterize new version of the model

system.
Studies were carried out at the
following two key sites — the Prioksko-

Terrasny State Natural Biosphere Reserve

(south of Moscow Region, coniferous-
broadleaved forest subzone) and "Kaluzhskie
Zaseki" State Nature Reserve (south-east of
Kaluga Region, broadleaved forest subzone).
The choice of forest communities with
participation or dominance of broad-leaved
species as objects of study is not accidental.
In the Russian studies, there are quite a few
publications related to the study of the

biogenic cycle and functioning conditions of
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taiga forests (Kazimirov, Morozova, 1973;
Lukina, 1996; Bobkova et al.,, 2000; Nikonov
et al., 2002; Native .., 2006; Lukina et al.,,
2019). Data from these and other
publications were used in the development of
the first versions of the EFIMOD model
system (Komarov et al, 2003a) and its
subsequent modifications, which showed
good reproduction in simulation estimates of
the features of biogenic carbon cycling in
different types of spruce, pine and small-
leaved forests (Chertov et al., 2015; Komarov,
Shanin, 2012). Expanding the scope of
EFIMOD application by including parameters
for broad-leaved species in stand submodels
required not only quantitative data on their
competition for resources, growth
parameters, and biomass distribution among
organs, and conditions for successful
regeneration, but also a special analysis of
the peculiarities of formation and dynamics
of the spatial structure of such stands.

When planning field studies at key sites,
we proceeded from the understanding that
the mutual arrangement of trees of different
species and sizes determines not only the
competition between them for light and soil
nutrition elements, but also forms the
variability of ecological conditions under the
forest canopy. It, in turn, provides a variety of
ecological niches of different scales. It is
important for maintaining the productivity
and ecosystem functions of forests, their

biodiversity and sustainable development.
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Accordingly, when conducting field studies,
we focused, on the one hand, on the layer-
component structure of forest biogeocenoses
(stand, regrowth, ground cover, forest litter,
root-inhabitable soil horizons) and, on the
other hand, on different scale levels of their
manifestation and functioning (community,
cenopopulation, individual

plants, plant

organs).

Brief characterization of the study objects

A 1ha (100 x 100 m) permanent sample
plot in the Prioksko-Terrasny State Natural
Biosphere Reserve was laid out in 2016. The
sides of the permanent sample plots are
oriented along the magnetic meridian;
additionally, the area is divided into 20 x 20
m squares, the corners and centers of which
are marked with milestones. In mixed
uneven-aged stands Betula spp., Picea abies L.
and Pinus sylvestris L. predominate, and
Populus tremula L. occurs less frequently. The
second layer is represented mainly by Tilia
cordata Mill. and Picea abies, with Quercus
robur L. occurring less frequently. The
average age of trees in the first layer varies
from 70-75 years (Tilia cordata, Picea abies)
to 110-115 years (Quercus robur, Pinus
sylvestris). The spatial arrangement of trees
of different species within the sample plot is
shown in Fig. 1. The sparse stand character in
the south-western part of the permanent

sample plot is associated with mass mortality

of generative trees of Picea abies as a result of
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bark beetle (Ips typographus (Linnaeus,
1758)) damage in 2012. Picea abies and Tilia
cordata predominate in regrowth. Vaccinium
myrtillus L., Pteridium aquilinum (L.) Kuhn,
Calamagrostis  arundinacea  Roth  and
Convallaria majalis L. dominate in different

sections of the permanent sample plot in the

FOREST SCIENCE ISSUES, 2023, VOL. 6, NO 4. ARTICLE 135

grass-shrub layer. The soil cover is classified
., 2004) or
Albic Luvisol (WRB, 2015). More detailed

as sod-podbur (Classification

characterization of the soil and vegetation
conditions of the permanent sample plot is
reflected in publications of Shanin et al.

(2018) and Priputina et al. (2020).
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Figure 1. Plan-scheme of the stand at the permanent sample plot of the Prioksko-
Terrasny Reserve P.s. — Pinus sylvestris, P.a. — Picea abies, B.spp. — Betula spp., P.t. —
Populus tremula, T.c. — Tilia cordata, Q.r. — Quercus robur, Dry — dead standing trees, Fal. —
fallen trees since the initial accounting in 2016

Field studies at the permanent sample

plot of the Prioksko-Terrasny Reserve

V. N. Shanin et al.

included thematic blocks in accordance with

the component structure of biogeocenoses.
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Studies of the tree layer included the
following:

1. Mapping of the stand, determination
of ontogenetic states and Kraft classes (for
living trees), heights, trunk diameters at
breast height (DBH) and tree coordinates
using a Laser Technology TruPulse 360B
laser rangefinder with height and magnetic
azimuth functions, which allowed us to
prepare the scenario required for validation
of the model system.

2. Multiseasonal aerial survey of forest
stands using quadrocopters to create
orthophotos of the permanent sample plot in
the Prioksko-Terrasny Reserve. DJI Phantom
4 and Phantom 4 Pro quadcopters were used.
The flights were performed in automatic
mode according to mosaic flight mode
shooting scenario with 80-95% image
overlap.

3. Measuring tree crown projections by
visual interpretation of orthophotos derived
from the processing of aerial photographs.
Steps 2 and 3 are necessary to parameterize
the procedure describing the relationship
between the dimensional characteristics of
the trunk and crown of the tree.

4. Regrowth demographic survey at 5
survey plots (20 x 20 m).

5. Analysis of distribution in space of
needle/leaf and other fractions of
aboveground litterfall of 6 tree species (Picea
abies, Pinus sylvestris, Betula spp., Quercus

robur, Tilia cordata, Acer platanoides) using a

V. N. Shanin et al.
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series of litter traps installed at different
distances from the trees taking into account
their size characteristics. Based on the data
obtained, the

species-specific  spatial

distribution function of needle/leaf litter was

parameterized.

Studies of the grass-shrub layer
included the following:

1. Multiscale spatial mapping of

dominant species, estimation of projective
cover of different species taking into account
the density of tree canopy in the places of
their growth.

2. Determination of heterogeneity of
growing conditions of plant cenopopulations
within the sample area: illumination
(available photosynthetically active radiation
(PAR)) and soil moisture were measured
instrumentally, sub-horizons (L, F, H) of litter
and humus-accumulative soil horizon were
sampled to determine C and N content. These
data allowed validation of the model system
in terms of the confinement of the spatial
structure of living ground cover to local
ecological conditions.

3. Determination of light conditions
under the stand canopy for different variants
of projective cover and ranges of tolerance of
dominant species to light and soil moisture
factors.

4. Controlled experiment to determine
the dependence of photosynthesis intensity
of  Pteridium

aquilinum, Calamagrostis

arundinacea and Convallaria majalis on soil

13
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moisture. The experimental data obtained in
steps 3 and 4 were used for parameterization
of species-specific photosynthesis para-
meters and productivity response functions
of the studied species to the moisture content
of the root habitable soil layer.

5. Sampling of dominant species to
obtain data on biomass, carbon and nitrogen
content in different organs of living plants
and plant litter. Based on these data, the
coefficients of the rank distribution function
were calculated, which are needed to
calculate the production characteristics of the
living ground cover submodel.

Soil studies included the following:

1. Study of the spatial distribution of
organic matter characteristics (Corg, Nrtotal,
C:N) of forest litter and organomineral
horizons of soils depending on the location of
trees of different species, crown density and
species composition of the grass-shrub layer.

2. All-year monitoring of temperature
and moisture of litter and organomineral soil
the amount of

horizons, as well as

atmospheric precipitation entering the
canopy of the stand depending on its density
and species composition. Experimental data
obtained from steps 1 and 2 were used for
validation of submodels of hydrothermal
regime and soil organic matter dynamics.

The permanent sample plot in the
"Kaluzhskie Zaseki" State Nature Reserve is
located in an old-growth polydominant

broadleaved forest without signs of logging

V. N. Shanin et al.
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and other disturbances in the Southern
section of the Reserve and covers an area of
10.8 ha (200 x 540 m). The sample plot was
established in 1986-1988 wunder the
direction of Prof. O. V. Smirnova. A re-census
was conducted in 2016-2018, and a second
stand mapping on a 40 x 40 m plot was
conducted in 2021. The tree stand has a
layered structure and consists mainly of
Quercus robur, Fraxinus excelsior L., Tilia
cordata, Acer platanoides, Acer campestre L.,
Ulmus glabra Huds., Betula spp. and Populus
tremula. The diversity of species composition
of the tree stand upper layer can be seen
from an aerial photograph taken in the fall
(Fig. 2). Some Quercus robur individuals are
over 300 years old, and the maximum age of
trees of other species exceeds 150 years
(Shashkov et al., 2022). The undegrowth is
formed by Corylus avellana L. Euonymus
europaeus L., E. verrucosus Scop., Lonicera
xylosteum L. Prunus padus L., and Tilia
cordata, Ulmus glabra, Acer platanoides and
Acer campestre are mainly represented in the
regrowth. The ground cover is dominated by
Asarum

Aegopodium podagraria L.,

europaeum L., Lamium galeobdolon L.,
Pulmonaria obscura Dumort. and other
nemoral species. The projective cover of
ground cover plants averages 65%. Soil cover
in different parts of the sample area is
represented by variants of sod-podzolic, gray
and dark humus soils (Bobrovsky, Loiko,

2019).
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Figure 2. Orthophotomap of the permanent sample plot in the "Kaluzhskie Zaseki" State
Nature Reserve (based on aerial survey materials dated 10.10.2021; quadrocopter DJI
Phantom 4 Advanced, flight altitude is 117 m)

At the permanent sample plot in the
"Kaluzhskie Zaseki" State Nature Reserve the
following field surveys of the tree layer were
conducted:

1. Multiseasonal aerial survey of tree
stands using DJI Phantom 4 and D]I Phantom
4 Pro quadcopters) in order to create
orthophotomaps of the permanent sample
plot.

2. Mapping of tree stands by
triangulation method based on measuring
distances between focal trees (taking into
account their trunk radius) and reference

points with known coordinates using a laser

V. N. Shanin et al.

rangefinder.

Studies of the grass-shrub layer
included sampling of dominant grass-shrub
species to obtain data on carbon and nitrogen
content in different organs of vegetative
plants and in plant litter.

Soil cover studies included the study of
spatial distribution of organic matter
characteristics (Corg, Ntotal, C:N) of forest litter
and upper organomineral horizon of soils
depending on the location of trees of
different density and

species, crown

dominant species of ground cover.

15



ORIGINAL
RESEARCH

MAIN RESULTS OF FIELD STUDIES

Study of spatial and species structure
features of tree layer in multispecies
stands

The purpose of field studies of the
spatial structure, species-specific growth
parameters and dynamics of the tree layer
was to obtain data necessary to modify the
sub-model of initial tree placement, the sub-
model of competition for photosynthetically
active radiation (PAR) and the sub-model of
tree biomass production and its distribution
among organs, taking into account possible
crown asymmetry. The main focus of our
studies is on analyzing the relationships
between spatial and demographic aspects of
tree stand dynamics. This is due to the tree
placement and size characteristics which are
the result of current demographic changes in
the plant community and past ecological
processes, and competition between trees of
different ontogenetic states and size classes
is asymmetric.

The data on the location (coordinates)
of trunk bases and crown projection
centroids of the upper layer trees obtained
during field studies on a permanent sample
plot in the Prioksko-Terrasny Reserve were
used to analyze the nature of their spatial
distribution (Shanin et al., 2018), similar to
the methodology used in earlier studies

(Shanin et al., 2016). The spatial distribution

of trunk bases was estimated to be consistent

V. N. Shanin et al.
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with the random placement model, but the
value of the agreement measure with the null
hypothesis of random placement (p=0.058)
was close to the critical value of 0.05,
suggesting that real tree placement has
spatial characteristics that deviate from those
for completely random, which may suggest
some evidence of uniformity. Additional
graphical analysis of the L-function showed
for the studied stand a low occurrence of tree
pairs with distances between the bases of
their trunks of 4-6 meters, which is atypical
for random placement. Analysis of the spatial
distribution of centroids (geometric centers)
of crown projections showed that their
location, on the contrary, differed
significantly from random towards more
regular (p=0.032). Deviation from random
placement was associated with a small
contribution to the total distribution of short
distance pairs (1.5-2.5 m). The regularity of
the location of crown projection centroids in
space at random location of trunk bases
shown for the studied stand, which was also
noted in other studies (Sekretenko, 2001;
Schroter et al., 2012), reflects the mechanism
of tree adaptation to competition from
neighbors, which is manifested in
asymmetric horizontal growth of crowns in
different directions. In trees with different
growth strategies, the value of asymmetry
manifests itself differently. It is higher in

reactive and tolerant species and lower in

competitive species, which implies the need
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for appropriate species-specific para-
meterization in the model. It should be noted
that due to this adaptation mechanism,
multispecies stands are able to maintain a
high level of phytomass production,
maximizing the use of available resources.
Measurements of tree crown projection
areas made during field studies showed their
expansion towards open areas (Fig. 3), which

are formed by "gaps" in the forest canopy as

FOREST SCIENCE ISSUES, 2023, VOL. 6, NO 4. ARTICLE 135

a result of fallen trees of the upper layer. This
and the fact that spatial heterogeneity of
ecological conditions under the forest canopy
is associated with the formation of
windthrow gaps (Eastern European forests ...,
2004; Bobrovsky, 2010), determined our
attention to the problem of studying the
spatial features of location and estimation of
the area of windthrow gaps in uneven-aged

stands of complex species composition.

20 —

40

60 —

80 —

100 —

P.s. ©P.a.

O B.spp. P.t

Figure 3. Plan-scheme of tree crown projections at the permanent sample plot of the
Prioksko-Terrasny Reserve. The following species are shown in color: P.s. — Pinus sylvestris,
P.a. — Picea abies, B.spp. — Betula spp., P.t. — Populus tremula, T.c. — Tilia cordata, Q.r. —
Quercus robur

Based on the results of aerial
photography of a permanent sample plot in
the "Kaluzhskie Zaseki" Nature Reserve, the
distribution of forest canopy surface heights

V. N. Shanin et al.

was analyzed. This made it possible to
identify, determine the size and estimate the
proportion of windthrow gaps of different

ages in the tree canopy (Fig. 4).
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Figure 4. A: Plan of a permanent sample plot in the "Kaluzhskie Zaseki" Nature Reserve
for June 4, 2021, dividing the area into a forest canopy (>20 m height) and renewal gaps of
different height classes. B: Plan of a permanent sample plot dividing woody vegetation into

3 classes (Portnov et al., 2021)

Field studies at the permanent sample
"Kaluzhskie Zaseki" Nature

which

plot in the

Reserve also included re-census,
provided data on the dynamics of the main
characteristics of the stand over a 30-year
period (from 1988 to 2018). The results of
comparative analysis showed a marked
increase in the average diameter of trees of
light-demanding

species (Quercus robur,

Fraxinus excelsior, Populus tremula and
Betula spp.). In shade-tolerant species (Ulmus
glabra, Tilia cordata, Acer platanoides), the
average diameter increased insignificantly or
even decreased over the same period of time,
but the total number of trees of these species
increased, indicating their successful
regeneration under the canopy in conditions

of relatively limited PAR resources. The

V. N. Shanin et al.

findings are important for analyzing and

interpreting the results of simulation
evaluations, as well as validating the model

system at a qualitative level.

Study of different tree species surface
litter spatial distribution
Peculiarities = of  distribution  of
needle/leaf and other fractions of litter in the
are an

space of forest biogeocenosis

important factor in the formation of
heterogeneity (patchiness) of soil conditions
(Orlova et al, 2011). To parameterize the
function used in the developed model system
to describe the spatial distribution of
needle/leaf litter of the tree layer, 12 sets of
litter traps with a collection area of 0.25 m?

(0.5 x 0.5 m) under trees of Pinus sylvestris,
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Picea abies, Betula spp., Quercus robur, Tilia
cordata, Acer platanoides species (2 series for
each species) were installed at the key plot in
the Prioksko-Terrasny Reserve. To install
litter traps, trees were selected where the
distance from the nearest tree of the same
species was at least 100% of the height of the
tallest of the trees (either the focal tree or the
tallest of the neighboring trees of the same
species). Each set of 5 litter catchers was
placed along a transect directed away from
the focal tree at distances corresponding to
0.050, 0.125, 0.250, 0.500, and 1.000 focal
tree heights. The location of all trees with
crown projections overlapping the transect
was recorded. The litter was sampled once a
month. Focal tree litter was sorted into the
needles;

following fractions: foliage or

Picea abies
Pinus sylvestris

— Betula spp.

— Quercus robur
Tilia cordata

— Acer platanoides
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branches and bark; other (seeds, cones, bud
scales, etc.). Tree litter from other species
was not separated into fractions. Analysis of
the obtained data on the spatial distribution
of needle/leaf litter (Fig. 5) showed that the
bulk of the litter reaching the soil surface
accumulates at a distance of up to 0.125-
0.250 of the height of the corresponding tree.
The nature of its distribution is determined
by the properties of leaves and needles of
trees of different species, primarily their
specific mass. Among the species studied, the
greatest relative range of dispersal is
characteristic of Betula spp. and the least is
characteristic of Picea abies. No pronounced

regularities were found in the distribution of

other fractions of the litter.
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Figure 5. Spatial distribution of needle/leaf litter of trees of different species: left —
absolute units; right — values standardized with respect to the total amount of litter for the
entire transect

V. N. Shanin et al.
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Studies of undergrowth dynamics and

regeneration of tree species

Demographic study of undergrowth
(trees with trunk diameter less than 6 cm)
was carried out in the Prioksko-Terrasny
Reserve on 5 survey plots 20 x 20 m in size,
laid out within the permanent sample plot.
Quantitative data were obtained showing the
predominance of late successional species of
Tilia cordata, Quercus robur, Picea abies and
the presence of Acer platanoides in small
quantities. Early successional species Pinus
sylvestris and Betula spp. were represented
only by juvenile and immature individuals,
while Populus tremula juveniles were not
detected, despite the presence of generative
trees of this species in the upper layer of the
stand. The results obtained for the
permanent sample plot of the Prioksko-
Terrasny Reserve reflect the peculiarities of
the stage of successional development of
forest stands characteristic of the coniferous-
broadleaved forest subzone (after fellings or
severe fires), when early-successional
species are replaced by late-successional
ones (Successional Processes .. 1999).
Analysis of contingency tables (Vergarechea
et al, 2019) showed that undergrowth of
Tilia cordata was underrepresented in plots
dominated by Betula spp. in the stand and
Calamagrostis arundinacea and Pteridium
aquilinum in the ground cover. For Picea
abies and Quercus robur, on the contrary,

such conditions are favorable. At the same

V. N. Shanin et al.
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time, undergrowth of Picea abies and Quercus

robur is poorly represented in areas
dominated by Pinus sylvestris in the canopy
and Convallaria majalis in the ground layer,
while such conditions are favorable for the
development of Tilia cordata undergrowth.
In areas dominated by Betula spp. in the
canopy and Vaccinium myrtillus L. in
robur

the living ground cover, Quercus

undergrowth is poorly represented.

Study of growing conditions, species,
spatial structure and dynamics of the
forest communities’ grass-shrub layer

The aim of the study was to obtain
experimental data necessary to refine the
algorithms and parameterization of the living
submodel, which allows

ground cover

modeling the structural and functional

organization and population dynamics

of ground cover plants, as well as

their contribution to the  biogenic

cycling of elements in forest ecosystems.
The main part of studies of this thematic
block was carried out on the territory of
Prioksko-Terrasny Reserve and in its
surroundings; the objects of study were
dominant species of the grass-shrub layer
of coniferous-broad-leaved and broad-

leaved forests.

Determination of species tolerance ranges
to light and soil moisture factors
The objects of research are Aegopodium

podagraria, Calamagrostis arundinacea, CCZG
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pilosa L, Convallaria majalis, Oxalis
acetosella L., Pteridium aquilinum,

Vaccinium myrtillus, Vaccinium vitis-idaea

L. To evaluate the ranges of plant

tolerance to light (Table 1), temporary

sample plots were laid out for the

cenopopulation of each species under
extreme light conditions. The transmittance
of solar radiation through the forest canopy
(Global Light Index, GLI) was determined at
the level of photosynthetic plant organs.
Circular hemispherical photographs were
taken at the zenith using a Canon EOS
600D camera with a Sigma AF 4.5/2.8 EX

DC HSM Fisheye lens with a 180 degree

FOREST SCIENCE ISSUES, 2023, VOL. 6, NO 4. ARTICLE 135

angle of view. The top of the frame was
oriented to true north, taking into account
magnetic declination.

To  determine the ranges of

plant tolerance to soil moisture

(Table 1), temporary sample plots were

laid out for the cenopopulation of each

species under extreme moisture

conditions. Moisture measurements were

taken multiple times under different

weather conditions. Soil moisture data

were obtained using an MG-44 soil moisture
meter with a 4-electrode sensor (at least

15 measurements for each temporary

sample plot at each measurement period).

Table 1. Ranges of tolerance of grass-shrub plant species to light and soil moisture

factors
Species Litter moisture tolerance Light tolerance range

range (vol. %) (GLIL, %)
Aegopodium podagraria 5.2-25.3 0.3-10.3
Calamagrostis arundinacea 1.5-29.3 1.1-22.4
Carex pilosa 7.4-26.9 0.4-28.6
Convallaria majalis 5.3-33.7 0.9-24.0
Oxalis acetosella 7.2-29.9 0.3-8.6
Pteridium aquilinum 3.2-24.8 2.1-30.9
Vaccinium myrtillus 5.7-61.1 0.4-27.5
Vaccinium vitis-idaea 4.9-46.8 0.4-31.9

Determining the effect of conditions patchi-
ness created by trunks and crowns of diffe-
rent species trees on soil moisture and il-
lumination at the level of grass-shrub layer

For cenopopulations of Calamagrostis
arundinacea, Convallaria majalis, Pteridium

aquilinum, Vaccinium myrtillus, Vaccinium

V. N. Shanin et al.

vitis-idaea, 5 microsites were laid out along
transects from the trunk of one tree to the
trunk of the neighboring tree (2 in the
clumping part, 2 under tree crowns and 1 in
inter-crown Soil moisture

the space).

measurements and estimates of solar
radiation transmittance through the forest

canopy were made at each of the microsites
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(Fig. 6). At the same microsites, samples of

forest litter and upper root-inhabitable layer

FOREST SCIENCE ISSUES, 2023, VOL. 6, NO 4. ARTICLE 135

of soil were taken to determine their nitrogen

and carbon content.

Figure 6. Images of light transmission by crowns of different densities (A — sparse, B —
medium density, C — dense)

Determination of photosynthesis intensity
dependence on soil moisture under
controlled experiment

The studies were conducted ona 1 x 1
m temporary sample plot where Pteridium
aquilinum, Calamagrostis arundinacea, and
Convallaria majalis grew together. One week
before the experiment, WatchDog moisture
loggers with two WaterScout SM-300
moisture sensors (1 in the forest floor and 1
in the mineral horizon at a depth of 5 cm
from the lower boundary of the floor) were
installed in the trial area. Additionally,
temperature sensors were installed (on the
soil surface, in the forest floor and in the
mineral soil at depths of 10 and 20 cm). On
August 12, 2019, between 10 am and 11:30
am, 212 liters of water were applied to the
sample plot, which approximately
corresponded to the precipitation rate for 3
summer months for the area. To prevent

V. N. Shanin et al.

additional wetting of the sample plot during
the experiment, the site was covered with an
awning fixed at a height of 1.5 m. Three
leaves (i.e, 9 measurement points) were
selected on plants of each species, and
photosynthetic intensity measurements were
taken at each of the 9 points in turn over the
course of a day (from 11:30 am on August 12,
2019 to 11:30 am on August 13, 2019) with
no breaks between measurements (repeated
at the end of the measurement cycle).
Photosynthesis rates were determined with a
PAR-FluorPen FP 110D fluorimeter. The
readings of soil moisture sensors were
recorded automatically at 15 min intervals,
temperature  sensors were recorded
manually at 1 h intervals. In parallel, air
temperature and humidity were recorded
every hour using an aspiration psychrometer.

After the daily cycle of measurements, single

measurements at 9 points were repeated
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every 3 days until the end of the growing
season using a similar methodology.

In addition, the parameters of
photosynthesis intensity of dominant species
response function of the grass-shrub layer to
changes in air temperature and moisture of
forest floor and root-inhabitable layer of soils
were determined at several sample plots (Fig.
7). Photosynthetic rates were determined on
sample plots during the 2018-2021 growing

seasons under different soil temperature and

FOREST SCIENCE ISSUES, 2023, VOL. 6, NO 4. ARTICLE 135

measurements have been made. The root
layer moisture was determined by a soil
moisture meter with preliminary calibration
for soils differing in granulometric
composition. At each sample plot, one-time
measurements were performed in 15-fold
repetition, due to the large variability of this
indicator. Temperature was measured over a
range of conditions from -2 2C to +27 ¢C
(IT-8 instrument) for air once per survey

cycle for each sample plot, for soil it was in a

moisture conditions. More than 3,000 threefold repetition.
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Figure 7. Photosynthesis intensity response functions of dominant species of the grass-
shrub layer to changes in air temperature and forest forest floor moisture. C. a. —
Calamagrostis arundinacea, C. m. — Convallaria majalis, P. a. — Pteridium aquilinum, V. m. —
Vaccinium myrtillus, V. v.-i. — Vaccinium vitis-idaea

Studies on the dynamics of plant growth
and development during ontogenesis

The objects of study were Aegopodium
podagraria, Calamagrostis arundinacea, Carex
pilosa, Convallaria majalis, Oxalis acetosella,
Pteridium aquilinum. Sample plots were laid
in 2018-2020 in areas dominated by these
of  Calamagrostis

(54 plants),

species. Mapping

arundinacea plants partial

V. N. Shanin et al.

shrubs of Carex pilosa (20 plants) and
underground shoots of long-rooted plants
podagraria (10

(15

Aegopodium plants),

Convallaria  majalis plants), Oxalis
acetosella (15 plants), Pteridium aquilinum
(20 plants) for rhizome growth studies was
carried out. Fragments of Oxalis acetosella
underground shoots with live leaves were

ringed with thin metal wire with orange
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plastic number tags. The shoots of the other
plants were spotted with blue plastic tags
stuck next to the shoot in the ground. Twice,
in spring and fall, the length of internodes on
the shoot, the number of buds and leaves, the
length of leaf petiole for each leaf, and the
size of horizontal projection of the surface of
each leaf plate on the ground surface in two
perpendicular directions were measured in
the studied plants. For Oxalis acetosella, the
number of flower-bearing buds per shoot
was additionally noted. The shoots were
recorded. Since Carex pilosa leaves remain
viable in winter, a special method was
developed to determine the timing of their
die-off. Squares with a side of 30 cm were cut
from the covering material, which
corresponds to the size of the above-ground
part of Carex pilosa partial shrubs. Holes with
a diameter of 10 cm were made in the center
of the squares. The resulting "apron" was put
on a partial shrubs and secured to the ground
on four sides with blue plastic number tags.
At each observation period, the number of
vegetative and generative shoots, the number
of living leaves, and the number of dead
leaves were counted for each partial shrub.

The whole length and the living part of the

leaf were measured for living leaves. Number
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of generative shoots was counted.
Additionally, fragments of all plants
excavated for calculating organ rank

distributions were measured and recorded.

Determination of plant organs allometric
relations

Plants of Aegopodium podagraria,
Calamagrostis arundinacea, Carex pilosa,
Convallaria majalis, Oxalis acetosella, and
Pteridium aquilinum were selected for
calculation of allometric ratios. Calamagrostis
arundinace specimens (20 specimens) were
sampled whole. For Aegopodium podagraria,
Carex pilosa, Convallaria majalis, and Oxalis
acetosella, plant fragments were sampled on
0.25 m? microsites (12-25 microsites for
each species). For Pteridium aquilinum, 24
plant fragments were excavated from an area
of 0.5 x 1.5 m, as well as the whole plant from
an area of 0.5 x 8.0 m (Fig. 8). The root
systems of all plants were dug out of the soil
as gently as possible, after which the roots
were washed in running water. In the
laboratory, all plant fragments were
measured and recorded and then divided
into organs, which were weighed after being

dried to a completely dry state.
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Figure 8. Determination of Pteridium aquilinum rhizome size

Determination of nitrogen content in

plant organs and root-inhabitable soil

horizons
Along with the determination of
allometric ratios, carbon and nitrogen

contents were determined in phytomass
samples of different plant organs (by high-
temperature combustion of samples in a
CHN-analyzer). At the same time with plants,
samples of forest floor and mineral soil layer
corresponding to the species under study
were taken at their growing sites, in which
also

carbon and nitrogen content was

determined.

Studies on spatial heterogeneity of soil
conditions under the forest canopy
Monitoring of temperature and moisture of
forest floor and upper mineral soil horizons,
and precipitation as indicators of micro-
climatic conditions under the forest canopy

(7)

measurement of forest floor and upper

Year-round temperature

mineral soil horizons was carried out starting

from November 11, 2016, using two-channel

V. N. Shanin et al.

temperature recorders EClerk-USB-2Pt-KI

("Relsib" production, measurement range is

-50.. +200 °C, accuracy is 0.5 °C).

Temperature was recorded at intervals of
once per hour by sensors located at the

boundary of forest floor and soil

organomineral horizon and in the soil at a
depth of 10 cm. In order to evaluate the
influence of crowns of different tree species
on soil surface shading, the recorders were

installed in series for the following pairs of

trees: "Picea abies — Pinus sylvestris", "Pinus

sylvestris — Pinus sylvestris", "Picea abies —

Picea abies", "Pinus sylvestris — Betula spp."

and "Betula spp. — Picea abies". The
recorders were with 5 sensors in each series
(2 near the trunk bases, 2 under crowns, 1 in
the inter-crown Moisture

space). was

measured on three of the five series. They

were "Picea abies — Pinus sylvestris", "Pinus
sylvestris — Betula spp." and "Betula spp. —
Picea abies"; precipitation was measured on
them during the warm season. Registration
of precipitation and soil moisture, started on

August 28, 2018, was carried out by
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automatic loggers WatchDog 1400 with
Watchdog Tipping Bucket Rain Gauge and
WaterScout SM 100 soil moisture sensors
(Spectrum Technologies Inc., USA). Moisture
sensors were installed in the forest floor and
soil horizons at depths of 5 and 15 cm from
the lower boundary of the floor. When
analyzing the results of hydrothermal
parameters measurements, the central point
of each series (in the inter-crown space) was
taken as the base point, and the difference of
parameters with the base point was
calculated for the other four points. The
results of analyzing data on temperature (T)
distribution at the boundary between the
forest floor and the organomineral horizon
showed no noticeable deviations of T under

crowns and near the trunk base from T in the

FOREST SCIENCE ISSUES, 2023, VOL. 6, NO 4. ARTICLE 135

inter-crown space. For soil T at a depth of 10
cm during the warm period of the year, a
relative decrease was observed under Picea
abies compared to the inter-crown space. In
addition, forest floor moisture under Picea
abies crowns was on average lower and
under Pinus sylvestris crowns higher than in
(Fig. 9). These

patterns were absent in the mineral soil at

areas between crowns
depths of 5 and 15 cm. Data from monitoring
of soil hydrothermal conditions confirm the
importance of taking into account in the sub-
model of soil organic matter dynamics of the
location of different with

of

tree species

correction  factors species-specific
decomposition of litter dependence on forest

floor moisture.
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Figure 9. Variation of forest floor moisture content deviations under trees ("SB" — at
the trunk base, "UC" — under the crown) from inter-crown areas ("IC") in warm and cold
periods of the year. S — Picea abies, P — Pinus sylvestris, B — Betula spp. Median (thick
horizontal line), 1st and 3rd quartiles ("boxes") and range ("whiskers") are shown
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Analysis of organic matter characteristics
spatial heterogeneity (Corg and Ntotal) in soils
depending on the species structure of tree
layer and ground cover

Soil surveys were conducted according
to a unified methodology in August 2018 at
key sites in the "Kaluzhskie Zaseki" Nature
Reserve and Prioksko-Terrasny Nature
Reserve. In order to account for the influence
of dominant tree species and ground cover
on soil organic matter distribution, forest
floor (0) and humus (AY) horizons were
sampled along transects between two
neighboring trees in a series of 5 points
(similar to monitoring of hydrothermal
conditions and geobotanical surveys). On a
permanent sample plot in the "Kaluzhskie
Zaseki" Nature Reserve, 10 transects for
pairs of trees were laid out taking into
account the multispecies composition of the
forest stand. They were "Tilia cordata —

Quercus robur", "Tilia cordata — Betula spp.

, "Tilia cordata — Populus tremula", "Tilia

cordata — Acer platanoides", "Quercus robur

— Acer platanoides", "Quercus robur —

Populus tremula", "Quercus robur — Fraxinus

excelsior", "Fraxinus excelsior — Acer

platanoides"”, "Fraxinus excelsior — Betula

spp- ",
permanent sample plot in the Prioksko-

Ulmus glabra — Ulmus glabra". At a

Terrasny Nature Reserve 7 following

transects were selected with different
combinations of pairs of predominant tree
species of the upper layer: Pinus sylvestris,
Picea abies and Betula spp. The thickness of
forest floor (cm) was recorded during

V. N. Shanin et al.
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sampling at a permanent sample plot in the
Prioksko-Terrasny Nature Reserve. At the
permanent sample plot in the "Kaluzhskie
Zaseki" Nature Reserve, the thickness of
forest floor at the time of sampling at all
points did not exceed 1 cm. The results of the
research have been partially published by
Priputina et al. (2020).

Soil cover in the mixed coniferous-
broadleaved forest community (permanent
sample plot in the Prioksko-Terrasny Nature
Reserve) shows an increase in forest floor
thickness from inter-crown to undercrown
and trunk bases,

spaces reflecting the

intensity of needle/leaf litter input, as
confirmed by litter traps’ data. The Corg and
Ntotai contents in the O horizon ranged from
17.6-44.9 and 0.84-1.79%, while in the AY
horizon they ranged from 0.71-8.5 (Corg) and
0.035-0.33% (Ntota1). The higher variation of
indicators was characteristic of the AY
horizon, including the relationship between
the Nttar content in soil and the nitrogen
status of dominant species of the grass-shrub
layer in samples from inter-crown spaces. In
the soil of a polydominant stand of
broadleaved forest (permanent sample plot
in the "Kaluzhskie Zaseki" Nature Reserve),
the Corg content in the O horizon averaged
25-30%); elevated values of Corg (40-45%)
were under crowns of Betula spp. and Ulmus
glabra, and minimum values were under
crowns of Tilia cordata (20%). In addition,
increased variability in Corg values was shown
for the O horizon of the inter-crown sections.

In the AY horizon, the Corg content was 1.3-
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3.5%. For Quercus robur, Tilia cordata and
Fraxinus excelsior, the values of Corg content
in the humus horizon under crowns were
lower than in trunk areas, while for other
tree species this pattern was not observed.
The Ntotal content in the O horizon averaged
1.0-1.5%, and in the AY horizon it was 0.15-
0.20%.

permanent sample plot in the "Kaluzhskie

The variation of Niwta content in

Zaseki" Nature Reserve soil was markedly
lower than that of Prioksko-Terrasny Nature
Reserve. The relationships of Corg and Notal
content in soils with the character of
vegetation cover of tree and grass-shrub
layers revealed in the course of soil studies
reflect the peculiarities of spatial localization
and qualitative characteristics of surface and
conditions of its

the

in-soil litter and

transformation under influence of
hydrothermal conditions formed under the

forest canopy (Dhiedt et al., 2022).

BRIEF DESCRIPTION
OF THE MODEL SYSTEM
The EFIMOD3 model system is
implemented in the statistical programming
language R v. 4.1.3 (R Core Team, 2014) and
the blocks

(submodels): initial microrelief; initial tree

includes following  basic

placement; competition for
photosynthetically active radiation (PAR)
and soil nitrogen in plant-available forms;

tree biomass production and its distribution

V. N. Shanin et al.
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among organs; spatial distribution of surface
and in-soil plant litter; soil organic matter
dynamics; hydrothermal conditions in soil;
and grass-shrub layer dynamics.

The model system operates with an
annual time step (the internal interval of
individual submodels or individual
procedures may be more detailed such as
monthly, daily, or hourly; here we refer to the
discreteness in time with which the state
output variables are calculated) on a square
simulation plot divided into square -cells
(hereinafter also referred to as "simulation
grid" or "simulated site"). The maximum size
of the simulation grid is 100 x 100 m (1 ha);
the cell size can be arbitrary and was
assumed to be 0.5 x 0.5 m in most
subsequent simulations with the model
system. To avoid edge effects, a torus-closure
technique is used, which assumes that cells at
the edge of the simulated site that have no
neighbors on one or two sides use cells on
the opposite edge as neighbors (Haefner et
al, 1991). General scheme of the model
system is presented in Fig. 10. A brief
description of the submodel algorithms is
given below; more detailed descriptions of
the algorithms, as well as descriptions of the
procedures for parameterization, validation,
and sensitivity analysis of submodels, are
given in the publications cited below. The list

of model system parameters is given in

Tables 2-5.
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Table 2. Species-specific parameters of competition for soil mineral nitrogen submodel
(reproduced from (Shanin et al., 2015a), as amended)

Ps Pa Ls As Bp Pt Qr Tc Fs Ap Ug Fe

davg 13.30 [9.01 9.04 13.42 (15,57 |[14.72 |8.31 9.86 9.64 8.42 10.75 [12.21

bavg 4.50 4.51 4.69 4.37 8.01 6.22 18.74 (12.44 |19.42 |5.67 6.04 5.02

Cavg 0.060 ]0.160 (0.155 [0.072 ]0.095 ]0.110 (0.141 (0.088 ]0.078 ]0.091 [0.064 (0.102

Amax 14.84 (1199 |[12.02 |1550 |22.11 (18.05 |[10.24 |12.71 |10.98 (10.26 |[13.24 |14.02

bmax 2.77 3.13 3.22 2.84 6.64 5.22 9.76 7.78 12.62 (3.54 3.62 3.78

Cmax 0.068 10.190 ]0.186 ]0.081 ]0.110 ]0.140 (0.153 (0.094 (0.080 [0.092 [0.068 [0.112

FRy 0.033 10.050 ]0.039 ]0.048 ]0.029 ]0.031 (0.034 (0.032 (0.027 (0.034 (0.048 (0.026

SRy 0.036 0.053 ]0.041 ]0.051 ]0.031 ]0.029 (0.036 (0.034 (0.028 [0.035 [0.050 (0.030

Mstrar ~ |0.8 1.4 1.1 1.1 1.2 1.2 0.9 1.0 1.2 1.0 1.0 0.9

Qur 0.226 10.108 ]0.215 ]0.122 ]0.138 ]0.119 (0.101 (0.097 (0.112 (0.161 (0.115 (0.140

bur 0.023 ]0.022 (0.024 [0.022 |0.021 ]0.021 (0.020 (0.020 ]0.020 ]0.020 (0.020 (0.021

Note: Ps — Pinus sylvestris, Pa — Picea abies, Ls — Larix sibirica, As — Abies sibirica, Bp — Betula
pendula Roth / Betula pubescens Ehrh., Pt — Populus tremula, Qr — Quercus robur, Tc — Tilia cordata,
Fs — Fagus sylvatica, Ap — Acer platanoides, Ug — Ulmus glabra, Fe — Fraxinus excelsior. davg, bavg, Cavg
— parameters of the equation describing the average range of horizontal root spread as a function of
tree size; amax, Dmax, Cmax — similarly for the maximum range of horizontal spreading of roots (Laitakari,
1927, 1934; Bobkova, 1972; Verkholantseva, Bobkova, 1972; Lashchinsky, 1981; Diagnoses and keys
., 1989; Kajimoto et al., 1999; Kalliokoski et al., 2008, 2010a, 2010b; Terekhov, Usoltsev, 2010;
Kalliokoski, 2011); FRy — parameter describing the dependence of the fraction of fine roots in the
forest floor on its thickness; SRy — similarly for skeletal roots (Kalela, 1949, 1954; Bobkova, 1972;
Verkholantseva, Bobkova, 1972; Baneva, 1980; Lozinov, 1980; Laschinsky, 1981; Abrazhko, 1982;
Majdi, Persson, 1993; Persson et al., 1995; Braun, Fliickiger, 1998; Thomas, Hartmann, 1998; Rust,
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Savill, 2000; Rothe, Binkley, 2001; Schmid, 2002; Veselkin, 2002; Puhe, 2003; Brandtberg et al., 2004;
Leuschner et al., 2004; Oostra et al., 2006; Piittsepp et al., 2006; Withington et al., 2006; Helmisaari et
al,, 2007, 2009; Ostonen et al.,, 2007; Tanskanen, Ilvesniemi, 2007; Tatarinov et al., 2008; Dauer et al.,
2009; Meinen et al,, 2009; Yuan, Chen, 2010; Giniyatullin, Kulagin, 2012; Peichl et al., 2012; Usoltsev,
2013a; Brunner et al, 2013; Chenlemuge et al., 2013; Hansson et al, 2013; Urban et al, 2015;
Grygoruk, 2016; Jagodzinski et al., 2016; Takenaka et al., 2016; Tardio et al., 2016; Mauer et al,, 2017;
Meier et al., 2018; Zhang et al,, 2019; Wambsganss et al., 2021); msw« — a multiplier describing the
change in vertical distribution of root biomass in the presence of trees of other species (with values
less than 1 the root system becomes deeper, with values greater than 1 it becomes more surfaced)
(Biittner, Leuschner, 1994; Schmid, 2002; Schmid, Kazda, 2002; Bolte, Villanueva, 2006; Kelty, 2006;
Kalliokoski et al.,, 2010a, 2010b; Richards et al.,, 2010; Brassard et al., 2011; Shanin et al.,, 2015b;
Goisser et al.,, 2016; Jaloviar et al., 2018; Aldea et al., 2021); a. — specific nitrogen consumption by
roots of annual trees, gram of nitrogen per kg of fine root biomass per day; b, — parameter describing
the decrease in specific nitrogen consumption with tree age (Gessler et al., 1998; Lebedev, Lebedev,
2011, 2012; Lebedev, 2012a, 2012b, 2013; Guerrero-Ramirez et al., 2021).

Table 3. Species-specific parameters of competition for PAR submodel (reproduced
from (Shanin et al., 2020), as amended)

Ps Pa Ls As Bp Pt Qr Tc Fs Ap Ug Fe
SHP EL CN CN CN SE SE CYy SE SE EL SE EL
a 3.788 [2.519 |[3.650 |2.614 |2.254 (2.324 |2.727 |2.816 (2.918 |[2.798 |2.824 |3.421
£ 1.283 [1.448 |1.262 |1.422 (1.386 |[3.392 |1.656 [1.700 |[1.316 |1.702 |1.714 [1.186
yle-2] -8.38 |-4.71 |[-7.52 |-482 |-642 |[-6.05 |[-548 |-5.22 [-4.22 |[-5.66 |-5.12 |-7.55
u 0.724 10.926 [0.712 ]0.888 ]0.682 [0.715 [0.694 ]0.702 (0.816 [0.688 ]0.710 [0.615

UCR 8.882 |5.757 |7.955 |5.402 [9.147 (8.412 (11.178 [9.120 |10.912 |9.064 [8.842 |8.764

vcL 38.167 (45.420 [41.714 |46.166 |52.571 [46.271 |42.718 |42.172 (45.212 |43.224 |41.716 (37.162

neele-2l |-2.04 |-4.82 |-3.02 |-4.22 |-2.54 |[-2.61 |[-3.04 |(-2.71 |[-3.12 |-3.14 |-3.22 |-2.81

nele-2l |-1.37 |-2.43 |-1.64 |-249 |-142 |[-1.55 |[-1.49 |-1.88 [-2.52 |[-196 |-1.78 |-1.32

Kcgle®l |-4.46 |-1.62 |-391 |-1.78 |-4.78 [-491 |[-3.12 |[-2.74 |-151 |[-2.14 |-1.88 |-4.31

Kcle-6l |-8.92 |-4.86 [(-4.22 |-481 |-5.39 |[-4.67 |[-3.47 |-3.20 [-3.00 [-2.97 |-2.01 |-8.16

oLy 0.043 ]0.042 [0.048 (0.044 (0.057 [0.059 [0.028 ]0.012 ]0.010 ]0.011 |0.022 (0.013

OBM 0.079 (0.059 [0.062 |0.061 |0.119 [(0.121 |[0.115 |0.102 (0.118 [0.106 ]0.124 |0.101

TLY 1.128 (1.292 (1.333 |1.264 |1.123 |1.126 |1.152 |1.118 |1.076 (1.102 (1.074 [1.326

TBM 1.020 (1.168 (1.200 [1.151 |0.949 ]0.948 ]0.996 ]0.993 (0.949 (0.979 (0.954 |[1.122

Yrv -3.430 |-2.622 [-2.545 |-2.658 |-3.146 (-3.127 |-3.312 |-3.527 (-3.992 |-3.674 |-3.872 [-2.818

Yam -3.596 |-2.589 [-2.428 (-2.602 (-3.907 [-3.878 |-3.622 |-3.722 |-4.061 |-3.840 [-3.912 [-3.022

WLy 4987 13962 [(4.116 |3.848 |3.979 [4.003 [4.565 |4.128 (4.446 [(4.220 |4.450 |4.792

WBM 3.667 [2.765 |[2.664 |2.641 |3.659 |[3.626 [4.372 |4.110 (4.199 [4.192 |4.217 |4.442

A% 8.8 5.4 4.9 9.5 18.7 17.0 17.5 221 21.6 23.7 24.0 16.0

Lmin 0.340 ]0.015 |0.320 (0.010 (0.290 (0.180 (0.105 ]0.010 ]0.008 ]0.010 ]0.010 0.050

Note: Species codes are according to Table 2.

SHP — crown shape (EL — vertically asymmetric ellipsoid, SE — semi-ellipsoid, CN —
composite cone, CY — cylinder); a, ¢, ¥, u — coefficients of the equation to account for the influence of
neighboring trees on the focal tree crown size; v, n, k — coefficients of the equation for calculating
crown sizes (cg — average radius at the widest part, ¢z — vertical extent) (Pugachevsky, 1992;
Tselniker et al., 1999; Widlowski et al., 2003; Rautiainen, Stenberg, 2005; Lintunen, Kaitaniemi, 2010;
Thorpe et al,, 2010; Seidel et al., 2011; Usoltsev, 2013b, 2016; Kuehne et al., 2013; Lintunen, 2013;
Falster et al., 2015; Pretzsch et al., 2015; Shanin et al., 2016, 2018; Dahlhausen et al., 2016; Danilin,
Tselitan, 2016; Barbeito et al., 2017; Pretzsch, 2019; Jucker et al,, 2022; Shashkov et al,, 2022); o, 7, ¥,
w — coefficients of the equation of leaf biomass distribution (.v) and total biomass of leaves and
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branches (s) in the vertical crown profile (Nosova, 1970; Gulbe et al., 1983; Niinemets, 1996; Eermak,
1998; Jarmisko, 1999; Bobkova et al.,, 2000; Makeld, Vanninen, 2001; Tahvanainen, Forss, 2008;
Petritan et al., 2009; Lintunen et al, 2011; Hertel et al,, 2012; Sramek, Cermdak, 2012; Usoltsev, 2013a;
Gspaltl et al,, 2013; Berlin et al.,, 2015; Montesano et al., 2015; Hagemeier, Leuschner, 2019a, 2019b;
Kiikenbrink et al.,, 2021); S;v — specific one-sided leaf surface area, m2 kg-! (Ross, 1975; Gulbe et al,,
1983; Eermak, 1998; Widlowski et al., 2003; Utkin et al., 2008; Collalti et al., 2014; Thomas et al., 2015;
Forrester et al.,, 2017); Lmin — PAR threshold value, as a fraction of PAR above the canopy (Evstigneev,
2018; Leuschner, Hagemeier, 2020). The marks [e-2] and [e-¢l after the parameter names mean that the
value given in the table must be multiplied by 10 to the corresponding negative degree to obtain the
actual value of the parameter.

Table 4. Species-specific parameters of the biomass production submodel (reproduced
from (Shanin et al., 2019), as amended)

Ps Pa Ls As Bp Pt Qr Tc Fs Ap Ug Fe
To 1 -3 -5 -1 2 5 5 5 3 5 5 5
T1 23 17 24 20 18 20 23 25 22 27 25 25
T2 28 27 29 28 30 32 33 35 34 35 34 33
Do 0.82 0.50 0.56 0.52 0.63 0.71 0.55 0.59 0.64 0.53 0.48 0.72
D1 2.20 1.36 1.62 1.41 1.72 1.88 1.44 1.62 1.75 1.12 1.22 1.86

Ymin -3.34 |-0.68 |-1.75 |-1.14 |-1.55 |[|-1.62 |-1.47 |-1.56 [-1.93 |-1.38 [-143 [-2.37
Cst 0.474 (0.504 ]0.467 [0.497 ]0.494 |0.496 [0.484 |0.472 (0.469 ]0.471 (0.465 ]0.463
Csr 0.498 [0.522 (0.477 ]0.519 [0.501 [0.518 ]0.491 [0.475 [0.464 ]0.477 [0.471 [0.460
Civ 0.507 [0.532 ]0.474 [0.535 ]0.512 [0.528 ]0.504 [0.474 [0.462 |0.458 [0.467 ]0.466
Csr 0.461 |0.486 [0.471 ]0.506 [0.502 [0.499 ]0.486 [0.501 [0.454 ]0.438 [0.445 [0.435
Crr 0.504 [0.527 ]0.476 [0.522 ]0.508 [0.522 ]0.502 [0.506 [0.484 0.492 (0.499 ]0.484
Nsr 1.4 1.6 1.7 2.2 2.1 2.7 3.1 2.8 2.4 2.7 2.8 2.8
Nsr 3.2 4.2 3.8 5.4 6.4 6.3 6.9 7.2 6.2 5.6 7.2 6.8
Niv 11.9 14.1 13.3 16.4 23.7 23.9 24.8 289 20.3 19.6 28.1 23.6
Nsr 2.2 3.8 2.9 3.9 6.0 5.4 5.7 6.7 5.2 5.6 7.1 6.5
Nrr 3.7 5.7 5.1 6.8 7.5 8.0 8.7 7.9 7.5 7.8 9.6 9.1
Nur 7.0 8.6 8.1 9.8 13.3 13.6 10.1 14.9 8.1 7.9 11.2 13.3
A1 0.70 0.95 0.90 0.95 0.90 0.90 0.60 0.60 0.70 0.60 0.65 0.60
A2 3.00 4.00 3.50 4.00 4.00 4.00 2.25 2.50 3.00 2.50 3.00 3.00
[Amax 500 600 600 400 250 200 1200 |600 600 450 350 400
Hmax 50 52 48 44 36 38 42 40 48 40 40 52
EVG + + - + - - - - - - - -
Prmax 7.72 4.61 3.26 2.55 9.10 13.29 [20.20 |21.08 |14.20 |4.54 2297 |15.52
Km 245.78 |224.41 [374.19 |177.56 [139.02 [305.56 |283.00 [286.72 [236.60 |135.25 [351.25 (302.24
Kbp 3.55 4.56 4.00 4.00 9.36 13.50 |3.30 6.00 12.70 [13.56 |6.00 6.00
psT 470 405 425 350 590 380 620 470 560 590 595 675

z 1.36 0.93 0.27 0.90 0.95 0.47 0.68 0.71 0.72 0.25 1.27 0.72

y 0.12 0.45 5.54 0.75 0.42 2.23 0.93 0.93 1.24 3.37 0.18 1.11
Crank 0.65 0.62 0.80 0.64 0.77 0.70 0.68 0.64 0.74 0.65 0.68 0.73
drank -0.21 [-0.20 (-0.19 |-0.20 |-0.23 |[-0.28 [-0.30 |-0.28 [-0.29 |[-0.29 |-0.31 |-0.28
€rank -1.72 |-0.76 |-0.55 |-0.78 |[-1.35 |-1.57 |-0.78 [-0.68 [-1.35 |-0.78 [-0.81 [-1.17
 frank -0.16 |[-0.24 |-0.32 |[-0.25 |-0.27 |-0.19 |-0.32 |-0.36 [-0.32 |-0.32 (-0.34 |-0.28
Duir 0.36 0.23 0.22 0.37 0.39 0.39 0.42 0.39 0.39 0.41 0.36 0.39

Note: Species codes are according to Table 2.
To — minimum temperature for the production process, °C; T1 — temperature corresponding to

V. N. Shanin et al. 3 1
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the saturation point, above which there is no productivity growth, °C; T, — temperature of the
production process suppression beginning, °C (Niinemets et al., 1999; Dreyer et al,, 2001; Medlyn et
al,, 2002; Peng et al.,, 2002; Makela et al., 2008; Amichev et al., 2010); Do — VPD value, up to which its
increase does not lead to decrease of stomatal conductance, kPa; D1 — VPD value, at which the
stomatal conductance is halved, kPa (Appleby, Davies, 1983; Pigott, 1991; Seidl et al., 2005; Celniker et
al, 2007; Gebauer, 2010; Packham et al,, 2012; Kharuk et al., 2017; Thomas et al.,, 2018); Ymin —soil
moisture threshold value, MPa (Jarvis, 1976; Hinckley et al., 1978; Appleby, Davies, 1983; Ranney et
al, 1991; Bréda et al, 1995; Hanson et al., 2001; Lemoine et al., 2001; Lexer, Honninger, 2001;
Waullschleger, Hanson, 2003; Shein, 2005; Seidl et al., 2005; Niinemets, Valladares, 2006; Saxton,
Rawls, 2006; Gefdler et al., 2007; Dulamsuren et al., 2008; Kocher et al., 2009; Rotzer et al., 2013; Way
et al,, 2013); Csr — carbon content of the trunk, as a fraction of the absolute dry mass; Csr — the same
parameter for branches; C;y — the same parameter for foliage/needles; Csg — the same parameter for
skeletal roots; Crr — the same parameter for fine roots (Pefiuelas, Estiarte, 1996; Niinemets, Kull,
1998; Balboa-Murias et al., 2006; livonen et al., 2006; Sinkkonen, 2008; Hansson et al., 2010; Dymov et
al,, 2012; Peichl et al., 2012; Uri et al,, 2012, 2019; Deineko, Faustova, 2015; Medvedev et al.,, 2015;
Giertych et al,, 2015; Steffens et al., 2015; Zadworny et al., 2015; Zhu et al., 2017; Tumenbaeva et al.,
2018; Koshurnikova et al.,, 2018; Betekhtina et al., 2019; Kaplina, Kulakova, 2021); Nsr — specific
nitrogen consumption per trunk mass unit growth, grams of nitrogen per 1 kg of growth; Nzz — the
same parameter for branches; Ny — the same parameter for foliage/needles; Nsz — the same
parameter for skeletal roots; Nrg — the same parameter for fine roots; Niyr — N content in leaf litter,
grams of nitrogen per 1 kg of litter (Remezov et al., 1959; Bocock, 1964; Remezov, Pogrebnyak, 1965;
Morozova, 1971, 1991; Novitskaya, 1971; Kazimirov, Morozova, 1973; Molchanov, Polyakova, 1974,
1977; Rusanova, 1975; Smeyan et al,, 1977; Khavron'in et al., 1977; Luk'yanets, 1980; Rabotnov, 1980;
Vakurov, Polyakova, 1982a, 1982b; Vtorova, 1982; Oskina, 1982; Bobkova, 1987; Karmanova et al,,
1987; Stolyarov et al, 1989; Nosova, Kholopova, 1990; Migunova, 1993; Lukina et al., 1994; Bauer et
al, 1997; Niinemets, 1998; Trémoliéres et al, 1999; Sudachkova et al., 2003; Peuke, Rennenberg,
2004; Modeling the dynamics of .., 2007; Nahm et al., 2007; Vesterdal et al., 2008; Dannenmann et al.,
2009; Hobbie et al,, 2010; Vinokurova, Lobanova, 2011; Reshetnikova, 2011; Dymov et al, 2012;
Falster et al., 2015; Matvienko, 2017); A1, A2 — regression coefficients of dependence of biomass
production on tree height and age; Amax — theoretical maximum possible (for this species) age, years;
Hmax — theoretical maximum possible (for this species) height, m (Prentice, Helmisaari, 1991;
Landsberg, Waring, 1997; Lexer, Honninger, 2001; Usoltsev, 2002; Eastern European Forests ..., 2004;
Seidl et al., 2005; Bobkova et al., 2007; Shvidenko et al., 2008; Praciak, 2013); EVG — whether the
species is evergreen or deciduous; P« — maximum photosynthesis intensity in terms of carbon, pmol
m-2 s-1; K, — PAR intensity, at which 0.5 of the full photosynthesis intensity is reached, pumol m-2 s-1
(Kull, Koppel, 1987; von der Heide-Spravka, Watson, 1992; Kloeppel, Abrams, 1995; Luoma, 1997;
Kazda et al., 2000; Oleksyn et al., 2000; Aschan et al., 2001; Zagirova, 2001; Medlyn et al., 2002; Le Goff
et al., 2004; Dulamsuren et al., 2009; Gardiner et al., 2009; Durkovi¢ et al., 2010; Suvorova et al., 2017;
Gerling, Tarasov, 2020); Ky, — Ball-Berry coefficient for the calculation of the stomatal conductivity
(Miner et al., 2017; Pace et al,, 2021); psr — trunk density (including bark), kg m-3 (Reference book ...,
1989; Zhang et al., 1993; Luostarinen, Verkasalo, 2000; Karki, 2001; Makinen et al., 2002; Alberti et al,,
2005; Herdjarvi, Junkkonen, 2006; Lal et al., 2007; Gryc et al., 2008; Jyske et al., 2008; Kiaei, Samariha,
2011; Tomczak et al.,, 2011; Luostarinen, 2012; Skarvelis, Mantanis, 2013; Mederski et al., 2015; De
Jaegere et al, 2016; Diaconu et al., 2016; Diaz-Maroto, Sylvain, 2016; Hamada et al, 2016;
Zajaczkowska, Kozakiewicz, 2016; Liepin$ et al., 2017; Viherad-Aarnio, Velling, 2017; Giagli et al,,
2018); z, y — empirical coefficients for the conversion of tree trunk size to its biomass (Usoltsev, 2002,
2016; Shvidenko et al., 2008); Crank, drank, €rank, frank — empirical coefficients for calculating tree mass
distribution by organs (Stakanov, 1990; Helmisaari et al., 2002; Falster et al., 2015; Usoltsev, 2016;
Komarov et al., 2017b); Dy;r — parameter characterizing the range of needle/leaf litter dispersion as a
function of tree height.

V. N. Shanin et al. 32



ORIGINAL
RESEARCH FOREST SCIENCE ISSUES, 2023, VOL. 6, NO 4. ARTICLE 135
Table 5. General parameters of the model system (reproduced from (Shanin et al.,
2015a; Shanin et al., 2019; Shanin et al., 2020), as amended)

Parameter Value

dr— delayed reaction time to temperature change, days (Makela et al., 2008) 6

Y. — soil water potential at the lowest field water holding capacity, MPa
(Hanson et al,, 2001; Wullschleger, Hanson, 2003; Shein, 2005; Saxton, Rawls,|-0.033
2006)

Co — base CO: concentration, ml m-3) (Friedlingstein et al., 1995; Coops et al,,

2005; Seidl et al., 2005; Swenson et al., 2005). 340

C» — CO: concentration at the compensation point, ml m-3 (Friedlingstein et al.,

1995; Coops et al.,, 2005; Seidl et al., 2005; Swenson et al., 2005) 80

Po — response factor to CO: concentration (Friedlingstein et al.,, 1995; Norby et

al, 2005) 0.6

w — weighting factor of combining environmental factors (Frolov et al., 2020a) |0.5

CRmax — threshold ratio of the maximum crown projection radius to the mean

radius (Shanin et al., 2020) 1.25
K.« — PAR transmittance coefficient by foliage 0.5
me« — modifier of the root systems horizontal spread range for oligo-, meso- 12:1.0:08
and eutrophic habitats (Shanin et al., 2015a) e
Mmoiss — modifier of the root systems horizontal spread range for habitats with 13:1.0: 0.9
low, moderate and excessive moisture content (Shanin et al., 2015a) DA
p. — parameter of probabilistic self-thinning of stands (Seidl et al., 2012) 0.02
anminy — parameter of the function for calculating nitrogen mineralization in

. . . 4 -1.41;
subhorizons L of organogenic (forest floor) and pools L of organomineral soil

. : -1.26

horizons for boreal and temperate climates
anminy — parameter of the function of calculation of nitrogen mineralization in

. : . . ) -0.97;
sub-horizons F and H of organogenic and pool F of organomineral soil horizons 0.88

for boreal and temperate climates

anminmy — parameter of nitrogen mineralization calculation function in pool H of |-1.37;

soil organomineral horizon for boreal and temperate climates -1.38
buminyy — parameter of nitrogen mineralization calculation function in _105.02:
subhorizons L of organogenic and pools L of organomineral soil horizons for _104'92’
boreal and temperate climates '
bnmin;y — parameter of nitrogen mineralization calculation function in sub- _103.24:
horizons F and H of organogenic and pool F of organomineral soil horizons for —103'87’

boreal and temperate climates

bnminy — parameter of nitrogen mineralization calculation function in pool H of|-104.43;
soil organomineral horizon for boreal and temperate climates -104.53

The input variables of the model system meso- or eutrophic) and moisture content
at the initialization stage are as follows: (dry, moderate (normal), wet); geographic

habitat type in terms of trophicity (oligo-, coordinates (in decimal degrees); soil
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granulometric composition (fraction of silt,
clay and sand); initial stand parameters (type
of tree spatial arrangement (pseudo-random,
clustered, regular planting, etc.), density
(trees ha-1), species composition,
distribution of trees in height and trunk
diameter, microrelief parameters (height
amplitude, type of heterogeneities; thickness
of all considered soil layers (m); bulk density
of all considered soil layers (kg m-3); carbon
and nitrogen content in sub-horizons L, F and
H of organogenic horizon and pools L, F and
H of organomineral horizon (kg m-%); soil
acidity, soil drainability (logical value,
high/low). Input variables of the model
system at a single (daily) step are the
following: minimum, average and maximum
air temperature (°C); water vapor pressure
deficit (kPa); relative air humidity (%);
precipitation

(mm day-1); atmospheric

carbon dioxide concentration (ml m-3);
nitrogen compound input with precipitation
day-1).

Simulation of felling (parameters include

(in terms of nitrogen, kg m=
intensity of felling, order of removal of
different tree species during felling, amount
of felling remains, etc.) and tree planting
(parameters: planting density, trees ha-l,
species composition, size and spatial location
parameters) at certain modeling steps. Model
system also has a number of "technical"
parameters (size of simulation grid and unit
cell of simulation grid; sampling rate of

curves describing crown shapes, etc.), which

V. N. Shanin et al.
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are not deciphered here.

Initialization of the model system
Microrelief
Since microrelief is the result of
interaction of a complex set of processes
occurring on different spatial scales and with
different characteristic times, the
construction of a process-based model (i.e.,
reproducing the real mechanisms of
microrelief formation) seems inexpedient.
Instead, the microrelief generation algorithm
is based on the principle of generating a set
of cells with statistical characteristics of
relative height distribution given in the form
of external parameters of the submodel. For
the cell having the smallest value of absolute
height, the value of relative height is taken as
0, and for the other cells the height is
calculated relative to it (in meters). The
algorithm operation includes the following
steps: (1) generation of “historical"
heterogeneity (the spatial scale of elements is
to tens

from meters of meters); (2)

generation of microheterogeneities (the
spatial scale of elements is comparable to the
size of the simulation grid cell); (3)
generation of heterogeneities associated with
the presence of near-trunk elevations and
treefall-soil complexes ("hollow, hillock, log")
(Karpachevsky, 1981); (4) generation of the
overall slope.

The first step involves the generation of

a Gaussian random field (Hristopulos, 2020)
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with the number of nodes and heterogeneity

amplitude (the difference between the
maximum and minimum values of the
relative cell heights) given as input
parameters. During the second stage, the
obtained values of relative heights are
modified with uniformly distributed random
deviations, the amplitude of which is given by
the input parameter of the submodel. The
procedure for generating tree-base mounds
at this stage of submodel development
requires their magnitude to depend only on
the diameter of the tree trunk at breast level
and is assumed to be 0.5 of the latter. The
overall slope in the simulated site is
calculated using a general plane equation the
parameters depending on the azimuth (in
the direction to

degrees relative to

geographic north) and slope magnitude

(in %) given as input parameters.

Stand spatial structure

The structure of the model system
assumes that the coordinates of each tree
correspond to the coordinates of the center
of the cell in which the tree is placed, and
there cannot be more than one tree in the
same cell. The stand spatial structure
submodel allows the realization of several
types of initial tree placement on the
simulated site.

When uniform pseudorandom
placement is implemented, tree coordinates

are pseudorandomly selected from the
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available range. Pseudorandom placement
with threshold distance is realized in two
variants. In the stand density prioritized
variant, in the first step the algorithm places
a given number of trees as uniformly as
possible, using either a Fibonacci grid
(Fomin, 1988) or a square grid with some
elements skipped. In the second step, the
algorithm randomly shifts each tree relative
to its original coordinates within a certain
distance given by the shift parameter. This
parameter defines the maximum distance (in
fractions of one unit) from half of the
minimum tree spacing at the original regular
spacing. In the minimum distance priority
variant, the algorithm iteratively tries to
place each new tree in such a way that the
distance from it to the nearest neighboring
tree is not less than the threshold distance
(the so-called "hard-core distance") specified
in the submodel parameters. The cycle stops
when a threshold number of unsuccessful
attempts to find a location to place a new tree
is exceeded (Teichmann et al., 2013). Thus,
this algorithm may not be able to realize the
stand density given in the initial parameters,
but it ensures that the minimum distance
between neighboring trees is maintained.
Regular tree placement is designed to
simulate the artificial plantings and has two
parameters: row spacing width and distance
between seedlings in a row. When

implementing direct tree placement, these

with
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dimensionality equal to the simulation grid number of trees according to the probability
cell size specified in the input parameters of described by the generated Gaussian random
the submodel. field. Implementation of gradient placement

When implementing clustered is based on a similar principle, but the spatial
placement, the algorithm generates a probability distribution is described by the
Gaussian random field based on the number equation of a plane with azimuth given in the
of randomly placed nodes given in the input input parameters of the submodel. Examples
parameters of the submodel. The algorithm of different placement options are shown in

then realizes the distribution of a given Fig. 11.
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Figure 11. Implementation of different variants of initial tree placement: 1 — uniform
pseudorandom; 2 — pseudorandom with a threshold distance (stand density priority); 3 —
pseudorandom with a threshold distance (minimum distance priority); 4 — clustered; 5 —

gradient; 6 — regular

The p-distribution (Gupta, 2011) is used and maximum values of these parameters,
to simulate the heterogeneity of height and which allows generating asymmetric
diameter values of individual trees. The distributions. It is also possible to specify the
range of height and diameter values is degree of correlation between height and
specified in the input parameters of the diameter values for individual trees. The

submodel by specifying average, minimum additional parameter allows user to specify
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the shape of the distribution (convex,

concave, uniform). Submodel structure
allows to simulate multi-species stands,
where it is possible to set the ratio between
species at a certain type of spatial structure
or to combine stands of several species, each
of which is characterized by its own features

of spatial structure.

Unit step of the model system
Competition for mineral nitrogen in the
soil

The competition submodel between
trees for mineral nitrogen in the soil,
described in detail previously (Shanin et al.,

2015a), and

simulates the growth
development of root systems, taking into
account their adaptation to spatial
heterogeneity in soil resource distribution
and competitive pressures from neighbors.
Within each cell of the simulated site, the
distribution of resources and root biomass is
assumed to be homogeneous. The submodel
is individual-based and spatially-explicit, i.e.,
it takes into account the relative position and
characteristics of all competing trees in the
stand, and the nutrition zone of each tree is
represented as an array of cells.

The total area of each tree's nutrition
zone is calculated based on the average (lavg)

and maximum (Imax) root spreading distance
(m):

Aavg
(1+bgygxeCavg*DBHy

lavg =

V. N. Shanin et al.
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Amax
(1+bmaxxe~Cmax*DBHY’

lmax -

where DBH is the diameter of the tree

trunk at breast height (cm), davg, amax,

bmax, and cmax are

bavg, Cavg empirical
coefficients. Since root spreading distance
decreases with increasing soil fertility and
moisture, these parameters are modified
depending on habitat conditions such as
moisture and

trophicity (additional

multipliers mfrr and Mmmoist). The area

occupied by the root system is calculated

based on the average root spreading
distance as the area of a circle with radius
equal to lavg.

To determine the conditions for
including a cell (x,y) in the tree nutrition
zone, the parameter pxy is used, which
depends on the following: the amount of
nitrogen in plant-available forms (kg m=2, is
an output variable of the soil organic matter
dynamics submodel) in a given cell (ny y); the
distance between the center of the cell and
the base of the focal tree trunk (dxy); and the
root mass of other competing trees (kg m=2 is
an output variable of the sub-model of
production and organ biomass distribution)
in the cell (muxy):

Pry=f(dy) X f(M)) X f(gy),
where the values of the corresponding
variables are standardized to bring them to
the range [0; 1]. Since the preference
dependence of cell inclusion in the tree
nutrition zone on the distance to the focal

tree trunk and on the root biomass of
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competing trees decreases along with the
growth of the index, an additional inversion

of the standardized values is performed

(1 - fx)):

_ 1 _ _Gxy
f(dx’y) =1 max(d)
_q My
f(mx'y) =1 max(m)’
— My
f(nx'y) " max(n)’
The parameter pxy is calculated

separately for each tree. The calculation is
done for all cells that are inside the potential
root nutrition zone (circle with radius Imax)
but are not yet included in the actual zone.
The cells are then included in the nutrition
zone according to the value of the pxy
parameter.

The biomass of fine roots of a tree is
distributed over the cells of the nutrition
zone in proportion to the sum of values in a
given cell that are f(mxy) and f{(nxy), the
biomass of skeletal roots is distributed in
proportion to values of f(dxy). The vertical
distribution of root biomass of each tree
between forest floor and mineral soil is

described as follows:

My = agp X ff,
where mg is the fraction of total root
biomass (separately for fine and skeletal

V. N. Shanin et al.
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roots) in a given cell that is in the forest floor;
ff is forest floor thickness (cm), ag is a
species-specific coefficient (also differs for
skeletal (SRf) and fine (FRf) roots).

The ag coefficient has a species-specific
modifier mstrat to account for the effect of
changes in the vertical stratification of tree
root biomass of different species when they
grow together (Brassard et al., 2011; Shanin
et al., 2015b). The parameters of vertical
distribution of root biomass are calculated
separately for each of the cells. The algorithm
operation scheme is presented in Fig. 12.
modeled

Available

Nutrient uptake is

independently for each cell
nitrogen is assumed to be distributed among
competing trees in proportion to the ratio of
their fine root biomasses in a given cell
(Pages et al., 2000; Schiffers et al., 2011),
with an additional age-dependent modifier
(Lebedev, 2012a; Lebedev, Lebedev,
2012):
Uy = Ay X @ PurX4,

where A is tree age (years), and aur, bur are
species-specific empirical coefficients.
Under the assumptions made, all of the
nitrogen available to the trees is completely

absorbed from the cell in a unit time step.
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Figure 12. Block diagram of the annual step algorithm of the competition for available
soil nitrogen submodel: 1 — calculation of the root nutrition zone area based on lavg (dark
gray area) and determination of all cells that could potentially be included in the nutrition

zone based on Imax (light gray area); 2 — calculation of the preference parameter for each cell
in the potential nutrition zone, taking into account the heterogeneity of resource distribution
and competitive pressure from neighboring trees; 3 — inclusion of cells in the root nutrition
zone, with fine root biomass distributed among cells according to pxy values; 4 — calculation
of vertical distribution of root biomass in each cell; 5 — calculation of N uptake in plant-
available forms according to the fine root biomass of each competing tree. Reproduced from
Shanin et al. (2015a)

Competition for photosynthetically active
radiation
The submodel of competition between
trees for PAR was described in details
previously (Shanin et al., 2020). Similar to the
competition submodel for soil resources, it is

individual-based and spatially-explicit, i.e., it

V. N. Shanin et al.

takes into account the relative position and
characteristics of all competing trees in a
stand. The simulated area is divided into
three-dimensional cells represented as
rectangular prisms with the base size equal
to the size of the simulation grid cell. The

height of the cells is also set in the submodel
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settings. The crowns of all trees are
approximated by such cells, each cell can
contain the crown of only one tree. The
submodel requires the following inputs:
spatial location, species, age, height, and
trunk diameter at breast height for each
individual tree. The outputs of the submodel
are the amount of PAR absorbed by each tree
and the spatial distribution of PAR intensity
under the canopy. The submodel is dynamic
and able to reproduce changes in the crown
shape of individual trees over time as a result

of competition.

ALL\
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Crown size is determined by (a) the
total height of the tree, (b) the height of the
crown base, and (c) the maximum width of
the crown. The crown is represented by one
of the axisymmetric bodies such as cylinder,
vertically semi-

asymmetric  ellipsoid,

ellipsoid, cylinder, composite cone and
inverted cone. Crown shapes are based on
the basic shapes presented in some previous
studies (e.g., Pretzsch et al,, 2002; Widlowski
et al., 2003), with additional modifications

(Fig. 13).

>

CL

-4

Figure 13. Flat figures forming axisymmetric bodies to represent species-specific crown
shapes: 1 — cylinder, 2 — vertically asymmetric ellipsoid, 3 — semi-ellipsoid, 4 — composite
cone, 5 — inverted cone. CW is the crown width at its widest part (i.e. doubled maximum
crown radius), CL is the crown length in the vertical direction (total tree height minus crown
base height). Reproduced from Shanin et al. (2020)

The equation for calculating potential
crown radius uses trunk diameter at breast
height (DBH) as predictor. The equation for
calculating actual crown extent in the vertical
direction uses tree height (H) and local
competition indices as predictors (Thorpe et
al,, 2010) is as follows:

CR = Vcr X (1 - enCRXDBH),

V. N. Shanin et al.

CL = v, X (1 — eer*Hy x gkctxNCl)
where CR is the crown radius at its widest
part, CL is the crown length in the vertical
direction, NCI is the competition index
representing the local stand density around a
given tree (see below), v, n and k are
(the CR

corresponds to the coefficients for crown

empirical coefficients index

radius and the CL index to the crown length).
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Thus, the intensity of competition (expressed
through local stand density around the focal
tree) affects crown size. Crown length is
considered as the total height of the tree
minus the height of the crown base.

When calculating competition indices,
the influence of all trees (j=1..n) of
(i=1..59),

further than 10 m from the focal tree was

different species located no
taken into account. The submodel accounts
for the decrease in competitive pressure
from neighbors as the size of the focal tree

increases:

NCI = (Tiey Ba (5

%}’c x eV*He),
where ljj is the distance between the focal and
competing tree, Hj is the total height of the
competing tree, H: is the total height of the
focal tree t; a, € y, u are species-specific
empirical coefficients (Thorpe et al., 2010).
The obtained three-dimensional objects
describing the shape and size of crowns of
individual trees are divided into horizontal
layers with 1 m intervals. If the crown does
not occupy the entire layer vertically (which
is possible for the bottom and upper of the
layers on which the crown falls), the
approximation submodel assumes that the
crown is represented in a given layer if it
occupies more than half the height of the
layer. To avoid cases where the crown is not
represented in any layer, for trees with
crowns occupying less than half of any layer
in the wvertical direction, the submodel
assumes that the crown is represented in the
layer in which its extension in the vertical

direction is maximized. The radius of the

V. N. Shanin et al.
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crown in each layer is calculated as the
radius of an axisymmetric body representing
the basic shape of the crown at the relative
height corresponding to the midpoint of that
layer. Within the Ilayer, the crown is
approximated by rectangular prisms.

To modify crown radius due to
competitive pressure from neighboring trees,
the areas potentially occupied by its crown
must be identified for each tree. This step
involves partitioning the simulated site into
subsets of cells, where each subset meets the
following two conditions: (a) it is closer to a
given tree than to other trees, which is done
by implementing Voronoi partitioning (Tran
et al, 2009) in discrete space, and (b) the
number of cells occupied by the tree crown in
a given layer does not exceed the potential
crown projection area (numerically equal to
the area of a circle with radius equal to the
radius of the crown in a given layer). Such
subsets are constructed separately for each
layer, and only those trees with crowns
represented in a given layer are considered
for partitioning.

In the next step, the submodel
simulates the distribution of biomass of
photosynthetic (leaves or needles) and non-
photosynthetic (trunk and branches) organs
between the cells that make up the crown of

the tree. The biomasses of different tree

organs are output parameters of the
production and biomass distribution
submodels (Shanin et al, 2019). The

submodel accounts for heterogeneity in both

vertical and horizontal (from trunk to crown
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periphery and in different directions)
biomass distribution between cells, while
biomass distribution within a cell is assumed
to be homogeneous. The submodel is based
that the

on the assumption

the

spatial
asymmetry in distribution  of
photosynthetic organs within the crown is
determined predominantly by competition
from neighboring trees. The vertical
distribution of biomass within the crown is
described as follows:

Meym = 0 + T X (1 — e¥>Hre),
where mcum is the accumulated relative mass
of a crown component (photosynthetic or
non-photosynthetic organs) in a given cell,
Hrel is the relative height of a given point
within the crown (taking the total crown
length as 1), and o, 7, ¥, w are empirical
2008).

Scaling is then applied to set mamequal to 1

coefficients (Tahvanainen, Forss,
with Hrel equal to 1. The vertical distribution
of trunk biomass is calculated based on its

representation as a truncated cone, strictly

FOREST SCIENCE ISSUES, 2023, VOL. 6, NO 4. ARTICLE 135

circular in any horizontal section, with the
radius of the upper circle equal to 0.25 of the
base radius. The trunk biomass in each layer
is added to the branch biomass for the cell
whose horizontal coordinates coincide with
those of the trunk base. According to the
algorithm, biomass distribution over the
horizontal crown layers of each tree is first
made and then biomass distribution between
cells within a given layer is calculated.

Since detailed data on the radial
distribution of phytomass are not available,
the description of the radial distribution of
biomass within a crown is based on the
that  the

assumption biomass of

photosynthetic organs increases linearly
from the crown center to the periphery and
from the northern to southern part of an
individual crown (Olchev et al., 2009; Bayer
et al., 2018). The construction of the actual
crown shape is shown schematically in

Figure 14.

1 2

4 5

Figure 14. Schematic representation of the algorithm for constructing the actual crown
shape (a vertical section of the crown, not passing through the trunk, is taken as an example):
1 — basic crown shape; 2 — division of the crown into horizontal layers; 3 — approximation

of the crown by three-dimensional cells; 4 — modification of the crown shape in the
horizontal direction in accordance with asymmetric competitive pressure from neighboring
trees; 5 — distribution of aboveground biomass between cells. Reproduced from Shanin et al.
(2020)

V. N. Shanin et al.
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Input and absorption of
photosynthetically active radiation (PAR) in
each cell (xy,z) is calculated as the sum of
direct and diffuse PAR values,

calculated as products of their daily sums

The incoming solar radiation above the

FOREST SCIENCE ISSUES, 2023, VOL. 6, NO 4. ARTICLE 135

above the canopy on a given day by the

corresponding values of relative values

(coefficients) of transmittance and/or
in turn absorption for each cell:
PARtrans(x,y,z) = PARp X transgyy ) + PARp X transp(y,y 2,
PARint(x,y,Z) = PARB X intB(x,y'Z) + PARD X intD(x,ylz).
temperature range. The necessary
astronomical calculations are performed

canopy is calculated from the trajectory of
the Sun's apparent motion across the sky, as
well as from cloud cover, which in this
indirectly

version of the submodel is

accounted for through the 24-hour air

according to Strous (2022).
The altitude ho and azimuth Yo of the

Sun are calculated from the dependencies:

sin(hg) = sin(¢) X sin(§) + cos(@) X cos X cos(H,),

cos(p) = sin (he)xsin(9)—(8)

sin(¥o) =

and the daylight hours are calculated

86400

(ho)x¢
cos(6)xsin(Hg)
cos(hp)

)

as

Lp = — X arccos(-tg (@) X tg(9d)),

where ¢ is the latitude, Hq is the hour angle
(time relative to true noon expressed in

radians), § is the declination of the Sun

(depending on the ordinal number of the day
of the year d):

6 = arcsin(0.3977837 X sin(L)),

where L is the ecliptic longitude:

L = 2= (1.9148 x sin(M) + 0.02 X sin(2 x M)) + 0.0003 x sin(3 x M)) + M +

1.796593 + m,

M is the average orbit anomaly:

M= % X (357.5291 + 0.98560028 X d).

V. N. Shanin et al.
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The extraatmospheric integral solar perpendicular to the rays is calculated by the

radiation coming to the surface following equation:

Iy =Ty X = = Iy X (1 +0.034 x cos(w)),
R% 365

where [,=1367 W m-2 is the solar the day of the year. The extraatmospheric
constant, Rs is the distance from the Earth to insolation on a horizontal surface is
the Sun (a. e.), and d is the ordinal number of accordingly calculated as
Iy = Iy X sin(hg).

The corresponding daily amount is calculated as
sunset
I(’)(d) = f 10 X Sln(ho(t)) X dt =

sunrise

86400 X I, X (H,y X sin(¢) X sin(6) + sin(H,) X cos(p) % cos(6))
T[ )

where Ho is the hourly angle of sunset. corresponding value for PAR instead of the

Extraatmospheric PAR fluxes are integral solar constant:

calculated in a similar way, using the
Iocpary = 0.388 x I, =531 Wm™.

The total integral solar radiation under (AT = Tmax — Tmin), which is used as an
actual cloudy conditions is calculated from indirect characteristic of cloudy conditions
the extraatmospheric insolation and the daily  (Bristow, Campbell, 1984):
range of air temperature change

Qq = Ioay X 0.7 X (1 — exp(—Cl; - AT?%)),
where the coefficient Cls = 0.004 is for warm integral total radiation and its relation to the
season and 0.010 is for cold season. value of extraatmospheric insolation using a
Next, to estimate PAR fluxes, daily sums data-driven relationship (Yu etal., 2015):

of total PAR are calculated from the sum of

2
Qoanar = Qay X [ 0477 = 00597 x 2@ 4 0.000752 (?(d)) |
o(d) 0(d)

To divide the total PAR into direct S’74r  PAR to the corresponding extraatmospheric
and scattered Drar, we use the dependence of value (ki = Qpar@) / I'par(d)), approximated by
the relative fraction of scattered PAR in the usbased on data from Jakovides et al. (2010):
total PAR (kdp) on the ratio of the actual total

kqp, = 0.6182 + 0.3397 X c0s(3.9468 X k., — 0.2469).

Hence:
Dpar(ay = Qpar(a) X Kap »

SI'DAR(d) = Qpar(a) X (1 — kgp)-

V. N. Shanin et al. 44
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Assuming a direction-independent
(isotropic) input of diffuse radiation over the

canopy, the spherical exposure to diffuse

FOREST SCIENCE ISSUES, 2023, VOL. 6, NO 4. ARTICLE 135

radiation is equal to twice its flux to the

horizontal surface (van der Hage, 1993):

PARp = Dpareay X 2,

and spherical irradiance of a straight PAR is

equal to its flux on the perpendicular surface

and is estimated from the following relation:

PARy = S;AR(d) X sin (hess),

where sin(heg) =S’a / Sa is the ratio of daily
sums of direct radiation on horizontal and
perpendicular to solar rays surfaces (daily
weighted average or "effective" sine of the

Sun's height), the relationship of which with

the Sun's height at noon homaxis estimated by
us from the data of the Applied Scientific
Reference Book on Climate of the USSR
(1988-2002) for 32 stations of the forest

zone of the European part of Russia:

sinhgrr = 0.8254 X sin(homax)—0.1568 X (homax),

where sin(hgmqy) = sin(e) X sin(6) + cos(g) X cos(9).

Relative  values (coefficients) of
transmittance and absorption of the PAR,
averaged over the directions of incoming
radiation, are calculated for each cell. For
scattered radiation it is twice a year (for the
vegetation period and for the cold season,
taking into account the presence/absence of
foliage of deciduous species), for direct
radiation it is based on the trajectory of the
visible motion of the Sun across the sky for
the middle of each month.

The directions of the calculated
scattered radiation rays are calculated using
the Fibonacci lattice algorithm (Stanley,
1988) in order to distribute them uniformly
over the celestial hemisphere. Under the

assumption of isotropy, the fraction of

scattered radiation energy attributable to
each of the n calculated directions and equals
tol/n.

Direct radiation ray paths for

calculation of relative transmittance

(absorption) values set at 1-hour

The

are
intervals. energy distribution by
directions is set in proportion to the share of
the corresponding hourly sums in the daily
sum of the direct PAR to the surface
perpendicular to the rays.

For this purpose, the direct integral

radiation to the perpendicular surface under

clear sky is calculated as a function of the

S = IO X stin(h@)+0.205,

and then taking into account the relative

V. N. Shanin et al.

Sun's  altitude and the  atmosphe-
ric transparency coefficient P2 (Evne-
vich, Savikovsky, 1989):

1.41
fraction of PAR in the integral direct
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radiation (Méttus et al.,, 2001),

FOREST SCIENCE ISSUES, 2023, VOL. 6, NO 4. ARTICLE 135

0.0820
K¢ = 0.359- (1- P,) x (

the direct PAR is calculated:
SPAR = KS X S

sunset

'——0.145),
sin(hg)
The corresponding daily amount is

calculated as follows

sunset

SpAR(Q) = f Spag X dt = z Spar X 4t,

sunrise

where At = 3600 s. The fractions in it, falling
on each i of the calculated directions, are

respectively as follows:

_ SPAR(i)XAt
Spart() = "o

SPAR(d)

The calculation of relative radiation
transmittance for each direction i in each
layer z is calculated from the path length of
the i beam in the layer 4li=1 / sin(h:) and the
radiation absorption coefficients kpyz) in the
input and output cells crossed by the beam in
a given layer. Absorption coefficients are
calculated from the sum of relative leaf area
(LAD — Leaf Area Density) and non-

photosynthetic phytoelements (WAD —
Wood Area Density) represented in a given
cell. In the most elementary case (under the
assumption of random placement of
phytoelements within the cell and their
uniform orientation along the directions)
there is the following:
k(xy,z) = 0.5 X LAD(yy )-

The attenuation of the i ray in layer z is

sunrise
calculated as the exponent of the product of
the attenuation coefficients over the length of
the ray in the layer, and the total attenuation
of the ray reaching the cell (xy,z), argxyz), is
equal to the product of the transmission

coefficients of all layers traversed by the ray.

The transmittance factor for the
corresponding component of spherical
irradiance is calculated as a weighted

average of all directions, taking into account
their share in the daily sums of PAR reaching
the upper boundary of the canopy. Thus:

transg(xy,z = Z Spart(i) X AT(ix,y,z)

L

1
transpy,z = n X z Ar(ixyz)"

i
The relative absorption by foliage in a

cell is respectively calculated from the

radiation reaching the cell and k(LAD) in the

cel. If kiyz is direction-independent

(uniform leaf orientation), the PAR

absorption by the foliage in the cell is

proportional to the spherical irradiance:

intg(x,y, 2) = Ky y, X transgyy ) X AV,

intp(x,y, 2) = kyy, X transp(xy ) X AV,

where AV is cell volume.

Radiation input to the soil surface

V. N. Shanin et al.

(ground cover) is calculated in terms of flux
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density per horizontal (or inclined in case if
microrelief is taken into account) surface,
considering the slope of rays and their
attenuation. In particular, for a horizontal
surface, all transmittance values of individual
rays are multiplied by the cor-
responding sin(h:) value before summing.
The amount of absorbed PAR in quantum
terms (uAPAR) is calculated accounting for the
quantum equivalent of PAR, taken to be 4.56

mol MJ-1 (Méttus et al., 2013).

Tree biomass production
The productivity submodel detailed in
the previous study (Shanin et al, 2019) is

UAPAR X Py
PPL =
uAPAR + K,,

where uAPAR is the PAR absorbed by the tree

(umol m-2s-1, which is calculated in the

crown competition submodel); Pmax is

species-specific maximum photosynthesis
intensity in terms of carbon, umol m=2 s-1; Kn
is the PAR intensity at which 0.5 of the full
photosynthetic intensity is reached, pmol m-2
s1: 1.2 x 10710 js the conversion coefficient
from pmol to kg of carbon; Swv is specific one-
sided leaf surface area, m? kg-1; By is total
biomass of tree foliage, kg (used to go from 1
m? of leaf area to total leaf area of the tree);
Lp is daylight hours, s, Cc is the weighted
average carbon concentration across all
fractions of tree biomass.

An air temperature-dependent modifier
(Makela et al., 2004) is calculated in daily

time steps (d) based on a first-order delay

V. N. Shanin et al.

1
X 1.2x 1071 x S,, X B,y X Lp X =
C
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based on the algorithms of the well-known
3-PG model (Landsberg, Waring, 1997; Seidl
et al, 2012). This submodel provides a
simplified reproduction of basic
ecophysiological processes and allows us to
calculate the biomass production of an
individual tree depending on the number of
resources it receives and on the tree's
response to changes in external conditions.
Potential gross primary production
(calculated in kilograms of absolutely dry
mass per tree) based on the PAR intercepted
by a tree is calculated in daily time steps as

follows:

model. The first stage calculates TE, a

"smoothed" temperature that takes into

account the inertia of temperature
acclimatization and is calculated based on the
average daily air temperature for the current
(d) and preceding (d-1) day:

TE, = TE,_, +-¢—Fa=1 dY;Ed'l,

where dr is a biome-specific constant
determining the delay time (in days) of
response to temperature change (Makela et
al, 2008). Ta is the average daily air
temperature.

Temperature acclimation state TA is
derived based on the threshold (biological
minimum of photosynthesis) temperature To:

TA; = max((TE; — Ty),0).

The final value of the temperature-
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dependent modifier fr is calculated with
respect to the saturation level temperature
T1. Moreover, the parameter T2 was added to

the modifier calculation procedure to take

TA,
T, —To

min (

fT = ( . ( TAd
max | min |2 —

Thus, To is the temperature at which the

production process stops, Ti1 is the
temperature corresponding to the saturation
point, above which there is no increase in
productivity, and T2 is the temperature at
which suppression of production processes
begins due to heat stress.

The productivity response associated

T,—To
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into account the decrease in productivity
when the temperature rises above the

threshold level:

1),TAd < (T, —Ty)

1),0),TAd > (T, — Ty)

with VPD (vapor pressure deficit) is based on
a function similar in purpose to that used in
the ecological-physiological model of M.D.
Korzukhin and Y.L. Celniker (Korzukhin et al.,
2004, 2008; Celniker et al, 2007, 2010;
2009, 2010). This

Korzukhin, Celniker,

modifier is calculated as follows:

1,VPD < D,
fo = ( VPD — Do>‘1 ,
1+————) ,VPD>D
"D, =D, °
where VPD is vapor pressure deficit (kPa); A modifier of the productivity response
Do, D1 are empirical parameters (Do as a function of soil moisture availability is

corresponds to the value of VPD, up to which
its increase does not lead to conductivity
decrease, and D1 corresponds to the value of
VPD, which the stomatal

at con-

ductivity decreases twice).

fw = max (min (

The dependence of PAR utilization efficiency on

calculated from the soil moisture potential
(Hanson et al.,, 2001; Wullschleger, Hanson,
2003). It is a linear function of 1 ranging
from the lowest field moisture capacity ¥y to

the species-specific YPmin:

l/) _lpmin
——,1],0.
wfc _wmin ) >

CO2 concentration is calculated as follows

Ky X (€O, = Cy)

fc =

where

1+ K, x(CO,—Cp)’

o (Go—ky)

2XCh—Cp) =1 X (Cy—Cp)

K>

V. N. Shanin et al.

T - DX (Co—Cp) X (2XCo—Cp)
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Here CO: and Co are the current and
baseline CO2 concentrations, respectively. Cp
corresponds to the photosynthesis
compensation point and is equal to 80 ppm
(Coops et al., 2005).

PAR interception for deciduous species
is limited by the length of the growing
season, which is determined by the value of
the vegetative index GSI. For its calculation

such parameters as duration of photoperiod

Al =1-—

FOREST SCIENCE ISSUES, 2023, VOL. 6, NO 4. ARTICLE 135

L, minimum daily temperature Tmin and vapor
pressure deficit (VPD) were used.

The effect of productivity decline
during tree senescence (fa) is calculated as
follows (Raim et al., 2012):

1
Ay’

1+(f41—i)

fa=

where A1 and Az are empirical coefficients

and Al is calculated as:

2

(1 - arel)_1 + (1 - hrel)_1 '

where relative age arer and relative height
hrerare calculated as the ratio of tree age and
height to the corresponding species-specific
maxima (Amax, Hmax) and are indicators of

senescence.

The dependence of productivity on the
amount of nitrogen consumed by the tree
(fv) is calculated based on the value of
maximum theoretical nitrogen consumption

by the tree (per 1 kg of growth):

NQ = Ngr X BPsy + Npg X BPgg + Ny X BPyy, + Neg X BPsg + Npg X BPgp,

where Ni; is the specific nitrogen consumption
by different tree organs, in kg of nitrogen per
1 kg of biomass growth of an organ, BP:iis the
share of growth of a given organ in the total
biomass growth (see below), where i
corresponds to the indices of different tree
organs (ST — trunk, BR — branches, LV —
foliage or needles, SR — skeletal roots, FR —
fine roots).

Potential productivity as a function of
the amount of available N is calculated from
the amount (kg) of N consumed by the tree
from the soil (Nuptake), which is calculated in
the root competition submodel; the amount

of buffer N stored by the tree is also taken

into account:

V. N. Shanin et al.

Nuptake + Nbuffer

Ny

The value of the modifier fv is
calculated based on the ratio of potential
growth depending on the amount of available
N and potential growth limited by other
factors. The value of the modifier is bounded
from above by the wvalue 1, thus
characterizing the saturation output of the
function:

. (GPPy

fv = min (FPL' 1)
The efficiency of ye resource utilization
(Seidl et al, 2005; Swenson et al, 2005)
depends on  modifiers related to
environmental conditions and physiological

characteristics of the tree:
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Yerr = W Xmin(fr, fp, fw, fo, fa) + (1 = w) X fr X f X fr X fo X fa),

where an empirically chosen value of the

coefficient w (Frolov et al, 2020a)
determines the balance between the two
methods of evaluating the interaction
between modifiers.

Actual gross primary production is
calculated as follows:

GPP = min(GPP,, GPPy) X V5.
Excess absorbed nitrogen is stored in

the form of a buffer stock. The submodel also

accounts for the movement of some N from

dying leaves/needles (LITLv) to the N buffer
before they fall:
Npugfer = Npusfer + Nuptake — GPP X N,

+ (Npy — Nyr) X LITyy
where Nur is nitrogen content in leaf/needle
litter, LITLv is mass of annual leaf/needle
litter.

Respiration in terms of carbon (C-CO2)
is calculated in daily increments and consists
of two components. Maintenance respiration

is calculated as

Ry = (548 X 1075 X (Byy X Cyy + Bpg X Cpg) + 2.74 X 107% X (Bgy X Cs + Bgg X Cpg + Bsg X Csz)) X Q10,

where By, Brr, Bst, Ber, Bsr are the biomass of
leaves/needles, fine roots, trunk, branches
and skeletal roots, respectively, CLv, Crr, Csr,
Csr, Csg are the carbon content of
leaves/needles, fine roots, trunk, branches
and skeletal roots as a fraction of the
absolute dry mass, and Qiois calculated as:
Q10 = 20.1><(Td—20)’

where Tq is the average daily air temperature
(Wangetal,, 2011).
The second

component (growth

respiration) is calculated as a constant
fraction of gross primary production (Jiao et
al,, 2022):

R; = 0.25 X GPP x Cc.
Net primary production equals gross

primary production minus respiration costs:

Ry, — R
NPP = Gpp —-M_"C
Cc

If the value of fv is less than 1, the

excess assimilates are converted to the

V. N. Shanin et al.

amount of root exudates:
RE = NPP x (1 — fy) .
Tree leaf stomatal conductance is
calculated considering photosynthetic rate,

relative humidity (rh), and leaf surface CO:2

concentration (Cs) using the following
formula (Pace et al.,, 2021):
K,p, X GPP X rh X Cc
= + 950,

1.2 x 1071% x CO0,
where Ky is the Ball-Berry coefficient

(dimensionless), GPP is the gross primary
production (in terms of carbon, pmol m-2
s71), CO2 is the volume concentration of CO2
(umol mol-1), and gso is the minimum value
of the stomatal conductance (mol m-2 s-1).
According to Zhu et al. (2011), tree

transpiration (E7, kg m=2 s71) is calculated as

VPD
ET, = gsy X X pyy X 1073,

Patm
where gsw is the stomatal conductance of

H20 equal to (gs / 1.6), VPD is the vapor

50



ORIGINAL
RESEARCH

pressure deficit between the intercellular
space and the air layer directly above the leaf
surface the VPD of

(taken equal to

atmospheric  air assuming saturating
humidity of air in the intercellular space and
and ambient air

equality of leaf

temperatures), Pam is the atmospheric
pressure taken constant and equal to 10> Pa,

and pw is the molar mass of water (g mol-1).

Biomass allocation and spatial distribution
of litter

The rank distribution equation,
described in more detail in previous studies
(Komarov et al.,, 2017b; Shanin et al., 2019),
is used to describe the distribution of
biomass growth among tree organs. In the
case of tree biomass, rank characterizes the
place of the corresponding tree organ in a
row ordered by decreasing amount of
resource input. Accordingly, this allocation
allows us to calculate the amount of resource
delivered to each organ in the tree, using the
predetermined rank of that organ as a
predictor:

BP; = axiP,

where i is the fraction rank (1 —
trunk, including bark; 2 — skeletal roots; 3
— branches; 4 — foliage or needles; 5 — fine
roots), BP; is the fraction of the i-th fraction in
the total tree mass, a and b are empirical
coefficients (Isaev et al, 2007; Komarov et
al, 2017b). The values of them are calculated on

the basis of tree trunk diameter atbreast
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height (DBH) and empirical coefficients (cran,
drank, €rank, frank). The procedure for calculating
biomass distribution across fractions also
takes into account the influence of habitat
conditions (Thurm et al., 2017; Weemstra et
al,, 2017).

When the submodel is initialized, the
absolute mass of all fractions is calculated
based on the allometric equation for Bsr
(trunk biomass), for which the estimates are
the most accurate (due to the large number
of observations and large values of the
measured quantity):

Bgr = psy X DBH? Xx HZ X y,

where psr is species-specific trunk mass in
absolutely dry state (including bark), kg m-3;
DBH is tree trunk diameter at breast height,
m; H is tree height, m; and z, y are empirical
coefficients. After calculating the trunk mass,
the total mass of the tree is determined based
on the previously calculated trunk fraction.
From this, the masses of all organs are
further calculated.

The submodel also calculates annual
litter (as a fixed biomass share of each
biomass fraction) and calculates the net
biomass growth of each fraction (total
growth excluding annual litter). If the net
increase in total biomass takes a negative
value, the tree is considered to be dying off
(deterministic mortality component). Based
on the estimated trunk biomass increment,
the height and diameter increment of the

trunk are calculated.
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In addition to the above-described
deterministic component of tree mortality
based on net biomass growth, the submodel
implements a stochastic component (Seidl et
al, 2012). It is based on the increasing
probability of tree mortality as its age A
approaches the

(years) species-specific

maximum value Amax:

_A
PD =1- paAmax ,

where pq is the share of trees reaching the
maximum age.

The spatial distribution procedure for
needle/leaf litter of the tree stand calculates
the mass of leaf or needle litter entering each
cell of the simulation grid. For each tree, we
calculate the spatial distribution of litter (D)
in cells with (xy) coordinates, which is
determined by the average radius of the tree
crown F (CR, calculated in the PAR
competition submodel) in its widest part. The
radius of the dispersal zone is defined as a

species-specific fraction of tree height (Duir

parameter):
1

1 )
1+ e(mx(L%,x,y-HF»
where L is the distance from the crown mass

Dp,y =

center of the tree F to the cell with
coordinates (x,y). To account for the influence
of microrelief, the spatial distribution of litter
is adjusted for the relative height of the cell
(MR) with (x,y) coordinates:

DF,x,y
MR,
The litter mass of the tree F falling

r —
D Fxy —
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down to the cell with coordinates (xy) is

calculated as

s
_ VPrxy
Mgy, = o — X MLg,

2 Dy
where MLr is the mass of needle/leaf litter of
the tree F.

To account for the influence of crown
asymmetry of each tree on the spatial
distribution of litter, the tree crown mass
center is taken as the center of the spreading
zone, which is calculated as the weighted
The

coordinates total

(x).

needle/leaf mass in cell (xy) along the

average

vertical profile is used as weights.

Branch litter is assumed to fall evenly into
all cells overlapped by the crown projection
of a particular tree. The distribution of
skeletal and fine root litter is calculated in the
root competition submodel based on the
modeled structure of root systems and
estimated root die-off rates. Until the
improved procedure is finalized, the spatial
distribution of trunk wood and bark litter is

assumed to be similar to that of branch litter.

Living ground cover

The eco-CAMPUS submodel, which is a
modified version of the CAMPUS-S model
(Frolov et al., 2020a, 2020b), was developed
to model the contribution of living ground
cover plants to carbon, nitrogen balance and
forest ecosystem dynamics. The eco-CAMPUS
submodel, integrated into the overall model

system, is a customized process-based

52



ORIGINAL
RESEARCH
simulation model with a space represented
as a three-dimensional grid. The submodel
combines several modeling techniques such
as cell-automation (state of a cell depends on
the state of its neighbors) and L-systems
technique (modular evolution of a clone
system). Unlike the CAMPUS-S model, in
which no more than one plant can be
presented in one cell, eco-CAMPUS allows the
presence in one cell of several plants of the
same or different species occupying different
height layers (the submodel structure has 6
layers: 0-10, 10-20, 20-30, 30-40, 40-50
and 50-100 cm). In this case, one plant can
occupy more than one cell according to the
morphological structure that changes during
the life cycle. Since the submodel is designed
to analyze the population dynamics of both
clonal and non-clonal plants, the term "plant
unit" (PU) is used in the modeling to denote
an elementary accounting unit. This unit
represents either a partial formation within a
clonal plant (i.e, a shoot together with a
rhizome) or a single individual of a non-
clonal plant. The development of plants in
time is accounted for in the submodel
through their ontogenetic states (Evstigneev,
Korotkov, 2016). For each of the ontogenetic
states (0S), the corresponding projection
area of the aboveground and belowground
parts, the height of the aboveground part of
the plant, and the height of attachment of
photosynthetic organs Each

are given.

ontogenetic state has a different duration and
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all transitions are probabilistic. The time step
of the submodel is 1 day.

In the initialization step, a set of PUs from
a given list of species is placed in each cell.
The ratio of PUs in a cell and their total
projective coverage (proportion of occupied
area in a cell) is determined by the coefficient
of optimality of conditions (generalized
response of productivity to a complex of
environmental factors). The ontogenetic
states and absolute ages of PUs are set
probabilistically given the initial ontogenetic
spectrum, which is the input parameter.

A unit step of a submodel consists of
several sequentially executed operations. The
age increase occurs daily for each PU. In this
case, both absolute and relative age (duration
of PU stay in the current OS) increase by the
value inverse to the duration of the
vegetation period. The use of growing season
fractions instead of calendar days makes it
possible to model the population dynamics of
species with a wide geographical range
growing at different latitudes. When PU
reaches a relative age equal to the duration of
the current ontogenetic stage, the transition
of PU to another ontogenetic stage is
calculated probabilistically. The probability
of successive transition to the next stage of
ontogenesis (P«) is considered to be equal to
the ratio of potential growth (growth in
optimal conditions during the period of stay

in the current OS) to actual growth. The
probability of PU death is calculated as (1 -
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Pw). In case of change of ontogenetic state,
the diameter, height of PU (occupied layer)
and height of attachment of photosynthetic
organs, as well as the maximum radius of the
root nutrition zone changes. PU leaf area is
calculated as multiplication of biomass and
specific leaf area. The relative PU leaf area
(LADr¢v) is calculated as the ratio of the PU
leaf area to the projection area of its
photosynthetic organs and distributed
among the PU-occupied layers. The submodel
does not explicitly represent the location of
individual PU within the cell. Therefore, as
the size of the shoot system increases, the
fraction occupied by PU in the current cell or
in one of the neighboring cells increases as
well. The probability in which cell the
fraction of a given PU will increase is directly
proportional to the coefficient of conditions
optimality and inversely proportional to the
projective cover in the cell. The number of
seeds in the modeled area is calculated as the

product of the PUs number in the generative

0OS of each species and the species-specific
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number of seeds per PU. It distributes among
cells randomly once per growing season
the maximum

(when proportion  of

generative organs in total biomass is
reached).

The calculation of PU biomass production
takes into account the same factors and
resources used in the stand biomass
production submodel. Competition for light
between PUs in the cell is realized based on
the assumption that light rays passed under
the canopy are oriented predominantly
vertically and consistently pass through all
layers of living ground cover. The attenuation
of their intensity is exponential. The PAR
attenuation coefficient at each layer is
calculated using the following methodology
(Campbell, 1986). For each PU, the leaf
orientation coefficient (Xi) is calculated as the
ratio of the length of the horizontal to the
length of the wvertical projection of
photosynthetic organs, which is used to
calculate the PAR attenuation coefficient

FGV .
( reduce)'

Xi

FGV —
Kreduce - LADFGV X

The PAR attenuation in the cell at each
layer is calculated as the exponent of the
product sum of the PAR attenuation
coefficients of all PUs represented in a given
layer of the cell by the ray path length in the
layer. PAR captured in the layer is calculated
as the difference of the PAR flux densities at
lower boundaries and

the upper and

V. N. Shanin et al.

Xi+ 1.774 x (Xi + 1.182)7073%

distributed among the PUs present in the
layer in proportion to their PAR attenuation
coefficients. Competition for available
nitrogen and available soil moisture, as well
as the calculation of biomass production,
occurs according to algorithms similar to
those for trees (described in the respective

subsections). In the vegetative period, the
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distribution of biomass between PU organs is
uneven. From the point when all PU organs
(leaves, vegetative shoots, generative shoots,
rhizomes and fine roots) are fully developed,
the rank distribution equation is used to
describe the distribution of biomass growth
(Frolov et al.,, 2022). Up to this point, biomass
growth is distributed among those organs
with shares of total biomass lower than those
determined by the rank distribution. If PU is
in generative OS, the biomass of vegetative
organs grows first, and only after they reach
the necessary share in the total biomass the
growth of generative organs begins. Leaf and
shoot litter occurs on the last day of the
growing season, fine root litter occurs daily,
and rhizomes die off only with PU. The
fraction of the organ mass reaching the litter
is the submodel input parameter. Before the
photosynthetic organs in perennial plants
fall, nitrogen resorption is performed with its
addition to the organ with maximum

biomass.

Vegetation water regime and soil
hydrothermal regime
A simple balance approach was used for
modeling soil moisture. Obviously, the
change in moisture content of the active soil
layer AW = W2 — W1 can be assumed to be
equal to

AW=W2—W1=T—E—f,
where r s precipitation, E s
evapotranspiration (gross evaporation), f is

V. N. Shanin et al.
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runoff, W1 and W2 are moisture stocks at the
beginning and end of the modeling step.

When modeling processes related to
the spatial heterogeneity of ecological
conditions in the forest, the most appropriate
is a differentiated approach to the
consideration of evaporation by different
forest elements, which makes it possible to
take into account their influence on moisture
dynamics. In this case, evapotranspiration is
represented as a sum of three summands
(Fedorov, 1977):

E =E + E; + E;,
is stand transpiration; E; is

where Et
evaporation of precipitation retained in the
forest canopy; and Es is evaporation from the
ground cover.

The amount of water ETs withdrawn
from a soil cell with coordinates (x,y,z) during
transpiration is calculated considering the

spatial distribution of fine tree root biomass

MFR(x,y,zn):

_ E Tn X mFR(x,y,z,n)
ETS(x,y,z) — mFR(n) )

n
where

MpRr(n) = Z MER(x,y,z,n) -
X,¥V,Z
The amount of water ETcxy,z) released
by leaves during transpiration is calculated
considering the spatial distribution of tree

leaf biomass mrv(xy,zn):

ET _ E Tn X Mry(x,y,zn)
Choyz) = MLy (n) '

n
where
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Miym) = Z My (x,y,zn) -

xX,¥,Z
Potential evapotranspiration PET is

calculated using the following relationship:

PARint(xyz)
PET = ———=2%
2.5

where 2.5 M] kg1 is the specific heat of
evaporation of water.

Calculation of the total area of foliage
and tree branches per canopy projection cell

is performed by the following formula

LWAL, = Z(LAIx,y,n +WAlLy,),
n
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where LAI is leaf area index, WAI is branch
area index (m2 m-2).

Based on LWAI, the water-holding
capacity of crowns CSCxy is calculated
(Dickinson, 1984):

CSCyy = 0.2 X LWAL,,

The amount of precipitation retained by
the forest canopy is determined using the
expression proposed by Y.V.Karpechko
(1997):

P
Pinttey) = (CSCry = Prem(uy)) X <1 I <_ CSCy y>> |

The actual canopy water content
Pcurrixy) is calculated as the sum of intercepted

precipitation, water remaining from the

previous step Prem(xy), and water released by

transpiration (or guttation):

Pcurr(x,y) = Pint(x,y) + Prem(x,y) + Z ETC(x,y,z) .

Canopy evapotranspiration Estand(xy) is
calculated as the minimum value from
potential evapotranspiration and canopy

water content:

Estand(x,y) = min(PET, Pcurr(x,y))-

z
Water runoff from leaves and branches
DripLviy) is calculated as the difference of
current canopy storage, evaporation from the

canopy, and canopy capacity:

DripLV(x,y) = max(O, Pcurr(x,y) - Estand(x,y) - CSCx,y) .

The amount of water remaining in the

canopy for the next step, Prem, is calculated as

Prem(x,y) = Pcurr(x,y) - Estand(x,y) - Driplv(x,y)-

Water evaporation by ground cover is

EfQV(x,y) = EStand(x,y) X e(_o'“XLWAI"'J’) X min (1

where Wrr is the moisture reserve in litter,
FCrr is its value at the lowest field water

holding capacity.

calculated from (Williams, Flanagan, 1996;
Daikoku et al., 2008):
WFF(x,y) >

’ 08 X FCFF(x,y)
The amount of precipitation that has passed

under the canopy, Prcy), is calculated by the

formula

Pbc(x,y) =P - Pint(x,y) + Driplv(x,y) .

V. N. Shanin et al.
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Snow in the submodel is represented by
the following three fractions: fresh (SWEy),
frost-bound (SWE:), and melted (SWEw), the

FOREST SCIENCE ISSUES, 2023, VOL. 6, NO 4. ARTICLE 135

water  equivalent. The amount of

precipitation that came in the solid phase Psol

is calculated using the formula (Grossi et al.,

water supply of which is represented by 2017):
LTy < T,
Ty — Tyi
Psol(x,y) = Pbc(x,y) X %JTI < Tair < Ty,
T, — T,
0,Tgir > Ty

where Th=+2°C, T1=0 °C.
When calculating snow and ice melt, a
modified method of temperature index

calculation was used, which takes into

Melt, , = {
where MF = 1.2 mm day-! °C-1, RF is 2.61 m?
mm M]J-1 (Rellissiotti et al, 2005). The
submodel assumes that fresh snow is the first
to melt:

Melts(y,y = min(SWEs, Melt, ,,),

if its amount is less than Meltyy, the ice starts
to melt:

Meltl-(x,y) = Meltx_y — Meltf(x'y).

Freezing is considered wusing the

classical  temperature index  method

(Finsterwalder, 1887):

Freez,, = min(0, Tg; X 0.32).

account air temperature and incoming
shortwave radiation (Rellissiotti et al,

2005):

min(MF X Ty + RF X PARyc(xy)) » Tair > Thy
0' air = Th'

When the liquid water content of a

snow layer exceeds its water-holding

capacity, the excess water flows into the
underlying layer. The water-holding capacity
of snow WHC is calculated using the equation
proposed by Pahaut (1975):

 funox)

pi
where psnow is the density of snow (kg m-3), pi

)

WHC = 0.05 x (1

is the density of ice (917 kg m-3).
The amount of water that reaches the

soil, ligaow(xy), is calculated as

liqfiow(zy) = min (0, SWEyiyy — WHC X (SWEf (x5 + SWEi(x,)) ).

Water storage in fresh snow fraction

(SWEy):

SWEf(x,yy = SWEf(xy) + Psorxy) — Melty(x,y).

Water storage in ice fraction (SWE;):

SWEixy) = SWEj(x,) + Freez,, — Melt;

Water storage in liquid fraction

(xy):
(SWE,):

SWEy(xy) = SWEwy) + Pocry) = Psotxy) T Meltpyy + Meltix,yy — ligriow(x,y)-

The density of falling snow (kg m=3) is

V. N. Shanin et al.
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(Parajuli et al., 2020): Fresh snow fraction density (kg m-3) is

iy = 67.92 + 51 258% calculated by the following formula:
lnp - ] ] . ]

oo = Pinp X Psotquy) + Pr X SWEf(xy)
Fee) Psorey) + SWEf(xy) '

Total snow density (kg m=3) is calculated as
p _ pPi X SWEi(x,y) + Pr X SWEf(x,y) + py X SWEW(x,y)
Smow(x.y) SWEity) + SWEr(xyy + SWEy(xy) '

Snow cover height (m) is calculated as

_ SWEiuyy + SWEp(xy) + SWEy(x)

h-s‘noW(XJ/) - Psnow(x,y) |

The thermal conductivity TCsnow(xy), heat  TDsnowrxy) of snow are calculated using the

capacity HCsnowxy) and thermal diffusivity following formulas (Yen, 1962, 1981):

Psnow(x,y) 1.88
TCsnow(xy) = TCice X p— ,
w
HCsnoW(X.J’) = 2.09 x (W) + (1 — (_psnopwl(x;ﬂ))
t i
TCsnow(x,y)

K. = '
snow(x,y) HCsnow(x,y) X Psnow(x,y)

where p,, is water density (1000 kg m~3).

Soil organic matter concentration organic matter mass morwxy,z to the total soil
OMconcixy,z) is calculated as the ratio of the massin the cell:

Mor (x,y,2)

oM = |
COnC(x:y'Z) mOF(x,y’Z) + msF(x,y,Z)

The density of the solid phase of the soil layer in the cell is calculated as

PPy = OMeonc(ryz X 1.35 + (1= OM one(ry,n) X 2.65,
where 1.35 and 2.65 (g cm~3) are the density capacity FC in the cell (xy,z) are calculated

values of soil organic matter and mineral according to the equations proposed by W.
particles, respectively. The moisture content Balland et al. (2008) and converted to

of stable wilting, WP and the lowest field volumetric moisture units (m3 m-3):

(—0.588 X (1 — Sand,) — 1.73 X OM;onc) X Pry.z
QFC(x,y,z) = HSC(x,y'Z) X 1 - eXp 6 )
SC(x,y,2)

(—0.511 X Clay, — 0.865 X OM onc(xy.2)) X Pry.z
HWP(x,y,z) - HFC(x'y'Z) “\ 1T eXp< Orc (xy.2) ,

where Sand is the content of sand (particles > total water capacity (total porosity), m3m-3:

0.05 mm), Clay is the content of clay (< 0.002 Px,yz

1-—

. . . Osc iy = Pp
mm), in mass fractions (kg kg-1), and SC is the XYz
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The corresponding values of moisture
reserves in the layer Az, accordingly, are

equal to
SCx,y,z = QSC(x‘y,Z) X Azx,y,z )

FCryz = Orc(xyz X AZxyz )

FOREST SCIENCE ISSUES, 2023, VOL. 6, NO 4. ARTICLE 135

WPy, , = Owp ey X Az, 7
The saturated hydraulic conductivity
HCsat(z) is calculated as follows (Campbell,

1985):

HCsat(z) =144 x e(—0.025—3.63><Sandz—6.9><Clayz) x 0.024 .

The unsaturated hydraulic conductivity

HCx,y,z = HCsat(z) X (Hx,y,z X Qg

where 6xy,z represents soil moisture (m3 m-3),
¢ and b are coefficients calculated according

to Cosby et al. (1984):

@, = 48.9 — 12.6 X Sand,,
b, = 2.91 + 159 x Clay,.

HCyy, is calculated as follows (Campbell, 1974):

)3+2bz

)

conductivity in different cells of the soil
profile can be heterogeneous and varies

nonlinearly, the logarithmic mean of

unsaturated hydraulic conductivities of

Since  the unsaturated  hydraulic neighboring cells is used to calculate
moisture transport:
He B HC; — HC;
™) log(HC;) — log(HG)Y
where HCi and HC; are unsaturated hydraulic in each step of the submodel. The
conductivities of neighboring cells. Wa- amount of water flowing into the
ter storage in each soil layer iIs underlying soil layer is calculated using

calculated sequentially from top to bottom

min (Bx,y,z

PC,,, =103 x max| 0,1

9 —_
\ Dr X min {( vz

where Dr is considered equal to 1 for good

and 0 is for poor drainage.

M/x,y,z = {

Potential water flows in each of the four

directions in the horizontal plane (forward,

V. N. Shanin et al.

(SCx,y,z+1 - 6x,y,z+1) x Azx,y,z+1 + ETS(x,y,z+1)

Min< (Oyy; — FCryz) X A2y y; — ETs(eyz) + PCryp1 1 < 2 <max(z)
HCm(x,y,z:z+1)

FCx,y,z) X AZx,y,z - ETS(x,y,z) + PCx,y,z—l

the following formula:

( (SCx,y,z+1 - 6x,y,z+1) X Azx,y,z+1 + ETS(x,y,z+1)
- FCx:y'Z) x AZx_y_Z - ETS(x:y:Z) - Efgv(x,y) + liquOW(x,y)’Z =1

HCm(x,y,z:z+1)

,Zz = max(z)
HCxy 2

Moisture reserve in the soil layer is

calculated using the following formula:

Wiyz  Wlriowixy) = Ergvey) = ETsy,z) = PCryzz =1
Vl/x‘y’z + PCx,y,z—l — ETS(x,y,z) - PCx,y'z, z>1 )

backward, right and left) HC;, HCg, HC;, HCy
depend on the hydraulic gradient equal to the
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sine of the slope angle and are calculated as follows

HCm(x:x+1,y,z) X ((Hrel(x,y,z) + VVx,y,z) - (Hrel(x+1,y,z) + Wx+1,y,z))

HC;(x,y,z) = 2 ’
\/lz + ((Hrel(x,y,z) + VVx,y,z) - (Hrel(x+1,y,z) + Wx+1,y,z))
HCIf(x,y,z) = _HC;(x—l,y,z)'
. HCm(x,y:y+1,Z) X ((Hrel(x,y,z) + I/Vx,y,z) - (Hrel(x,y+1,z) + Wx,y+1,z))
HCB(x,y,z) = 2 ’
le + ((Hrel(x,y,z) + WCx,y,z) - (Hrel(x,y+1,z) + Wx,y+1,z))
HC;(x,y,z) = _Hcg(x,y—l,z)’
where Hrel is the relative cell height due to The sums of positive (HC*) and negative

microrelief (m), and [ is the horizontal (HC-) fluxes are calculated for each cell
dimension of the cell (m). Space is torus (xy,z):

wrapped.
HC},, = min(0,HCy(, ) + min(0,HC}(, , ) + min(0,HCF(, 1) + min(0, HCy .y, 1))
HCyy, = max(0,HCyy,, ) + max(0, HC/ (.., ) + max(0, HC(, ;. ) + max(0, HCpxy, 1))
The weights of positive (outgoing) and calculated independently:

negative (incoming) flows in a cell are

HCi(xy.2)

+ _ *
Wd(x,y,Z) - HC;yZ ) d E (Rp L; Tp B)) HCd(x,y,Z) > Op

H C; (x,y,2)

Wd_(x,y,z) = HCx_yZ Id € (Ru L; T: B)) HC(;(X’:Y,Z) < 0.

where d corresponds to the direction of positive flows is determined by the difference

each of the four flows. The limitation of in cell water storage and field water capacity:
HC(ey = min (HCty, 2 max(0, Wy, — FCyyz)) X Wi, d € (R,L,T, B).
The limitation of negative flows is moisture capacity and water storage in the
determined by the difference between total cell:
HCjxy 2 = Max (Hc,;_y,z, min (0,~(SCy,, - Wx’y'z))) X Witz d € (R,L,T,B).
The resulting fluxes (PCr, PCi, PCt, PC) positive and complementary negative fluxes
are calculated as the smallest between the according to the module:
PCr(xyz) = Min(|HCreryn| [HCoier1,y,2]) X s80(HCrexy,),
PCLxy,z) = —PCrx-1y,2)
PChxyz = Min(|HCpiey 0| [HCrey.»|) * sgn(HCoxy,2),
PCr(xy,z = —PCp(xy-12)
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where sgn(HCderLrp) is an indicator of

HCaerit) flow sign (equal to +1 if the flow is

positive and -1 if it is negative).
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Water storage in the cell after lateral
Wyyz) s

difference of water storage in the cell and

transfer calculated as the

flows in the four directions:

I/foy,z = I/Vx,y,z - PCR(x,y,z) - PCL(x,y,z) - PCT(x,y,z) - PCB(x,y,z)-

The volumetric moisture content of the
soil layer in the cell is calculated as

*
Weyz
Azx,y,z

Hx,y,z -

Soil temperature (Ts) affects most soil
processes as well as plant growth. Together
with chemical and physical characteristics of
soil organic matter, soil temperature is one of
the main variables controlling soil biological
activity (e.g. Lundegardh, 1927; Katterer et
al,, 1998; Frank et al,, 2002). Consequently, a
spatially-explicit prediction of soil
temperature dynamics is necessary for the
application of other submodels such as the
(SOM)

submodel. Unfortunately, spatially-explicit soil

soil organic matter dynamics

temperature data available

(Schaetzl et al, 2005) and have to be

are rarely
estimated from other information, usually
standard meteorological data.

Most model Ts are based on theories of
heat transfer in soil and energy balance at the
soil surface (Nobel, Geller, 1987; Rankinen et
al, 2004; Chalhoub et al, 2017) Theoretical
energy balance modeling typically includes
solar radiation (absorbed and reflected),

infrared radiation (incoming and outgoing),

V. N. Shanin et al.

turbulent flow energy (latent and apparent
heat), and heat flux through the surface to
underlying soil layers (Mihalakakou et al,
1997; Chalhoub et al, 2017). An energy
balance-based model typically requires more
detailed near-surface and soil parameters,
such as turbulent flux values, to make the
model robust and accurate. However,
determining turbulent flux values is a non-
trivial issue (Dhungel et al, 2021; Kutikoff et
al, 2021). Therefore, simpler empirical
models with fewer dynamic parameters have
been developed to model Ts (Zheng et al,
1993; Kang et al, 2000; Plauborg, 2002Z;
Liang, Uchida, 2014; Badache et al, 2016).
However, these empirical models can lead to
relatively large errors, exceeding 2 °C, due to
the lack of detailed accounting for physical
processes in the soil and atmosphere (Badia et
al, 2017). In this regard, the optimal
approach to create a reliable and easily
parameterizable model for spatially-explicit
estimation  of soil  temperature in
heterogeneous conditions seems to be the
combination of the principles of heat transfer
physics with empirical models describing the

effect of vegetation on Ts.
In our submodel, a one-dimensional
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heat conduction equation (assuming that
horizontal temperature gradients, and hence
heat fluxes in the soil, are much smaller than
vertical ones) with simple parameterizations
of thermophysical properties is used to
soil The surface

calculate temperature.

temperature  calculated  through  air
temperature and canopy shading is taken as
boundary conditions at the upper limit. At

the lower limit, it is a constant temperature
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that is taken (for which the depth of the
temperature calculation layer is assumed to
be 12.8 m). The equation is approximated by
an implicit finite-difference scheme and
solved by the sweep method (Patankar,
1984).

The temperature conductivity in each
cell (Kxyz m2s71) is calculated using the
function proposed by T. A. Arkhangelskaya
(2012):

0
gl
_0.5x| oY)

bx,y,z

2

Kx,y,z — KO(x,y,Z) + ax,y,z Xe )

where Ko is thermal diffusivity of dry soil; 6o
is volumetric moisture at which maximum
thermal diffusivity is reached; Ko+a is
maximum thermal diffusivity at 8 = 6o; and b
is a parameter characterizing the width of the

curve peakand determined by the range of

moisture in which active thermal transfer of
soil moisture occurs. The above parameters
for organomineral horizons can be expressed
through soil density and soil organic carbon
content (Lukyashchenko, Arkhangelskaya,

2018):

Ko(xyz = (0.8386 + 1.1850 X p, ,,, — 0.2356 X Cy,,) X 1077,
Ay, = (3.84+0.1852 X p,,,, —0.5481 X C,,,,) X 1077,
byy,=1.6377 — 0.5884 X p,,,, — 0.1492 X Cy,,,,
Bo(xy.z) = 0.3077 — 0.02739 X pyp,, + 0.0210 X Cy. ,

where C is carbon concentration (%). The

corresponding parameters for the
organogenic soil horizon were taken as
constants the T. A.

Arkhangelskaya and A. A. Gvozdkova (2019).

according to

The calculation of the thermal diffusivity of

snow is described above.

Dynamics of soil organic matter pools

The Romul_Hum soil organic matter

V. N. Shanin et al.

dynamics submodel is integrated into the
model system (Chertov et al.,, 2017a, 2017b;
Komarov et al,, 2017a). This is a new version
of the ROMUL soil model, which has been
described in detail previously (Chertov et al.,
2001; Modeling Dynamics ..., 2007). The main
difference between the Romul Hum model
and the original ROMUL model is the new
procedure for calculating nitrogen dynamics.

In ROMUL, as in most other models, N
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dynamics were strictly linked to carbon
transformation pathways of soil organic
matter (OM), and empirical correction factors
for carbon transformation rates were used to
calculate N pools. The Romul_ Hum model
additionally implemented procedures
describing the transformation of C and N in
the food webs of soil micro-, mesofauna and
earthworms. By-products of soil fauna
activity, in addition to exhaled C-CO2, are
organic matter of excreta, coprolites and
mortmass and mineral nitrogen (mainly
ammonium) of liquid excreta, which allowed
more detailed calculation of soil mineral
nitrogen production in Romul_Hum.

The structure of the Romul Hum model

reflects the functional activity of three
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communities of soil destructors. OM is
represented in the model by a cascade of
fractions that generally correspond to

organogenic soil subhorizons (L —

fresh surface litter; F —  partially

decomposed fermented litter; H —

humified forest litter horizon) and the
humus-accumulative horizon of mineral
soil Ah/Ahe. The rate of mineralization in
each pool was determined experimentally

and depends on the chemical properties of

organic  matter, soil moisture and
temperature  (Modeling Dynamics ..,
2007).

The dynamics of carbon and nitrogen
pools in each cell is described by the

following system of equations:

_ Ik
L’Z‘(i) = Leg-1y + C}(all — dCf% — Lemin

where L’é(i) is carbon stock in cohort k of pool

L at step I, C}‘au is carbon entering cohort k

with litter, dC}% is carbon flux from cohort k

of pool L to pool F, and L% .. is C-CO2 flux

from cohort k of pool L.

R
Ly = LNg-1) + Nfoy — dNf% = Lnin»

where L’,ﬁ,(i) is nitrogen stock in cohort k of
pool L at step i, N}‘a” is nitrogen entering with

litter, dNJ% is nitrogen flux from cohort k of
Fp

where FP. is carbon stock in cohort p

)
(organogenic and organomineral horizons) of
pool F at step i, FE,;, is C-CO2 flux from

cohort p of pool F, dC2,mp is carbon flux

V. N. Shanin et al.

_ k[p] p
ciy = Fea-np + Z dCp —dCpy

pool L to pool F, and L%, is mineralized

nitrogen flux from cohort k of pool L.

— FP

tmin — ACRLump, P € ab, be],

consumed by earthworms from aboveground
cohort F; and ab, be are hereinafter referred
to as indices showing whether the pool/flux

is above- or belowground.
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Fﬁ(l) - Fp(l 1) + Z dNLF dNI?H - Flfl)mm dNIE")Lumb'p € [ab, be],

where F NG) is nitrogen stock in cohort p flux from cohort p of pool F, and AN2, ymp 15
(organogenic and organomineral horizons) of nitrogen flux consumed by earthworms from

pool F at step i, F}’ . is mineralized nitrogen aboveground cohort F.

HEly = HEG_qy + dCEF — HEp i — dCyp,

where Hgf’i) is carbon stock in pool H of the and dCuy is carbon flux from pool H of

organogenic horizon at step i, H3, is C-CO2 the organogenic horizon to the

flux from pool H of the organogenic horizon,

Hyty = Hifieyy + NG

where N3 N(i) is nitrogen stock in pool H of

organogenic horizon at step i, NZP. s

mineralized nitrogen flux from pool H of

where Hé’(el-) is carbon stock in pool H of the

organomineral horizon at step i, H2S,, is

C-COz2 flux from pool H of the organomineral

HN(l)
where H,l\’,(l) is nitrogen stock in pool H of

organomineral horizon at step i, Hb¢,, is

mineralized nitrogen flux from pool H of

organomineral horizon, dNcpru is nitrogen

Lumbg;y = Lumbc(i—1) + dCpass —
LumbN(i) = LumbN(i_l) + dN‘maSS

where Lumbci) and Lumbng) are carbon and
nitrogen of earthworm biomass, dCmass and
dNmass are carbon and nitrogen gains of
earthworm biomass, and dCam and dNam are
and

carbon nitrogen  of

V. N. Shanin et al.

HN(L 1) + dN + dNHH + dNLumbH + choer

organomineral horizon.

Hab

Nmin dNHH'
organogenic horizon, and dNmn is nitrogen
flux from pool H of organogenic horizon

to organomineral horizon.

HCmm'

horizon, and dCcoprn is carbon flux from
earthworm coprolites to pool H of the

organomineral horizon.

HNmm'

flux from earthworm coprolites to pool H of
organomineral horizon, and dNiumbn is
nitrogen flux from earthworm mortmass
to pool H of organomineral horizon.

dCqym,
— dNgm,

mortmass.
Mineralization and humification of

pool L are characterized as follows:

LCmm = kme X LC(l)'

earthworm where kfmin is mineralization coefficient of
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OM mineralization of cohort k of pool L.

BDro:
k — 7k ) Nmin[L]
Lymin = Lemin X <aNan[L] + —Ik. >'
CN
where anminjy and bwmin] are empirical component of the microbial community; L,
coefficients characterizing the ratio and is C:N ratio of cohort k of pool L.

activity of the bacterial and fungal

dCls = ki X L),

where k¥ is OM humification coefficient of cohort k of pool L.
AN = (k% + Kfmin) X L) — Limin-
Mineralization and humification of pool F are characterized as follows:
Fc?min = k?min X Fg(i)'p € [ab' be]'
where kﬁmin is OM mineralization coefficient of cohort p of pool F.
bNminF]
Fymin = Fémin X (@xminir) + —5—),P € [ab, be],
CN

where awminfry and bwnmin[r} are empirical component of the microbial community; Fcz;v
coefficients characterizing the ratio and is C:N ratio of cohort p of pool F.
activity of the bacterial and fungal
dck, = kb, x Fé’(i),p € [ab, be],
where k%, is OM humification coefficient of ~cohort p of pool F.

dNE, = (kb + FE

cmin) X Fé)(i) ~ Fymin' P € [ab, be].
Carbon and nitrogen fluxes consumed by earthworms from pool F are calculated as

ab — ab
dCFLumb - kFLumb X FC(i)'

ab _ ab
ANgumb = Krrumb X Fy(iy,

where krLumb is the coefficient of earthworm Mineralization and humification of pool
food activity. H is characterized as follows:
P _ P P
HCmin - kain X HC(i)'p € [ab' be]'
where k,’;mm is OM mineralization coefficient of cohort p of pool H.
bnmin[np]
le\)lmin = Hgmin X <aNmin[Hp] + Hlp X kII-DIimm'p € [ab' be]'
CN

where anminfry and bwnminjrj are empirical immobilization coefficient from H pool (equal
coefficients characterizing the ratio and to 1.0 for organogenic horizon and 0.7 for
activity of bacterial and fungal components of organomineral horizon).

microbial community, kP

. . — b
Himm 1S nitrogen dCuy = kuy X He gy,
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dNyy = kyp X HIC\lll()i)'

where kuu is OM humification
coefficient of pool H of organogenic horizon.
Earthworm life activity is described

by the following system of equations:

dC
ANpgss = ﬁr
CN

where dCass is the assimilated part of
carbon consumed by earthworms, which is
calculated by the equation

dCass = dCFLumb X kass:
where kass is the assimilation coefficient.

deass = deass X LumbCN'
where Lumbcy is the C:N ratio of earthworm

biomass (taken equal to 4).

The part of carbon consumed by the
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worms returned to the soil with coprolites is
calculated by the equation

dccopr = dCrrymp X (1 — Kgss),

and, accordingly, the part of nitrogen
consumed by worms is calculated by the

equation:

chopr =
C-CO2 mass released as a result of
mineralization of earthworm coprolites is

calculated as

dCcoprMin = dCcopr X kcoprMinf
where Kkcoprmin 1S coprolites mineralization

coefficient. Nitrogen in coprolite

mineralization is calculated by the equation

choprMin = chopr X (kcoprMin +8 X kaix)J

where knfix is the nitrogen fixation

coefficient, accepted as 1.014 x 10-°¢

(Komarov et al., 2017a).

Carbon and nitrogen inputs from

earthworm coprolites to pool H are

calculated using the equations:

dCcoer = dCcopr - dCcoprMin:
choer = chopr X (1 - kcoprMin) + kaix-

earthworm mortmass are calculated as

dCym = Lumbe ;y X 0.000464,

Carbon and nitrogen contents in
dc,
ANy = —22,
Lumby

Nitrogen input from worm mortmass
to the pool H of the organomineral horizon
is calculated as

ANpympr = ANgm X Kimmob,
where k;nmop is nitrogen immobilization

coefficient.
C-COz2 of earthworm respiration is
calculated as
dCresp = dCqss — ACpgss-

Total C-COz emission
earthworm activity is calculated as

due to

Lumbcpin = dCcoprMin + dCym + dCresp-

Total release of nitrogen in mineral

forms resulting from earthworm activity is

calculated as

Lumbymin = choprMin + dNgm X (1 — kimmon)-

V. N. Shanin et al.
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The numerical values of the coefficients from other sources (Modeling Dynamics ...,
and corrections in the equations are 2007).
borrowed from the description of the Mineralization coefficient of pool L
Romul_Hum model (Komarov et al, 2017a; of organogenic horizons is calculated as
Chertov et al. 2017a, 2017b) or compiled
kfher) = (0.0005 +0.0054 x NAI?) x corryy x climhy,

me conc
where NX . is nitrogen concentration in the and corrpu is the correction for soil pH, which
litter cohort k; climf5,. is (hereinafter) is calculated as
correction for soil temperature and moisture,

corrypy =0 < —1.618 + pH X (0.701 — 0.038 X pH) < 1,

where pH is the pH value of the soil. organomineral horizons is calculated

Mineralization coefficient of pool L of as follows

kPl = (0.0136 + 0.0006 x Ash¥[bel) x clim?e,,,.,

Lmin
where Ashklbel is the ash content of orga- Humification coefficient of the pool L of
nic matter in the litter cohort k. organogenic horizons is calculated by

the equation

kit = (0.0089 +0.0078 x Njnt!) x climg®

Humification coefficient of pool L of organomineral horizons is calculated

as follows
kil = (0.0394 — 0.0021 x Ash*[bel) x clim?g

Earthworm food activity coefficient is calculated by the equation

S L (0 < (—0.00233 + Nabl o 0.00233) < 0.07)

kFLumb - ab] X ClimLumb .
Earthworm food assimilation coefficient is calculated as
- 0.35
ass _220 "
1+ 164.6871 X exp 5
Fen
Mineralization coefficient of fresh earthworm coprolites is calculated by the

equation
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Keoprmin = 0-01834 X clim .

Mineralization coefficients of pools F

of organogenic and organomineral horizons

are calculated by equations:

kgb ., = 0.0006 X corr,y X clim$l,.,,

kbe

Humification coefficients of pools F of

organogenic and organomineral horizons are

0.025

— ] b
Prin = 0.00126 X corryy X climgg,,.

calculated by the equation

kP, = (F—p, 0.001) X clim?,,p € (ab, be).

CN

Mineralization coefficients of pools H of

organogenic and organomineral horizons are

kab
kbe

where Clay is «clay fraction share.
Humification coefficient of pool H of

organogenic horizon is calculated as follows

Ky = k& X 5 x 0.923HK

For calculation of coefficient
corrections for soil moisture, the value of soil
moisture standardized by field moisture

capacity is used, and it is as follows:
1

MP = —
FCp

,» € (ab, be),

= MP

14 — 14 — P _
M Fmin — MHmin - MLF - {

Lmin

The following equation is used to

calculate the F pool humification coefficient
FH —
Soil moisture correction of earthworm

Mpymp = {

V. N. Shanin et al.

amin = 0.000167 X clim@
be = 0.00057 x e(~5583xClay) x climbe

min(9.297 x MP**% 1), MP < 1.333
29.53 x 0.07889"", MP > 1.333

- {min(7.500 x MP,1),MP < 1.333
max(2.333 X MP,0),MP > 1.333’

0 <2.307 x M —
max(2.4 — 0.6 x M%) M > 2334

calculated by equations:

Hmin’

Hmins
where 6P is the volumetric moisture of
horizons p, and FCP is the field capacity of
horizon p.

Soil moisture correction for calculation
of L, F, H pools mineralization coefficient

(MP . MP . and MP

tminMEmin Hmin? respectively) and

pool humification coefficient L (M{’F) is

calculated as follows:

,p € (ab, be).

correction:

p € (ab, be).
activity coefficient is calculated as

0.1538 < 1,M* < 2.334
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Soil  temperature correction for

calculation of L pool mineralization coeffi-

FOREST SCIENCE ISSUES, 2023, VOL. 6, NO 4. ARTICLE 135

cient is calculated by the equation

max(0.1595 + 0.0319 X T?,0), T? < 1

TP in =

Lmin

0.1754 x e(TPx0.0871) | « TP < 35

,p € (ab, be).

max(8.791 — 0.1465 X TP,0), TP > 35

Soil temperature correction for calculation

of L pool humification coefficient is

calculated as

TP, = 1.176 x e(-000442x(13.944-T0)%) 4y € (gp, be),

Soil  temperature correction for

calculation of F pool  mineralization

coefficient is calculated by the equation

max(0.1595 + 0.0319 X T?,0), T? < 1

Thin =

Fmin

0.1754 x e(TPx00871) 1 « TP < 25

,p € (ab, be).

0 <3.69—-0.0615xTP < 1.534,TP > 25

Soil temperature correction for

calculation of F pool humification

coefficient is calculated by the equation

max(0.1595 + 0.0319xTP,0), T? <1

0.1754 x (T?x0.0871) | « TP < 20

,p € (ab, be).

0<20-0.025xTP <1,TP > 20

coefficient is calculated by the equation

max(0.1595 + 0.0319 x T?,0),T? <1

P _
TFH -
Soil temperature correction for
calculation of H pool mineralization
P _
TLmin -

0.1754 x e(TPx0.0871) 1 « TP < 275

,p € (ab, be).

0<468 — 0.078xTP <195,TP > 275

Soil temperature correction for earth-

worm activity coefficient is calculated as

max(0.1595 + 0.0319 xT?,0), TP <1

Trump =

0.0675 x e(T?x0.2088) 1 « TP < 13

0<20-004xTP<1,TP > 13

Resulting climatic corrections used in

the calculation of the coefficients are
calculated as the product of the temperature
and soil moisture corrections.

Decomposition of coarse woody debris

V. N. Shanin et al.

(CWD) in the current version of the model

system is described using the same
procedures as decomposition of non-timber

litter fractions.
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Felling simulation unit

This unit allows to simulate different
types of harvesting based on specified
external parameters, the main ones being
harvesting intensity (removal of wood and
other phytomass fractions) and methods of
tree removal. The intensity of removal can be
determined either as a fraction of the target
value (stand basal area, m? ha-1, or stand
density, trees ha-1) before felling, or as a
target value to be achieved after felling.
Selection of trees for felling is based on their
sorting by trunk diameter at breast height.
Depending on the parameter, felling will be
done either in descending order (i.e. the
largest trees will be cut), in ascending order
(small trees will be cut first), or trees of all
diameter classes will be randomly selected
for felling. In addition, it is possible to set the
proportion of the largest trees that will not
be cut and the threshold value of trunk
diameter at breast height below which trees
will not be cut even if the required removal
rate is not achieved. Advanced felling
algorithms involve optimizing stand thinning
in such a way as to reduce competition
between trees for resources. The size-to-
distance ratio index is used to assess the
intensity of competition and has shown good
with  minimal

results computational

complexity (Shanin et al, 2021a). The
procedure parameters allow specifying the
order in which trees of different species will

be cut, as well as blocking the felling of trees

V. N. Shanin et al.
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of certain species. It is also possible to
simulate leaving felling residues on the site,
which are then added to the amount of plant
litter and transferred to the soil organic
matter dynamics submodel. Additional
planting of trees in an existing stand is
simulated by the same procedure as the
initial placement, but taking into account the

cells already occupied by trees.

Promising directions

for improving the model system

The goal of any model is to provide the
most accurate reproduction of basic
ecosystem processes while minimizing the
number of input parameters required
(avoiding the need for difficult-to-define
object-specific parameters in the first place).
From our point of view, some improvements
can be made to the model system.

First of all, a natural regeneration
simulation unit is needed. In simulation
experiments with the current version of the
model system, for this purpose we used a
procedure similar to the procedure for
simulating initial tree placement using expert
judgment of the density and species
composition of natural regeneration. We
have previously (Juutinen et al., 2018; Shanin
et al,, 2021b) used empirical renewal models
(Pukkala et al., 2012). However, parameter
estimation of these models was carried out
on the basis of a limited set of experimental
which does

data, not guarantee their
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accuracy in other ecological and geographical

conditions. A solution could be the

development of a process model of
regeneration that takes into account the seed
production of trees depending on habitat
conditions, seed dispersal over the simulated
site (including the possibility of introducing
seeds of species not present in the simulated
site at the moment) and the probability of
successful establishment and survival of the
undergrowth depending on local conditions
(canopy illumination, moisture, presence of
grass-shrub layer plants). This submodel
should also include the ability to simulate
vegetative propagation using data on root
system distribution and rootstock formation
rates.

Both the regeneration submodel and
the initial tree placement simulation
procedure can be improved by incorporating
more  detailed procedures that account
for spatial clustering of trees of the same or
different species (Pommerening, Grabarnik,
2019). To expand the range of possible
simulation scenarios, it is necessary to
include in the model system procedures that
simulate different types of disturbances such
as fires, windthrow, phytopathogens and
pollution. The existing simulated felling
procedure can be improved by implementing
optimization procedures (Tahvonen, Ramo,

2016) select

that automatically felling
parameters to maximize the target, which can

be maximum income, carbon storage, etc. In

V. N. Shanin et al.
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addition, the optimization algorithm for
selecting trees for felling can use the outputs
of competition submodels (i.e., the amount of
resources obtained by each tree) instead of
the simplified competition index to calculate
the optimal thinning of the stand. In the
competition submodel, it should be possible
to simulate competition for elements of soil
nutrition and water (other than nitrogen).
The current version of the model
system uses a static approach to micro-relief
generation, performed only during the
initialization phase. A transition to a dynamic
submodel is needed, with two main areas of
the simulation of

development being

microrelief changes over time and the
influence of microrelief on tree regeneration
and grass-shrub layer vegetation. The
current version of the litter distribution
submodel does not take into account the
heterogeneity of biomass distribution within
crowns, as well as the influence of the spatial
structure of the tree canopy and microrelief
on litter distribution, hence the need to refine
these procedures.

Experience gained in modeling stand
dynamics on drained peatlands (Shanin et al,,
2021b) has shown the importance of
considering the water table and its influence
on tree stand productivity, and tree
regeneration success. It is also necessary to
modify

submodel to simulate decomposition of a

soil organic matter dynamics

portion of in-soil litter under anaerobic
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Soil organic matter submodel considers
the dynamics of labile and stable carbon
pools, while carbon in "superstable" states,
such as deep soil organic matter and
pyrogenic carbon (Lehmann, Kleber, 2015),
is not considered in the submodel, which may
lead to more distinct fluctuations in soil
organic matter stocks with changing
vegetation formations than actually observed
(Luyssaert et al,, 2008). As a consequence, a
necessary addition in the development of the
submodel, especially important for long-term
forecasting, is the inclusion of an
corresponding pool in the soil organic matter
submodel. Another promising direction of
submodel development is the inclusion of
cycles of other elements (primarily
phosphorus and calcium) into the model
system, using already existing developments
(Khoraskina et al, 2010; Komarov et al,
2012), as well as modeling the dynamics of
the corresponding elements in the stand and
grass-shrub layer. To better account for the
different

interrelationships between

components of forest ecosystems, the
inclusion of units for simulating rhizosphere
priming effect (Priputina et al., 2021; Chertov
et al, 2022) and mycorrhiza in the model
system is also suggested. It is also obvious
that a separate submodel is needed to take
into account the relationship between CWD
size and decomposition rate, as well as the
CWD fractions

peculiarities of specific

V. N. Shanin et al.
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(standing dead trees, fallen logs) (Didion et
al., 2014; Shorohova, Kapitsa, 2014).
Currently, species-specific parameters
were estimated only for the following 12
main species: Pinus sylvestris, Picea abies,
Larix sibirica, Abies sibirica, Betula pendula /
for both

Betula pubescens (parameters

species were assumed to be identical),
Populus tremula, Quercus robur, Tilia cordata,
Fagus sylvatica, Acer platanoides, Ulmus

glabra, Fraxinus excelsior. Accordingly,

another area of work is to continue

parameterization of the model system
(including both estimation of parameters for
other tree species and refinement of existing
parameter values) to more accurately model

the dynamics of mixed stands.

SIMULATION EXPERIMENTS
Simulation scenarios

To test the correctness of the model
system, a set of scenarios was constructed to
simulate stands with different species
composition, different spatial structure and at
different stages of development. The simulation
experiments were conducted on a 100 x 100 m
virtual site divided into 0.5 x 0.5 m cells.
Simulation scenario parameters are
summarized in Table 6.

Soil-climatic conditions were assumed to
correspond to C3 forest site type (Zheldak,
Atrokhin, 2002) for the subzone of coniferous-
broadleaved forests. Results of the simulation
experiments were analyzed by a set of control

variables including the following: (a) PAR
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interception at the individual tree level (M] per
1 kg of absolutely dry foliage biomass); (b)
distribution of under PAR under canopy at the
individual cell layer (as a fraction of above-
canopy PAR); (c) N uptake in plant-available
forms at the individual tree layer (in g per 1 kg
of absolutely dry fine root biomass); (d)
overlap of tree root systems at the level of
individual cells; (e) net primary production of
stands during the growing season, kg ha-1; (f)
heterogeneity of spatial distribution of soil
hydrothermal characteristics. When analyzing
the productivity of stands of the same structure
but with different species composition, the
effect of "overyielding" (Loreau, 1998) was also
analyzed, based on the calculation of the ratio
of predicted productivity of a mixed stand to its
theoretical expected productivity. The latter is

defined as a weighted average of the predicted
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single-species stands, where the weight
measure is the proportion of species in the
analyzed mixed stand (Pretzsch et al., 2013).
Thus, the values of additional productivity
exceeding 1 show the influence of the "niche
segregation” effect on the productivity growth
of mixed stands compared to single-species
stands. @~ When analyzing the  spatial
heterogeneity of hydrothermal characteristics
of soils, the data of meteorological station
Kolomna for 1976 were used. Two days in
spring and summer periods were selected for
which the influence of spatial heterogeneity on
the hydrothermal regime is most evident. On
the 100th day of the year (09.04.1976) the
snow cover on the open ground and under
deciduous stands has already melted, and

under coniferous stands it has not yet melted.

productivity values of the corresponding

Table 6. Initial parameters of simulation scenarios

Code Tree stand Stand Mean Mean trunk Age, Type of tree placement
formula density, height, m |diameter at years in space
trees ha-! breast height, cm
1.P_Yr 10P 4400 45+0.2 6.0+0.3 10 Pseudorandom
2.B_Yr 10B 4400 45+0.2 6.0+0.3 10 Pseudorandom
3. P5B5_Yr 5P5B 4400 45+0.2 6.0+0.3 10 Pseudorandom
4.P7B3_Yr 7P3B 4400 45+0.2 6.0+0.3 10 Pseudorandom
5.P3B7_Yr 7B3P 4400 45+0.2 6.0+0.3 10 Pseudorandom
6.P_Yc 10P 4400 45+02 | 6.0£0.3 10 Clustered
7.B_Yc 10B 4400 45+0.2 6.0+0.3 10 Clustered
8.PB_Yc 5P5P 4400 45+0.2 6.0+0.3 10 Clustered
9.P_Yg 10B 4400 45+02 | 6.0£0.3 10 Regular
10.B_Yg 10B 4400 45+£02 | 6.0£0.3 10 Regular
11.PB_Yg 5P5B 4400 45+£02 | 6.0£0.3 10 Regular
12.P_Mr 10P 400 27.7+1.2 | 33.4+2.3 100 Pseudorandom with
threshold distance

V. N. Shanin et al.
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Continuation of Table 6
13.S_Mr 10S 400 27.7+1.2 | 33.4+2.3 100 Pseudorandom with
threshold distance
14.B_Mr 10B 400 277+1.2 | 33.4+2.3 100 Pseudorandom with
threshold distance
15.PS_Mr 5P5S 400 27.7+1.2 | 33.4+2.3 100 Pseudorandom with
threshold distance
16. PB_Mr 5S5B 400 27.7+1.2 | 33.4+2.3 100 Pseudorandom with
threshold distance
17.L_Mr 202L2M2E2A 400 27.7+1.2 | 33.4+2.3 100 Pseudorandom with
threshold distance
18.PS_Tr I: 10P 400 27.7+1.2 | 33.4+2.3 100 Pseudorandom with
threshold distance
II: 10S 1000 50+0.5 10.0+1.0 30 Pseudorandom
19.BL_Tr I: 10B 400 27.7+1.2 | 33.4+2.3 80 Pseudorandom with
threshold distance
II: 202L2M2E2A | 1000 5.0+£0.5 10.0+1.0 30 Pseudorandom
20. PSL_Tr I: 4P4S2B 300 27.8+29 | 40.7+9.5 100 Pseudorandom with
threshold distance
II: 554L10 700 123+6.6 | 13.8+2.8 30 Clustered
21.L_Tr I: 202L2M2E2B | 300 28.0+29 | 41.0+9.6 50-150"| Pseudorandom with
threshold distance
II: 4E3L3M 400 104+13 | 151+2.1 30 Pseudorandom
22.S_Ur 10S 700 2.0-33.0" | 2.4-55.8" 10-200" | Pseudorandom

Note: "[", "II" are the indicators of separate stand layers. Mean height and mean trunk diameter at breast
height are shown for mean * standard deviation. Type of tree placement in space is the following:
pseudorandom, pseudorandom with threshold distance (priority of stand density); clustered; by regular scheme
(4.5 m between rows, 0.5 m between seedlings in a row). * — the value range is specified. P — Pinus sylvestris, S
— Picea abies, B— Betula spp., 0 — Quercus robur, L — Tilia cordata, M — Acer platanoides, E — Ulmus glabra, A

— Fraxinus excelsior.

The vegetation of deciduous trees and living
ground cover plants has not yet begun. Mean
daily air temperature is +4.5 2C. On the 210th
day (27.06.1976) mean daily air temperature
is 20.0 9C, and daily precipitation is 10 mm.
The preceding week was warm (mean daily
temperatures were 17.1-20.6 2C) and
practically without precipitation. However,
32 mm of rainfall had fallen earlier during the
two days, but over a week of warm and dry
weather this amount of water must have
been largely used up for evapotranspiration.
The information

initial meteorological

V. N. Shanin et al.

required for the soil hydrothermal regime
submodel (air temperature, precipitation,
and air humidity characteristics (saturation
deficit and relative humidity of daily
resolution) was obtained from data sets
prepared at the All-Russian Research
Institute of Hydrometeorological Information

— World Data Center (RIHHMI — WDC) of

Roshydromet and available at
http://meteo.ru/data. For characterizing
climatic conditions, data of the

meteorological station Kolomna were used.

The 30-year period of 1981-2010 was
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chosen as the baseline period to assess the
statistical characteristics of the present-day
climate. Stationary climate scenarios were
then generated by randomly sampling full
years of data (in order to preserve both intra-
autocorrelation and

annual parameter

correlation between parameters) until
reaching 70-year durations (in daily time
steps). Obtained scenarios were checked for
the absence of tendencies both by visual
inspection of indicator diagrams and by
approximation of indicators by a linear
function (the absence of significant
differences in the slope coefficient of the
linear function from 0 was checked). Initial
stocks of OM and nitrogen in organic and
organomineral soil horizons in the simulation
experiments were the same for all cells of the
simulated forest site. Stock estimates were

made based on field soil survey data by the

authors in  Prioksko-Terrasny Nature
Reserve. Spatial differentiation of soil
reserves of OM and nitrogen in the

simulation experiment occurred due to the
input of different amounts of species-specific
fractions of plant litter into the cells of the

model grid and the dependence of the

intensity of its transformation
(mineralization) on the hydrothermal
conditions of the corresponding soil

horizons. Grass-shrub layer was represented
by the following 5 species: Calamagrostis
arundinacea, Convallaria majalis, Pteridium

aquilinum, Vaccinium myrtillus and Vaccinium

V. N. Shanin et al.
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scenarios of stand

modeled. The

vitis-idaea. Three

development were first
scenario is a polydominant stand of Pinus
sylvestris, Picea abies, Betula spp. and Populus
tremula with a pseudorandom arrangement
of trees. Initial C and N reserves in the
organic horizon are as follows: 2.625 kg m2
(C), 0.054 kg m2 (N),
organomineral horizon they are 3.14 and

0.19 kg m=?

and in the

respectively. The second
scenario is a pine-birch stand with trees
arranged in several dense clusters. Initial C
and N stocks in soil are similar to the
previous scenario. The third scenario is Pinus
sylvestris species with trees arranged in a
regular square grid with 2 x 2 m spacing. It
was assumed that the organogenic horizon of
soils was strongly disturbed as a result of the
formation of planting furrows, and the initial
C and N reserves correspond to those in the
organomineral part of the profile and as
follows: C is 1.393 kg m~2, and N comprises
0.103 kg m—2.

In addition to wundisturbed forest
ecosystem scenarios, the effects of external
forcing factors were simulated. They
included a selective felling with removal of
30% of the largest trees (based on the sum of
cross-sectional areas), climate change (under
RCP 4.5, RCP 6.0 and RCP 8.5 scenarios from
the IPCC 5th Assessment Report (IPCC,
2013)), and a 50% increase in the input of N

compounds from precipitation compared to

the baseline (Jia et al., 2016).
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RESULTS AND DISCUSSION

To compactly represent spatially
distributed indicators (at the level of

individual trees or cells of the simulation
grid) at a single point in time, a variogram is
used, which depicts the distributions of
analyzed indicators for several simulation
scenarios using probability density curves.
The width of each curve corresponds to the
approximate frequency of data points with
index value on the

the corresponding

ordinate axis. Horizontal lines on the
variogram are consistent with the median
values of the corresponding indicators. To
represent the dynamics of the spatial
distribution of indicators at the cell level of
the simulation grid, a diagram is used, which
is a vertical sequence of probability density
distributions of the analyzed indicator for
different simulation steps, aligned on a
horizontal scale. All presented results should
be considered as preliminary, since at this
stage the main purpose of simulation
experiments was to test the functional
capabilities of the model system to reproduce
the functional relationships between
different components of forest ecosystems,
taking into account the influence of spatial
heterogeneity at different levels, and not to

demonstrate the application of the model

V. N. Shanin et al.
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system to solve specific practical or research
problems. In this regard, temporal dynamics
is demonstrated only for those indicators on
which the influence of spatial heterogeneity

is cumulative.

Competition for resources and productivity
of forest stands

Results analysis of the simulation
experiments revealed a number of aspects in
the functioning of the modeled forest
ecosystems. It is shown that the intensity of
root competition in a stand depends more on
its species composition and spatial structure
than on its age, although there is a slight
increase in the intensity of competition for
soil nutrition elements in mature stands
compared to young stands (Fig. 15). At the
same time, as the age of the stand increases,
homogeneity in the spatial distribution of
competition density increases as well. This is
explained by the fact that the multiplicity of
root system overlap significantly exceeds the
multiplicity of crown projection overlap,
shown earlier

which was (Sannikov,

Sannikova, 2014). Such density of root
system overlap is primarily due to the high
range of root horizontal spread relative to
the size of the crown and, as a consequence,
to a much higher area of the tree root system

compared to the area of its crown projection.
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Figure 15. Distribution of root competition intensity (number of nutrition zone overlaps
per 1 m? of simulation grid) in stands of different composition and spatial structure. Codes
and characteristics of the scenarios are summarized in Table 6. Horizontal lines indicate
median values

Differences in initial tree location also
influence nature of root competition. With a
pseudorandom initial arrangement of trees,
the distribution of nutrition zone overlap is
close to normal. When trees are clustered,
this distribution is bimodal, with one peak (in
the region of high intensity of competition)
corresponding to groups of trees with a
dense arrangement, and a second peak in the

region of gaps between such clusters, where

V. N. Shanin et al.

the intensity of competition is low. When
trees are arranged according to a regular
grid, there are several peaks associated with
a higher density of overlapping nutrition
zones within the rows and a lower density in
the inter-rows. In mature stands with one
layer, the density of nutrition zone overlap is
lower than in stands with a more complex

tree stand structure (Fig. 15).
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Figure 16. Total annual nitrogen consumption at the level of individual trees, kg per 1
kg of fine root biomass, in stands of different composition and spatial structure

According to model estimates, N uptake
by trees decreases with increasing age as
follows: from about 0.010 kg N per 1 kg of
fine root biomass per year in young stands to
0.002-0.005 in mature stands. Uneven-aged
and mixed stands demonstrate more efficient
resource use (due to more uniform
distribution of underground organs biomass)
compared to

The

single-aged = mono-species

stands. spatial structure does not
significantly affect the median value of this
indicator, but influences the nature of its
distribution (Fig. 16). Lower values of N
stands, in

consumption in uneven-aged

addition to the model system's inherent
decrease in N consumption efficiency as trees
age, can be explained by stronger competitive

pressure from large trees. N uptake in spruce

V. N. Shanin et al.

forests is also additionally influenced by a
higher root saturation in the soil compared to
other stands, which can be explained by a
higher proportion of fine root biomass (of
total tree mass) in Picea abies compared to
trees of other species (Helmisaari et al,
2002). Moreover, in most of the mixed
stands, the value of N consumption was
higher than expected, which can be
calculated as an arithmetic mean between
the consumption rates in pure stands formed
by the species included in a given mixed
stand. This, in our opinion, confirms the
effective realization of the mechanisms of
simulating "niche segregation” embedded in
the model system, which consist, in
particular, in the fact that aboveground and

underground organs of trees of different
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species differ in the nature of vertical
distribution, thereby reducing the intensity

of competition and increasing the efficiency

FOREST SCIENCE ISSUES, 2023, VOL. 6, NO 4. ARTICLE 135

of resource use (Cavard et al., 2011; Pretzsch

etal,, 2015).
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Figure 17. PAR interception at the level of individual trees (G] per 1 kg of
foliage /needles, sum for the growing season) in stands of different composition and spatial
structure

In general, the simulation experiments

showed higher PAR interception

by
deciduous trees (per 1 kg of foliage biomass)
compared to coniferous trees. The values of
this index are higher for the young-growth
stage, which we attribute to the more sparse
placement of trees and less shading of leaves
(needles)

compared to mature

in the lower canopy layers
and uneven-aged
stands. Tree placement according to a regular

grid influenced a different distribution

V. N. Shanin et al.

pattern and median value of PAR
interception in young trees, compared to
pseudorandom and clustered placement. The
main influence here is the mutual shading of
trees within the row, which cannot be fully
compensated for by the expansion of crowns
in the direction of the row spacing (Fig. 17).
The median value of PAR interception is
higher in uneven-aged stands compared to

mature stands.

79



ORIGINAL
RESEARCH

FOREST SCIENCE ISSUES, 2023, VOL. 6, NO 4. ARTICLE 135

Uneven-aged

0.754

0.50+

0.254

PAR under the canopy, portion of the above-canopy

o
o
o

,_kk,_\\(,_K\,_\\,_‘\(_LO_LC)_kO__\Q,__\Q,,_\Q @‘-@@'\@@@

PR

Qs Q;/@b//\%'b/rbé\/ R7 ¥/ R7 R Q,/Q@/ R7 97 7B/ R N Q%/Q>\’/QCJ\’/ N G

R A

Simulation scenario

Figure 18. Distribution of PAR reaching the soil surface (fraction of the aboveground
PAR) at the level of individual cells of the simulation grid in stands of different composition
and spatial structure

Thus, in clustered placement, resource
development both at the level of individual
trees and at the level of the stand as a whole
is less efficient. Since on the one hand,
competition in dense groups is very high,
which limits the amount of resources at the
level of an individual tree, and on the other
hand, the possibility of germination into the
"gaps" of root systems and especially tree
crowns is limited. The placement of trees
according to a regular grid in some cases was
even more efficient than pseudorandom
placement in terms of resource utilization.
However, the peculiarities of these stands,
related to their lower stability, should be
taken into account. In the development of
stands with such a structure, the intensity of

competition has similar indicators for all

V. N. Shanin et al.

trees, which can lead at a certain stage to
their mutual oppression and subsequent
intensive self-thinning (Priputina et al,
2016). The death of some trees in stands with
such a structure creates large gaps in the
canopy, which cannot be compensated by
lateral expansion of the crowns of the nearest
trees. At the same time, in stands with a
pseudorandom arrangement of trees (even
mono-species and single-age stands), a
number of trees have an advantage due to
lower competitive pressure on them from
neighboring trees, which at the stand level
may  contribute to more efficient
consumption of resources, as well as increase
the resistance of such stands to self-thinning.

Analysis of PAR distribution under the

canopy showed, as expected, that there are
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no heavily shaded areas in young trees. In
coniferous stands, the proportion of well-lit
areas is higher, which is explained by more
compact crowns, which (with the same stand

density and tree

FOREST SCIENCE ISSUES, 2023, VOL. 6, NO 4. ARTICLE 135

canopy. In mature coniferous stands the
distribution of PAR under the canopy is more
uniform compared to mature stands of
(Fig. 18).

deciduous species In mature

size assumed in all deciduous stands, the proportion of strongly
simulation scenarios) give more "gaps" in the shaded cells is higher.
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Figure 19. Productivity at the individual tree level (kg of net primary production per
year per 1 kg of total tree biomass) in stands of different composition and spatial structure

The value of net primary production (in
kg per 1 kg of total tree biomass) is
expectedly higher in young trees. Peak
productivity values in young stands with
clustered placement correspond to individual
trees growing in sparse sections of stands,

which, as a consequence, are practically not

limited by available PAR and less limited by

V. N. Shanin et al.

the amount of available nitrogen.
Additionally, high productivity values are
observed in stands with complex structure,
especially in absolutely uneven-aged spruce
forest (Fig. 19). The values of additional
productivity for mixed young trees are as
follows: 1.028 for 7P3B, 1.036 for 5P5B, and

1.030 for 3P7B.
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Figure 20. Projected values of additional productivity in mixed stands of different
composition under no-felling scenario (NAT), climate change (RCP45, RCP60 and RCP85),
increased input of nitrogen compounds from precipitation (NITR) and selective felling (CUT)

Practically in all modeled variants of

mixed stands the value of additional
productivity was higher than 1 (Fig. 20). The
values of additional productivity in most of
the impact scenarios were higher than in the
undisturbed scenario, showing the higher
resilience of mixed stands. The additional
productivity index is also higher in stands
formed by species with different ecological

and cenotic strategies.

V. N. Shanin et al.

Hydrothermal conditions and soil organic
matter dynamics heterogeneity
Results  analysis of  simulation
experiments to assess the spatial variation of
soil hydrothermal characteristics showed
that on the 100th day of the year, soil
moisture in all deciduous stands remains
spatially homogeneous. In this case, in the
forest floor, where the average value of soil
moisture is 0.17 m3 m=3 (Fig. 21), moisture

decreased in comparison with the value of
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0.30 m3 m3 set at the beginning of the m3 m-3 (Fig. 22) in comparison with the
simulation experiment, and in the underlying initial of 0.20 m3 m-3.

organomineral horizon increased up to 0.24
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Figure 21. Moisture distribution in the 0-5 cm layer on the 100th day of the year under
stands of different composition and spatial structure
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Figure 22. Soil moisture distribution in the 5-40 cm layer on the 100th day of the year
under stands of different composition and spatial structure

In mixed young stands with Pinus modes, one of which is similar to the value
sylvestris and Betula spp. the distribution of under the deciduous stands considered

forest floor moisture content is bimodal, with above (0.17 m3 m=3), and the other
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corresponds to the lowest moisture content
(0.10 m3 m-3). Moisture content of the
organomineral horizon in this variant of
stands varies in the range from values close
to the lowest  moisture content
corresponding to this horizon (0.25 m3 m-3)
to values of 0.45 m3 m~3, which is close to the
full moisture content (0.49 m3 m-3); at the
same time, low values spatially prevail.
Apparently, rare cells with high values of
moisture of the organomineral horizon
correspond to areas of stronger shading,
where snow melted later and not all excess
moisture had time to penetrate into the
underlying horizons. This can be confirmed
by the picture in mature and uneven-aged
coniferous stands, where, obviously, snow
cover melting, due to more significant
shading, has not yet ended. Accordingly,
moisture distribution in the forest floor is
asymmetric with a mode in the area of high
values, whereas in the organomineral
horizon it is closer to symmetric, i.e. on a part
of the simulation site moisture has already
had time to increase significantly, and on a
part it has not yet, but intermediate values

prevail. Spatial heterogeneity of snowmelt

V. N. Shanin et al.
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rates creates preconditions for the formation

of loci of ephemeroid plants actively
participating in the biological cycle of
elements.

Forest floor temperature on day 100
was around +3.8 °C under all deciduous
stands (0.7 °C below air temperature). In soil
at a depth of 20 cm it was around +2.3 °C,
with relatively uniform distribution in space
due to more rapid snow cover melt in
conditions of weak shading. Under young
stands with Pinus sylvestris, the temperature
values are on average almost the same with
slightly greater dispersion and some minor
outliers towards lower temperatures,
obviously in places of later snowfall. In
mature and uneven-aged stands with
coniferous species, the temperature range is
much wider (+0.3 ... +3.9 °C in the forest floor
and +0.3 .. +2.4 °C at a depth of 20 cm), and
the distribution is bimodal with modes close
to the range edges and low repeatability of
intermediate values (Figs. 23, 24). Such
spatial heterogeneity is obviously caused by
the non-simultaneous snow cover descent,
which has not yet been completed in more

shaded areas.
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Figure 23. Temperature distribution at a depth of 2.5 cm on the 100th day of the year
under stands of different composition and spatial structure
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Figure 24. Soil temperature distribution at 20 cm depth on the 100th day of the year
under stands of different composition and spatial structure

At day 210 under young trees, the was distinctly bimodal with maximum
distribution of forest floor moisture content repeatability of values of 0.31 and 0.20-0.23
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m3 m-3. In mature and uneven-aged stands,
forest floor moisture values (Fig. 25) are
mainly concentrated in the range of 0.14-
0.24 m3 m-3, very rarely reaching maximum
values close to those in young stands. In the
organomineral horizon (Fig. 26) of young
stands there is an asymmetric distribution
with increased frequency of relatively high
values (about 0.30-0.33 m3 m=3 with
maximum values up to 0.35 m3 m-3 and
relatively rare deviations towards lower
values (0.18-0.30 m3 m~3). Under mature and
the distribution of

uneven-aged stands

moisture values of the organomineral

horizon is more diverse. Spruce forests are

spatially dominated by higher moisture

FOREST SCIENCE ISSUES, 2023, VOL. 6, NO 4. ARTICLE 135

values with a relatively narrow range of
values, while birch and pine forests have
lower values with a wider range. In broad-
leaved stands, the widest possible range is
observed with higher values predominating.

We that 10 of

suppose mm

precipitation (after a week without
precipitation and at increased temperature
relative to the norm) noticeably manifested
themselves only in young stands, whereas
they had a relatively weak effect on the
moisture content of forest floor and,
moreover, of the organomineral soil horizon
in mature and uneven-aged stands due to

increased transpiration.
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Figure 25. Moisture distribution in the 0-5 cm layer on the 210th day of the year under
stands of different composition and spatial structure
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Figure 26. Moisture distribution in the 5-40 cm layer on the 210th day of the year under
stands of different composition and spatial structure

According to calculations, the forest (Fig. 28). Spatial heterogeneity of the
floor temperature at day 210 (Fig. 27) is 2.0- temperature field in young stands is less
2.5 °C and that of organomineral horizon is evident than under mature and uneven-aged

7.0-7.5 2C lower than the air temperature stands.
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Figure 27. Soil temperature distribution at 2.5 cm depth on the 210th day of the year under
stands of different composition and spatial structure
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Figure 28. Soil temperature distribution at 20 cm depth on the 210th day of the year under
stands of different composition and spatial structure

Results of simulation experiments to
assess spatial variation of organic matter (C)
and nitrogen (N) reserves in the soil cover of
forest phytocenoses were analyzed based on
comparison of data from three scenarios of
stand development from young stands (5-10
years) to mature stands (70 years). In each of
them two variants of plant litter inputs were
considered and were as follows: (1) spatially
localized according to stand structure
species-specific litter of the tree layer only,
and (2) stand litter together with that of
grass-shrub layer.

In the scenario with polydominant
stand of Pinus sylvestris, Picea abies, Betula
tremula with

and Populus

spp.
pseudorandom arrangement of trees, the soil
and vegetation conditions of the simulated

site are close to the conditions of the

V. N. Shanin et al.

permanent sample plot in the Prioksko-
Terrasny Reserve, where field studies were
conducted. Calculation results visualization
shows similar character of C and N reserves
distribution in soil horizons with field data.
In the predictive calculations, starting from
the first modeling steps, the spatial
heterogeneity of C and N pool distribution
between subcrown and inter-crown areas is
reproduced due to the difference in the
surface litter. In

amount of received

simulation estimates, additional

consideration of grass-shrub layer litter
creates greater spatial heterogeneity of soil
parameters in young and middle-aged stands
with less closed crown canopy, which was
reflected in the diagrams of probability

distribution of carbon and nitrogen stock

values (Fig. 29). By the stand age of 70 years,
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the distribution of OM and N stocks in forest
floor is determined mainly by the nature of
tree layer litter, while the influence of grass-
shrub layer plants is minimal, as evidenced
by similar stock distribution diagrams for the
consideration.  For

scenarios under

Carbon

Years

FOREST SCIENCE ISSUES, 2023, VOL. 6, NO 4. ARTICLE 135

organomineral horizons, model calculations
in both variants of litter income show greater
heterogeneity in the spatial distribution of C
and N reserves compared to forest floor,
which is consistent with field data (Priputina

etal,, 2020).

Nitogen
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Standardized distribution of stocks

Figure 29. Standardized distribution of organic matter stocks in terms of carbon (C) and
nitrogen (N) in organogenic (forest floor) and organomineral soil horizons in the scenario of
polydominant stand with pseudorandom tree arrangement. 1 — only stand litter was taken

into account in model calculations, 2 — including stand litter and grass-shrub layer litter. The
x-axis shows standardized distribution of reserves in gradation from minimum to maximum
at the site per corresponding time step

The contribution of grass-shrub layer
plants to the maintenance of soil organic
matter  reserves is more clearly
demonstrated by the data on the dynamics of
averaged C and N reserves calculated as an
average for the whole simulated site (Fig.
30). As it can be seen in the diagrams above,
the model system shows increased C and N
reserves in organic horizons (forest floor)

when taking into account the grass-shrub

V. N. Shanin et al.

plants litter, compared to the variant of litter
input only from the tree stand. This is
explained, in particular, by the fact that the
submodel of soil organic matter dynamics
takes into account a part of the root litter of
shrubs and grasses into the forest floor. In
organomineral horizons, the contribution of
ground cover plants to the dynamics of

organic matter reserves is less evident.
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— Stand only — Stand and grass-shrub layer

Organogenic horizons carbon

4.050+

3.0851

2.1201

1.155+

0.190+

Organomineral horizons carbon

8.6801

Stocks, kg m=2

6.8351

4.990+

EEEEEEES-C

3.145

1.300+

0 10 20 30 40 50 60

70

Organogenic horizons nitrogen
0.1501
0.1151
0.080+
0.045+ i
ARRRNNNANT
0.010+
Organomineral horizons nitrogen
0.300+
0.245+
0.1901 w
0.1351
0.080_ ] . 1 1 1 ] .
0 10 20 30 40 50 60 70
Years

Figure 30. Dynamics of carbon and nitrogen stocks distribution in forest floor
(organogenic horizons) and organomineral part of the profile in the scenario of a
polydominant stand with pseudorandom tree arrangement: mean values of indicators for the
corresponding soil horizons

In the scenario with clustered
placement of tree species with similar
ecological and cenotic strategies (Pinus
sylvestris and Betula spp.), the significant role
of competition for resources between closely
growing trees as a factor of decreased
leaf/needle production can be traced, which
is reflected in reduced C and N stocks for
plots within clusters formed by trees of the
same species. In contrast to the
polydominant stand with pseudorandom
arrangement, the cluster structure of trees of
different species with different N content
forms a more contrasting distribution in the
C and N

biogeocoenosis space of soil

V. N. Shanin et al.

reserves, especially at the young-growth
stage, as evidenced by the presence of 2-3
peaks of standardized distribution in the
scenario without taking into account the
grass-shrub litter (Fig. 31). When the
contribution of ground cover plants to the
total plant litter pool is taken into account,
the contrast in the distribution of indicators
in space is slightly reduced. At the same time,
as in the polydominant stand scenario, there
are noticeable differences in the nature of
distribution of soil C and N reserves for
organogenic and organomineral horizons.

The dynamics of the average C and N stocks

for the simulated site are generally similar to
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the previous scenario (Fig. 32), but for C
stocks in forest floor at the deciduous stand
stage the differences between the litter
variants are less distinct. This can be

explained both by differences in the quality

Carbon

f1m2

Years

0.00 0.25 0.50 0.75
Standardized distr|but|on of stocks

1.00

of pine-birch and polydominant stands' litter
quality and by a noticeable decrease in the
contribution of grass-shrub litter to total
litter due to shading under the canopy of

deciduous stands.
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Figure 31. Standardized distribution of C and N stocks in organogenic (forest floor) and
organomineral soil horizons in a scenario of a pine-birch stand with clustered tree placement.
Symbols are the same as in Fig. 29
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Figure 32. Dynamics of C and N stocks distribution in forest floor (organogenic
horizons) and organomineral part of soil profile in the scenario of pine-birch stand with
clustered placement of trees: mean values of indicators for corresponding horizons
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In the scenario of Pinus sylvestris
cultivation with trees placed according to a
regular grid, the results of predictive
assessments reflect the important role of
ground cover plants in maintaining soil
fertility at the initial stages of forest
growth, when the mass of annual litter
formed by the stand is small and its spatial
distribution on the surface and in the root-
inhabitable layer of soils is highly localized
(Fig. 33). Noticeable differences between the

distribution of indicators in organogenic and

Carbon

aé O1E2

Years

0.00 0.25 0.50

0.75
Standardized distribution of stocks

1.00
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organomineral horizons are explained by the
fact that in the scenario with Pinus sylvestris
cultures were formed on soil with absent
forest floor. The diagrams reflect the
peculiarities of C and N stock accumulation
and distribution during its formation, and the
presence of a two-top stock distribution at
the age of mature stands shown by the model
system in the case of taking into account only
a tree stand litter corresponds to the
differences between sub-crown and inter-

crown areas.
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Figure 33. Standardized distribution of C and N stocks in organogenic (forest floor) and
organomineral soil horizons in a pine crop scenario with a regular tree arrangement. Symbols
are the same as in Fig. 29

These differences are particularly

noticeable when analyzing the average OM
dynamics in forest floor (Fig. 34), which in
this scenario is formed anew after
disturbances associated with site preparation

for planting forest crops. In real conditions of

V. N. Shanin et al.

forest crop establishment such contrast of
soil conditions is not observed, which is
explained by the role of ground cover plant
litter, actively developing in the absence of
competition from the stand and richer in

nitrogen than pine litter fractions. All this
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contributes to the formation of a less

contrasting picture of the spatial distribution

FOREST SCIENCE ISSUES, 2023, VOL. 6, NO 4. ARTICLE 135

of organic matter and nitrogen reserves in

soils.
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Figure 34. Dynamics of OM and nitrogen stocks distribution in forest floor (organogenic
horizons) and organomineral part of soil profile in the scenario of Pinus sylvestris crops with
regular planting scheme on sod subsoil: mean values of indicators for corresponding horizons

CONCLUSION

Within the framework of the presented
study, the integration of multi-scale
simulation models is realized, which consider
and reproduce in simulation experiments the
hierarchy and spatial heterogeneity of forest

ecosystems with a complex structure of

subordination and functional
interrelationships between their
components. The model system s

parameterized for forest ecosystems of the
European part of Russia, taking into account
the range of soil and climatic conditions,
diversity and

complexity of species

V. N. Shanin et al.

composition and spatial structures, which
forms a variety of functional ecological
relationships. Both previously published
studies data and the results of our own
studies used for

experimental were

development of the model system, its
parameterization and validation. It should be
noted that the

importance of spatial

dimensions in the study of ecosystem
dynamics was stated much later (Watt, 1947)
than systematic attempts to describe the
dynamics of plant populations began. Until
recently, modeling approaches have been

limited to biometric quantitative analysis of
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ecological data. Researchers have rarely set
out to comprehensively and exhaustively
collect data to build and verify ecosystem-
level models.
Most of the currently existing
mathematical or computer models of plant
communities that reproduce the structure of
tree crowns do not take into account the
occurrence of crown asymmetry as a result of
competition between trees for PAR
resources, although the importance of solving
such a problem is obvious (Cescatti, 19973,
1997b). Root competition for soil nutrient
elements is also described in a simplified
manner in most models, and only a few
models are able to describe the distribution
of woody plant roots in the soil in relation to
competition from neighbors and
heterogeneity of soil conditions (Mao et al,,
2015; Shanin et al., 2015a). Therefore, most
existing models are generally unable to
reproduce the rapid responses of root
environmental

systems to multi-scale

changes. Inaccurate estimation of the
plasticity of crowns and root systems in
models can lead to incorrect estimation of the
intensity of competition in different parts of
the stand (both overestimation and
inaccuracy) and, as a consequence, to errors
in the calculation of biomass production of
individual trees. The proposed system of
models has an adaptive character of the
which allows to

algorithm operation,

reproduce the reduction of the acuteness of

V. N. Shanin et al.
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competitive interaction between individual
trees in a stand due to the plasticity of their
crowns and root systems. The proposed
approach is a compromise between detailed
engineering models that recognize the exact
structure of crowns, scattering and re-
reflection of light rays, but require a large
number of input parameters, and simplified
models that represent the forest canopy as
several layers and tree crowns as objects
with homogeneous internal structure.

The realization of this system of models
makes it possible to reproduce in simulation
experiments the spatial structure of forest
phytocenoses (including the initial stages of
stand development) and the associated
heterogeneity of soil conditions at different
hierarchical levels as a tool to control and
predict the dynamics, sustainable functioning
and biodiversity of forests under different
tendencies of their economic use and natural
changes. The system of models interfaces
ecophysiological processes of different scales.
Detailing of it allows to study the influence of
heterogeneities of different genesis on
ecological processes and properties of plant
community and soil. The developed model
system reproduces spatial heterogeneity,
which significantly affects the dynamics of
biogeocenosis and determines its stable
functioning in natural conditions and under
external influences (up to a certain intensity

threshold). This spatially-explicit process

model system is capable of reproducing the
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dynamics of forest ecosystems, taking into
account the species and spatial structure of
different vegetation layers and its influence
through a system of direct and feedback
on the formation of soil

This

relationships

patchiness conditions. allows to
significantly improve the understanding of
ecosystem processes and their contribution
to the maintenance of sustainable forest
functioning.

Using the developed model system, the
role of adaptation mechanisms in mitigating
competition between trees for light and
nutrients was evaluated in test simulation
experiments. In addition, the influence of
stand spatial structure on forest ecosystem
services such as carbon runoff and soil
fertility maintenance is shown. It has also
been shown that resource use efficiency is
generally higher in mixed and/or uneven-
aged stands compared to single-age and
which is also

single-species  stands,

demonstrated by  experimental data
(Brassard et al, 2011). Modeling results
show that the increasing complexity of stand
structure (e.g., the complexity of its spatial
structure, the vertical structure of the tree
stand, and the increase in its species
diversity) is reflected in a more spatially
complex nature of competition for resources,
including more efficient use of available
resources. For example, simulation
experiments have shown a higher resistance

of mixed stands to disturbances of various

V. N. Shanin et al.

FOREST SCIENCE ISSUES, 2023, VOL. 6, NO 4. ARTICLE 135

kinds as a result of this and other
mechanisms, such as ecological and cenotic
strategies of species and separation of
ecological niches, which forms a different
response of populations of different species
to changes in environmental conditions. As a
consequence, at the stand scale, this may
increase their resilience, especially when
combined with the higher productivity of
mixed stands noted above.

Thus, the developed model system, due
to the wide range of interrelated ecosystem
allows

characteristics realized in it,

simulation assessments of productivity,
biogenic cycling of C and N and dynamics of
forest ecosystems, taking into account their
multi-scale

characteristic spatial-species

structure and detailed description of
competition processes in the stand. This can
be used in predictive assessments of forest
management efficiency and other
environmental objectives in science-based
silviculture and sustainable forestry of the

near future.
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Bo MHorux 3asadyax COBpeMeHHOM JIECHOM 3KOJIOTMU TpeOyeTcsl aHaJU3 CONPSHKEHHOW JAUHAMHUKHU
MPOLIECCOB, MPOUCXOAALIMX HAa PpasHbIX NPOCTPAaHCTBEHHO-BPEMEHHbIX MaciiTabax (GYHKIMOHUPOBAHUSA
pacTUTeNbHBIX COOOILECTB U MT0YB B UX B3aUMO/JEHCTBUH 10/, BJUSHUEM BCexX 3adpUUeCcKUX U aHTPONOreHHbIX
dakTopoB. IPPeKTUBHBIM HHCTPYMEHTOM INOJOOHOr0 aHa/au3a SBJAITCA MaTeMaTudeckhe Mogesd. llenb
JJAHHOH paboThl — NpeACTaBUTb peaU3alli0 HOBOM cUCTeMbl MojeJel, N03BOJAKLIEH BOCIPOU3BOAUTL B
MMHUTALMOHHBIX 3KCIIEPUMEHTAaX MPOCTPAHCTBEHHYI CTPYKTYPY JIECHBIX (UTOIEHO030B, (GOpPMUPYEMYIO
JIpEBECHBIM U TPaBSIHO-KyCTAPHUYKOBBIM SIpYCaMH, ¥ CBSI3aHHBIE C 3TUM HEOZHOPO/JHOCTDb MOYBEHHBIX YCJIOBHH
Y pa3Hoo6pa3sre 3KOJOTMYECKUX HUILI Ha pa3HbIX UepapXUyecKUX YPOBHAX. [lJs onpesesieHUs HEOGXO0UMOI0O
YPOBHA JieTa/iM3aluy IPOCTPaHCTBEHHOW HeOJHOPOAHOCTH JIeCHBIX 6MOreol,eHO30B, CBA3aHHOM C NpoleccaMu
HX pa3HOMaclITabHOro GpYHKLIMOHUPOBAHMUs, IPOBe/leHbl 3KCIIepUMeHTalbHble UCCAe0BAHUSA Ha MOCTOAHHBIX
Npo6HBIX Maowajax B [Ipuokcko-TeppacHOM rocyjapCTBEHHOM NPHUPOAHOM GHOCPEpPHOM 3aloBeJHUKe U B
rocy/JlapCTBEHHOM NPHUPOJAHOM 3anoBeJHUKe «Kamyxckue 3aceku». [IpocTpaHCTBeHHAs CTPYKTYpa COOBIECTB
Y HEOJHOPOJHOCTh 3KOJOTHUYECKUX YCIOBUH B HUX M3Y4YaJUCh C UCIIOJb30BaHMEM TPAAUIIMOHHBIX IOYBEHHO-
reo60TaHUYECKUX U COBPEMEHHBIX WHCTPYMEHTAJbHBIX MeTO/0B. [lo/lydeHHbIe JaHHbIE MCIO0JIb30BaHbl AJIs
0060CHOBaHMUS aJrOPUTMOB U NapaMeTpU3aLlUM pa3HbIX OJIOKOB HOBOW cHUcTeMbl Mofesei. [IporpamMmuas
peasinsanys NpoCTPaHCTBEHHO-/AeTaJIU3UPOBAHHON MPOLIECCHOM CHUCTEMbI MoJeJiel NoKa3asa eé ClloCOOGHOCTh
BOCIPOU3BOAUTD AUHAMUKY JIECHBIX 3KOCUCTEM C YyYETOM BHJOBOM M NPOCTPAHCTBEHHOM CTPYKTYpPbl pPa3HbIX
APYCOB PAaCTUTEJBHOCTH U CB3aHHOMN C 3TUM MO3aW4YHOCTH MOYBEHHBIX YCJOBUM. 3a CYET peaJlM30BaHHOIO B
JlaHHOM cuCTeMe MoJeJslell NIMPOKOTo CHeKTpa B3aWMOCBA3AHHBIX IKOCHCTEMHBIX XapaKTePUCTHUK NOsSBUIACh
BO3MOXXHOCTb BBINOJIHATh MMHTALMOHHbIE OLEHKH NPOAYKTUBHOCTH, G6uoreHHoro kpyroBopota C u N u
JUHAMUK{ JIECHBIX 3KOCHUCTEM C YYETOM XapaKTepPHOM JJi1 HUX pasHOMAaclITabHOW NPOCTPAHCTBEHHOU
CTPYKTYpbL. ITO MO3BOJISIET YJAYUYLIMTh NOHUMaHUE 3KOCHCTEMHBIX MPOLIECCOB U UX BKJAJ B MOJJepxaHUe
ycToMunBoro GyHKIUOHUPOBAHUS JIeCOB, YTO MOXeT ObITb MCIOJb30BAaHO JJIsi NPOTHO3HBIX OLEHOK
3¢ PeKTUBHOCTH JIECON0Ib30BAHUSA U B IPYTHUX JIECOBOJCTBEHHBIX U 3KOJIOIMYECKUX 3aJa4ax.

KiloueBble cj0Ba: uMumayuoHHble Modeau, NPOCMPAHCMBEHHAs] CMpyKmypd, hpodyKmu8HOCMb
dpesocmoes, mpassiHO-KyCmapHU4KO8blli sIpyC, /1eCHble N0Y8bI, 1eMEeHMbl NUMAHUS, KPYy2080pom ye/1epodd
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