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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, 
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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 biodiversity 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 

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 

can be multidirectional (reducing the 

resulting effect) or co-directional 

(accelerating time and/or increasing the 

intensity of its manifestation), and, in 

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 

structure and scale 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 variety of natural 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 

spatially distributed data, makes it possible 

to use previously unavailable approaches to 

the analysis of the structure of ecosystems at 

different spatial levels and to obtain 

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; Hättenschwiler, 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 

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 

components and the processes that 

determine the structure, stability and 

productivity of complex plant communities. 

For domestic forest ecology, the 

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 

is focused on shorter timeframes for 

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: 

V. N. Shanin et al.
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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 

simulate forest management activities 

(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 

et al., 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 density and species 

composition of forest regeneration on 

geographic and climatic factors (Pukkala, 

Kolström, 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 

individual-based models to describe 

competitive interactions (Zhukova, 2012; 

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

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 

(Sievänen et al., 2008). The PICUS model 

(Lexer, Hönninger, 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 

path model and terrain features. The 

spatially-explicit FORRUS-S model 

(Chumachenko et al., 2003) belongs to the 

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 

et al., 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, Hönninger, 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 

species-specific response functions. 

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 

particular tree (Goreaud et al., 2002; 

Raynaud, Leadley, 2005). It should also be 

noted here that few models of this kind have 

been developed to simulate the dynamics of 

multi-species stands and thus account for 

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 interacting individuals 

(Komarov, 2010). 

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 (Rötzer, 

2013; Moghaddam, 2014; Toïgo et al., 2015; 

Forrester, Bauhus, 2016; Pretzsch, Schütze, 

2021). Accordingly, competition models 

should take into account species-specific 

features of crown development and root 

systems of trees. 

Cellular-automata models of plant 

populations. In models of this type, the main 

V. N. Shanin et al.



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

8

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 

meaningful models of 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 

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 

biogeochemical element cycles. Among 

foreign models, the CENTURY model is the 

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 SMARTml (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., 

V. N. Shanin 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 (Hirvelä 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 underlying 

growth function (Kellomäki et al., 1993; Seidl 

et al., 2012) or as a resource used to 

synthesize plant biomass (Komarov et al., 

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 

V. N. Shanin et al.
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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 

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 

required level of detail of the 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. 

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 1 ha (100 × 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 × 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 

grass-shrub layer. The soil cover is classified 

as sod-podbur (Classification ..., 2004) or 

Albic Luvisol (WRB, 2015). More detailed 

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). 

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 

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 × 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 

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 
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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, Ntotal, 

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 

horizons, as well as the amount of 

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 

and other disturbances in the Southern 

section of the Reserve and covers an area of 

10.8 ha (200 × 540 m). The sample plot was 

established in 1986–1988 under the 

direction of Prof. O. V. Smirnova. A re-census 

was conducted in 2016–2018, and a second 

stand mapping on a 40 × 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 

Aegopodium podagraria L., Asarum 

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 DJI 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 

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 species, crown density and 

dominant species of ground cover. 
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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 

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; 

Schröter 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 

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. 

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 

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 

plot in the "Kaluzhskie Zaseki" Nature 

Reserve also included re-census, which 

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 

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 

space of forest biogeocenosis are an 

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 m2 

(0.5 × 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 

following fractions: foliage or needles; 

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. 

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 
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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 × 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 

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 

the living ground cover, Quercus robur 

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 

ground cover submodel, which allows 

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, Carex 
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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 

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 

range (vol. %) 
Light tolerance range 

(GLI, %) 
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 

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 

the inter-crown space). Soil moisture 

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 

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 on a 1 × 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 

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 

moisture conditions. More than 3,000 

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 ºC to +27 ºC 

(IT-8 instrument) for air once per survey 

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

threefold repetition. 

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 

species. Mapping of Calamagrostis 

arundinacea plants (54 plants), partial 

shrubs of Carex pilosa (20 plants) and 

underground shoots of long-rooted plants 

Aegopodium podagraria (10 plants), 

Convallaria majalis (15 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 

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 m2 microsites (12–25 microsites for 

each species). For Pteridium aquilinum, 24 

plant fragments were excavated from an area 

of 0.5 × 1.5 m, as well as the whole plant from 

an area of 0.5 × 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 

carbon and nitrogen content was also 

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 

Year-round temperature (T) 

measurement of forest floor and upper 

mineral soil horizons was carried out starting 

from November 11, 2016, using two-channel 

temperature recorders EClerk-USB-2Pt-Kl 

("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 space). Moisture 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 

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 

areas between crowns (Fig. 9). These 

patterns were absent in the mineral soil at 

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 

tree location of different species with 

correction factors of species-specific 

decomposition of litter dependence on forest 

floor moisture. 

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 (O) 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. ", "Ulmus glabra — Ulmus glabra". At a 

permanent sample plot in the Prioksko-

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 

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 

spaces and trunk bases, reflecting the 

intensity of needle/leaf litter input, as 

confirmed by litter traps’ data. The Corg and 

Ntotal 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% (Ntotal). The higher variation of 

indicators was characteristic of the AY 

horizon, including the relationship between 

the Ntotal 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%. The variation of Ntotal content in 

permanent sample plot in the "Kaluzhskie 

Zaseki" Nature Reserve soil was markedly 

lower than that of Prioksko-Terrasny Nature 

Reserve. The relationships of Corg and Ntotal 

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 

in-soil litter and conditions of its 

transformation under the 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 

includes the following basic blocks 

(submodels): initial microrelief; initial tree 

placement; competition for 

photosynthetically active radiation (PAR) 

and soil nitrogen in plant-available forms; 

tree biomass production and its distribution 

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 × 100 m (1 ha); 

the cell size can be arbitrary and was 

assumed to be 0.5 × 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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Figure 10. General scheme of the model system 

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 

aavg 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 11.99 12.02 15.50 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 0.190 0.186 0.081 0.110 0.140 0.153 0.094 0.080 0.092 0.068 0.112 

FRff 0.033 0.050 0.039 0.048 0.029 0.031 0.034 0.032 0.027 0.034 0.048 0.026 

SRff 0.036 0.053 0.041 0.051 0.031 0.029 0.036 0.034 0.028 0.035 0.050 0.030 

mstrat 0.8 1.4 1.1 1.1 1.2 1.2 0.9 1.0 1.2 1.0 1.0 0.9 

aur 0.226 0.108 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. aavg, bavg, cavg

— parameters of the equation describing the average range of horizontal root spread as a function of 
tree size; amax, bmax, 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); FRff — parameter describing the dependence of the fraction of fine roots in the 
forest floor on its thickness; SRff — 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, Flückiger, 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; Püttsepp 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; Tardío et al., 2016; Mauer et al., 2017; 
Meier et al., 2018; Zhang et al., 2019; Wambsganss et al., 2021); mstrat — 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) 
(Büttner, 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); aur — specific nitrogen consumption by 
roots of annual trees, gram of nitrogen per kg of fine root biomass per day; bur — parameter describing 
the decrease in specific nitrogen consumption with tree age (Gessler et al., 1998; Lebedev, Lebedev, 
2011, 2012; Lebedev, 2012a, 2012b, 2013; Guerrero-Ramírez 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 CY SE SE EL SE EL 

α 3.788 2.519 3.650 2.614 2.254 2.324 2.727 2.816 2.918 2.798 2.824 3.421 

ε 1.283 1.448 1.262 1.422 1.386 3.392 1.656 1.700 1.316 1.702 1.714 1.186 

γ[e−2] −8.38 −4.71 −7.52 −4.82 −6.42 −6.05 −5.48 −5.22 −4.22 −5.66 −5.12 −7.55

μ 0.724 0.926 0.712 0.888 0.682 0.715 0.694 0.702 0.816 0.688 0.710 0.615 

υCR 8.882 5.757 7.955 5.402 9.147 8.412 11.178 9.120 10.912 9.064 8.842 8.764 

υCL 38.167 45.420 41.714 46.166 52.571 46.271 42.718 42.172 45.212 43.224 41.716 37.162 

ηCR[e−2] −2.04 −4.82 −3.02 −4.22 −2.54 −2.61 −3.04 −2.71 −3.12 −3.14 −3.22 −2.81

ηCL[e−2] −1.37 −2.43 −1.64 −2.49 −1.42 −1.55 −1.49 −1.88 −2.52 −1.96 −1.78 −1.32

κCR[e−6] −4.46 −1.62 −3.91 −1.78 −4.78 −4.91 −3.12 −2.74 −1.51 −2.14 −1.88 −4.31

κCL[e−6] −8.92 −4.86 −4.22 −4.81 −5.39 −4.67 −3.47 −3.20 −3.00 −2.97 −2.01 −8.16

σLV 0.043 0.042 0.048 0.044 0.057 0.059 0.028 0.012 0.010 0.011 0.022 0.013 

σBM 0.079 0.059 0.062 0.061 0.119 0.121 0.115 0.102 0.118 0.106 0.124 0.101 

τLV 1.128 1.292 1.333 1.264 1.123 1.126 1.152 1.118 1.076 1.102 1.074 1.326 

τBM 1.020 1.168 1.200 1.151 0.949 0.948 0.996 0.993 0.949 0.979 0.954 1.122 

ψLV −3.430 −2.622 −2.545 −2.658 −3.146 −3.127 −3.312 −3.527 −3.992 −3.674 −3.872 −2.818

ψBM −3.596 −2.589 −2.428 −2.602 −3.907 −3.878 −3.622 −3.722 −4.061 −3.840 −3.912 −3.022

ωLV 4.987 3.962 4.116 3.848 3.979 4.003 4.565 4.128 4.446 4.220 4.450 4.792 

ωBM 3.667 2.765 2.664 2.641 3.659 3.626 4.372 4.110 4.199 4.192 4.217 4.442 

SLV 8.8 5.4 4.9 9.5 18.7 17.0 17.5 22.1 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); α, ε, γ, μ — coefficients of the equation to account for the influence of 
neighboring trees on the focal tree crown size; υ, η, κ — coefficients of the equation for calculating 
crown sizes (CR — average radius at the widest part, CL — 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); σ, τ, ψ, 
ω — coefficients of the equation of leaf biomass distribution (LV) and total biomass of leaves and 
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branches (BM) in the vertical crown profile (Nosova, 1970; Gulbe et al., 1983; Niinemets, 1996; Èermák, 
1998; Jarmiško, 1999; Bobkova et al., 2000; Mäkelä, Vanninen, 2001; Tahvanainen, Forss, 2008; 
Petriţan et al., 2009; Lintunen et al, 2011; Hertel et al., 2012; Šrámek, Čermák, 2012; Usoltsev, 2013a; 
Gspaltl et al., 2013; Berlin et al., 2015; Montesano et al., 2015; Hagemeier, Leuschner, 2019a, 2019b; 
Kükenbrink et al., 2021); SLV — specific one-sided leaf surface area, m2 kg−1 (Ross, 1975; Gulbe et al., 
1983; Èermák, 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−6] 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 

T0 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 

D0 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 

ψmin −3.34 −0.68 −1.75 −1.14 −1.55 −1.62 −1.47 −1.56 −1.93 −1.38 −1.43 −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 

CBR 0.498 0.522 0.477 0.519 0.501 0.518 0.491 0.475 0.464 0.477 0.471 0.460 

CLV 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 

CFR 0.504 0.527 0.476 0.522 0.508 0.522 0.502 0.506 0.484 0.492 0.499 0.484 

NST 1.4 1.6 1.7 2.2 2.1 2.7 3.1 2.8 2.4 2.7 2.8 2.8 

NBR 3.2 4.2 3.8 5.4 6.4 6.3 6.9 7.2 6.2 5.6 7.2 6.8 

NLV 11.9 14.1 13.3 16.4 23.7 23.9 24.8 28.9 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 

NFR 3.7 5.7 5.1 6.8 7.5 8.0 8.7 7.9 7.5 7.8 9.6 9.1 

NLIT 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 + + − + − − − − − − − − 

Pmax 7.72 4.61 3.26 2.55 9.10 13.29 20.20 21.08 14.20 4.54 22.97 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 

Kbb 3.55 4.56 4.00 4.00 9.36 13.50 3.30 6.00 12.70 13.56 6.00 6.00 

ρST 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

erank −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

DLIT 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.  
T0 — minimum temperature for the production process, °C; T1 — temperature corresponding to 

V. N. Shanin et al.



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

32

the saturation point, above which there is no productivity growth, °C; T2 — temperature of the 
production process suppression beginning, °C (Niinemets et al., 1999; Dreyer et al., 2001; Medlyn et 
al., 2002; Peng et al., 2002; Mäkelä et al., 2008; Amichev et al., 2010); D0 — 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); ψmin —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, Hönninger, 2001; 
Wullschleger, Hanson, 2003; Shein, 2005; Seidl et al., 2005; Niinemets, Valladares, 2006; Saxton, 
Rawls, 2006; Geßler et al., 2007; Dulamsuren et al., 2008; Köcher et al., 2009; Rötzer et al., 2013; Way 
et al., 2013); CST — carbon content of the trunk, as a fraction of the absolute dry mass; CBR — the same 
parameter for branches; CLV — the same parameter for foliage/needles; CSR — the same parameter for 
skeletal roots; CFR — the same parameter for fine roots (Peñuelas, Estiarte, 1996; Niinemets, Kull, 
1998; Balboa-Murias et al., 2006; Iivonen 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); NST — specific 
nitrogen consumption per trunk mass unit growth, grams of nitrogen per 1 kg of growth; NBR — the 
same parameter for branches; NLV — the same parameter for foliage/needles; NSR — the same 
parameter for skeletal roots; NFR — the same parameter for fine roots; NLIT — 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; Trémolières 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, Hönninger, 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; Pmax — maximum photosynthesis intensity in terms of carbon, μmol 
m−2 s−1; Km — PAR intensity, at which 0.5 of the full photosynthesis intensity is reached, μmol 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; Ďurkovič et al., 2010; Suvorova et al., 2017; 
Gerling, Tarasov, 2020); Kbb — Ball-Berry coefficient for the calculation of the stomatal conductivity 
(Miner et al., 2017; Pace et al., 2021); ρST — trunk density (including bark), kg m−3 (Reference book …, 
1989; Zhang et al., 1993; Luostarinen, Verkasalo, 2000; Kärki, 2001; Mäkinen et al., 2002; Alberti et al., 
2005; Heräjärvi, 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; Díaz-Maroto, Sylvain, 2016; Hamada et al., 2016; 
Zajączkowska, Kozakiewicz, 2016; Liepiņš et al., 2017; Viherä-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, erank, 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); DLIT — parameter characterizing the range of needle/leaf litter dispersion as a 
function of tree height. 
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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 

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

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

−0.033

C0 — base CO2 concentration, ml m−3) (Friedlingstein et al., 1995; Coops et al., 
2005; Seidl et al., 2005; Swenson et al., 2005). 

340 

Cb — CO2 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 

β0 — response factor to CO2 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 

Kred — PAR transmittance coefficient by foliage 0.5 

mfert — modifier of the root systems horizontal spread range for oligo-, meso- 
and eutrophic habitats (Shanin et al., 2015a) 

1.2; 1.0; 0.8 

mmoist — modifier of the root systems horizontal spread range for habitats with 
low, moderate and excessive moisture content (Shanin et al., 2015a) 

1.3; 1.0; 0.9 

pa — parameter of probabilistic self-thinning of stands (Seidl et al., 2012) 0.02 

aNmin[L] — parameter of the function for calculating nitrogen mineralization in 
subhorizons L of organogenic (forest floor) and pools L of organomineral soil 
horizons for boreal and temperate climates 

−1.41;
−1.26

aNmin[F] — parameter of the function of calculation of nitrogen mineralization in 
sub-horizons F and H of organogenic and pool F of organomineral soil horizons 
for boreal and temperate climates 

−0.97;
−0.88

aNmin[H] — parameter of nitrogen mineralization calculation function in pool H of 
soil organomineral horizon for boreal and temperate climates 

−1.37;
−1.38

bNmin[L] — parameter of nitrogen mineralization calculation function in 
subhorizons L of organogenic and pools L of organomineral soil horizons for 
boreal and temperate climates 

−105.02;
−104.92

bNmin[F] — parameter of nitrogen mineralization calculation function in sub-
horizons F and H of organogenic and pool F of organomineral soil horizons for 
boreal and temperate climates 

−103.24;
−103.87

bNmin[H] — parameter of nitrogen mineralization calculation function in pool H of 
soil organomineral horizon for boreal and temperate climates 

−104.43;
−104.53

The input variables of the model system 

at the initialization stage are as follows: 

habitat type in terms of trophicity (oligo-, 

meso- or eutrophic) and moisture content 

(dry, moderate (normal), wet); geographic 

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−2); 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 

(in terms of nitrogen, kg m−2 day−1). 

Simulation of felling (parameters include 

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−1, 

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 

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 

from meters to tens 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 

degrees relative to the direction 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 

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 

parameters are discretized with 
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dimensionality equal to the simulation grid 

cell size specified in the input parameters of 

the submodel. 

When implementing clustered 

placement, the algorithm generates a 

Gaussian random field based on the number 

of randomly placed nodes given in the input 

parameters of the submodel. The algorithm 

then realizes the distribution of a given 

number of trees according to the probability 

described by the generated Gaussian random 

field. Implementation of gradient placement 

is based on a similar principle, but the spatial 

probability distribution is described by the 

equation of a plane with azimuth given in the 

input parameters of the submodel. Examples 

of different placement options are shown in 

Fig. 11. 

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 β-distribution (Gupta, 2011) is used 

to simulate the heterogeneity of height and 

diameter values of individual trees. The 

range of height and diameter values is 

specified in the input parameters of the 

submodel by specifying average, minimum 

and maximum values of these parameters, 

which allows generating asymmetric 

distributions. It is also possible to specify the 

degree of correlation between height and 

diameter values for individual trees. The 

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), simulates the growth and 

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 (lmax) root spreading distance 

(m): 

𝑙𝑎𝑣𝑔 =
𝑎𝑎𝑣𝑔

(1+𝑏𝑎𝑣𝑔×𝑒
−𝑐𝑎𝑣𝑔×𝐷𝐵𝐻)

, 

𝑙𝑚𝑎𝑥 =
𝑎𝑚𝑎𝑥

(1+𝑏𝑚𝑎𝑥×𝑒
−𝑐𝑚𝑎𝑥×𝐷𝐵𝐻)

, 

where DBH is the diameter of the tree 

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

bavg, bmax, cavg and cmax are 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 mfert and mmoist). 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 px,y 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 (nx, y); the 

distance between the center of the cell and 

the base of the focal tree trunk (dx,y); 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 (mx,y): 

𝑝𝑥,𝑦 = 𝑓(𝑑𝑥,𝑦) × 𝑓(𝑚𝑥,𝑦) × 𝑓(𝑛𝑥,𝑦), 

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 − f(x)): 

𝑓(𝑑𝑥,𝑦) = 1 −
𝑑𝑥,𝑦

𝑚𝑎𝑥(𝑑)
, 

𝑓(𝑚𝑥,𝑦) = 1 −
𝑚𝑥,𝑦

𝑚𝑎𝑥(𝑚)
, 

𝑓(𝑛𝑥,𝑦) =
𝑛𝑥,𝑦

𝑚𝑎𝑥(𝑛)
. 

The parameter px,y is calculated 

separately for each tree. The calculation is 

done for all cells that are inside the potential 

root nutrition zone (circle with radius lmax) 

but are not yet included in the actual zone. 

The cells are then included in the nutrition 

zone according to the value of the px,y 

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(mx,y) and f(nx,y), the 

biomass of skeletal roots is distributed in 

proportion to values of f(dx,y). The vertical 

distribution of root biomass of each tree 

between forest floor and mineral soil is 

described as follows: 

𝑚𝑓𝑓 = 𝑎𝑓𝑓 × 𝑓𝑓, 

where mff is the fraction of total root 
biomass (separately for fine and skeletal 

roots) in a given cell that is in the forest floor; 

ff is forest floor thickness (cm), aff is a 

species-specific coefficient (also differs for 

skeletal (SRff) and fine (FRff) roots). 

The aff 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. 

Nutrient uptake is modeled 

independently for each cell. Available 

nitrogen is assumed to be distributed among 

competing trees in proportion to the ratio of 

their fine root biomasses in a given cell 

(Pagès et al., 2000; Schiffers et al., 2011), 

with an additional age-dependent modifier 

(Lebedev, 2012a; Lebedev, Lebedev, 

2012): 

𝑢𝑎 = 𝑎𝑢𝑟 × 𝑒
−𝑏𝑢𝑟×𝐴,

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 lmax (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 px,y 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 

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. 

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 asymmetric ellipsoid, semi-

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). 

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 = 𝜈𝐶𝑅 × (1 − 𝑒
𝜂𝐶𝑅×𝐷𝐵𝐻),

𝐶𝐿 = 𝜈𝐶𝐿 × (1 − 𝑒
𝜂𝐶𝐿×𝐻) × 𝑒𝜅𝐶𝐿×𝑁𝐶𝐼,

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), ν, η and κ are 

empirical coefficients (the CR index 

corresponds to the coefficients for crown 

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 

different species (i = 1 … s), located no 

further than 10 m from the focal tree was 

taken into account. The submodel accounts 

for the decrease in competitive pressure 

from neighbors as the size of the focal tree 

increases: 

𝑁𝐶𝐼𝑡
𝐻 = (∑ ∑ (

𝜇𝑡

𝜇𝑖
) ×

𝐻𝑖𝑗
𝛼

𝑙𝑖𝑗
𝜖

𝑛
𝑗=1 × 𝑒𝛾×𝐻𝑡𝑠

𝑖=1 ), 

where lij is the distance between the focal and 

competing tree, Hij is the total height of the 

competing tree, Ht is the total height of the 

focal tree t; α, ε, γ, μ 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 vertical 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 

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 layer, 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 

on the assumption that the spatial 

asymmetry in the 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: 

𝑚𝑐𝑢𝑚 = 𝜎 + 𝜏 × (1 − 𝑒𝜓×𝐻𝑟𝑒𝑙 )𝜔, 

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 σ, τ, ψ, ω are empirical 

coefficients (Tahvanainen, Forss, 2008). 

Scaling is then applied to set mcum equal to 1 

with Hrel equal to 1. The vertical distribution 

of trunk biomass is calculated based on its 

representation as a truncated cone, strictly 

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 

assumption that the 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. 

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) 
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Input and absorption of 

photosynthetically active radiation (PAR) in 

each cell (x,y,z) is calculated as the sum of 

direct and diffuse PAR values, in turn 

calculated as products of their daily sums 

above the canopy on a given day by the 

corresponding values of relative values 

(coefficients) of transmittance and/or 

absorption for each cell: 

𝑃𝐴𝑅𝑡𝑟𝑎𝑛𝑠(𝑥,𝑦,𝑧) = 𝑃𝐴𝑅𝐵 × 𝑡𝑟𝑎𝑛𝑠𝐵(𝑥,𝑦,𝑧) + 𝑃𝐴𝑅𝐷 × 𝑡𝑟𝑎𝑛𝑠𝐷(𝑥,𝑦,𝑧), 

𝑃𝐴𝑅𝑖𝑛𝑡(𝑥,𝑦,𝑧) = 𝑃𝐴𝑅𝐵 × 𝑖𝑛𝑡𝐵(𝑥,𝑦,𝑧) + 𝑃𝐴𝑅𝐷 × 𝑖𝑛𝑡𝐷(𝑥,𝑦,𝑧). 

The incoming solar radiation above the 

canopy is calculated from the trajectory of 

the Sun's apparent motion across the sky, as 

well as from cloud cover, which in this 

version of the submodel is indirectly 

accounted    for     through    the    24-hour air  

temperature range. The necessary 

astronomical calculations are performed 

according to Strous (2022). 

The altitude hʘ and azimuth ψʘ of the 

Sun are calculated from the dependencies: 

sin(ℎʘ) = sin(𝜑) × sin(𝛿) + cos(𝜑) × cos × cos(𝐻𝑎), 

cos(𝜓ʘ) = sin
(ℎʘ)×sin(𝜑)−(𝛿)

(ℎʘ)×𝜑
, 

sin(𝜓ʘ) =
cos(𝛿)×sin(𝐻𝑎)

cos(ℎʘ)
, 

and the daylight hours are calculated as 

𝐿𝐷 =
86400

𝜋
× arccos(– 𝑡𝑔(𝜑) × 𝑡𝑔(𝛿)), 

where φ is the latitude, Ha is the hour angle 

(time relative to true noon expressed in 

radians), δ is the declination of the Sun 

(depending on the ordinal number of the day 

of the year d): 

𝛿 = arcsin(0.3977837 × sin(𝐿)), 

where L is the ecliptic longitude: 

𝐿 =
𝜋

180
× (1.9148 × sin(𝑀) + 0.02 × sin(2 × 𝑀)) + 0.0003 × sin(3 × 𝑀)) + 𝑀 +

1.796593 + 𝜋, 

M is the average orbit anomaly: 

𝑀 =
𝜋

180
× (357.5291 + 0.98560028 × 𝑑). 
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The extraatmospheric integral solar 

radiation coming to the surface 

perpendicular to the rays is calculated by the 

following equation: 

𝐼0 = 𝐼0̅ ×
1

𝑅𝑆
2 = 𝐼0̅ × (1 + 0.034 × cos(

2×𝜋×(𝑑−4)

365
)), 

where 𝐼0̅=1367 W m−2 is the solar

constant, 𝑅𝑆 is the distance from the Earth to 

the Sun (a. e.), and d is the ordinal number of 

the day of the year. The extraatmospheric 

insolation on a horizontal surface is 

accordingly calculated as 

𝐼0
′ = 𝐼0 × sin(ℎʘ). 

The corresponding daily amount is calculated as 

𝐼0(𝑑)
′ = ∫ 𝐼0  × sin(ℎʘ(𝑡)) × 𝑑𝑡

𝑠𝑢𝑛𝑠𝑒𝑡

𝑠𝑢𝑛𝑟𝑖𝑠𝑒

=
86400 × 𝐼0 × (𝐻0× sin(𝜑) × sin(𝛿) + sin(𝐻0) × cos(𝜑) × cos(𝛿))

𝜋
, 

where Н0 is the hourly angle of sunset. 

Extraatmospheric PAR fluxes are 

calculated in a similar way, using the 

corresponding value for PAR instead of the 

integral solar constant: 

𝐼0(𝑃𝐴𝑅) =  0.388 × 𝐼0 = 531 𝑊 𝑚−2.

The total integral solar radiation under 

actual cloudy conditions is calculated from 

the extraatmospheric insolation and the daily 

range   of   air  temperature  change 

(ΔT = Tmax − Tmin), which is used as an 

indirect characteristic of cloudy conditions 

(Bristow, Campbell, 1984): 

𝑄𝑑 = 𝐼0(𝑑)
′ × 0.7 × (1 − exp(−𝐶𝑙𝑠 ∙ ∆𝑇

2.4)),

where the coefficient Cls = 0.004 is for warm 

season and 0.010 is for cold season. 

Next, to estimate PAR fluxes, daily sums 

of total PAR are calculated from the sum of 

integral total radiation and its relation to the 

value of extraatmospheric insolation using a 

data-driven relationship (Yu et al., 2015): 

𝑄𝑃𝐴𝑅(𝑑) = 𝑄(𝑑) × (0.477 − 0.0597 ×
𝑄(𝑑)

𝐼0(𝑑)
′ + 0.000752 × (

𝑄(𝑑)

𝐼0(𝑑)
′ )

2

). 

To divide the total PAR into direct S’PAR 

and scattered DPAR, we use the dependence of 

the relative fraction of scattered PAR in the 

total PAR (kdp) on the ratio of the actual total 

PAR to the corresponding extraatmospheric 

value (ktp = QPAR(d) / I’PAR(d)), approximated by 

us based on data from Jakovides et al. (2010): 

𝑘𝑑𝑝 = 0.6182 + 0.3397 × cos(3.9468 × 𝑘𝑡𝑝 − 0.2469). 

Hence: 

𝐷𝑃𝐴𝑅(𝑑) = 𝑄𝑃𝐴𝑅(𝑑) × 𝑘𝑑𝑝 , 

𝑆𝑃𝐴𝑅(𝑑)
’ = 𝑄𝑃𝐴𝑅(𝑑) × (1 − 𝑘𝑑𝑝). 
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Assuming a direction-independent 

(isotropic) input of diffuse radiation over the 

canopy, the spherical exposure to diffuse 

radiation is equal to twice its flux to the 

horizontal surface (van der Hage, 1993): 

𝑃𝐴𝑅𝐷 = 𝐷𝑃𝐴𝑅(𝑑) × 2, 

and spherical irradiance of a straight PAR is 

equal to its flux on the perpendicular surface 

and is estimated from the following relation: 

𝑃𝐴𝑅𝐵 = 𝑆𝑃𝐴𝑅(𝑑)
’ × sin (ℎ𝑒𝑓𝑓), 

where sin(heff) = S’d / Sd 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 hʘmax is 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: 

sinℎ𝑒𝑓𝑓 = 0.8254 × sin(ℎʘ𝑚𝑎𝑥)– 0.1568 × (ℎʘ𝑚𝑎𝑥), 

where sin(ℎʘ𝑚𝑎𝑥) = sin(𝜑) × sin(𝛿) + cos(𝜑) × cos(𝛿). 

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 

to 1 / n. 

Direct radiation ray paths for 

calculation of relative transmittance 

(absorption) values are set at 1-hour 

intervals. The 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 

Sun's altitude and the atmosphe-

ric transparency coefficient P2 (Evne-

vich, Savikovsky, 1989): 

𝑆 = 𝐼0 × 𝑃2

1.41
sin(ℎʘ)+0.205, 

and then taking into account the relative fraction of PAR in the integral direct 
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radiation (Mõttus et al., 2001), 

𝐾𝑆 = 0.359– (1–𝑃2) × (
0.0820

sin(ℎʘ)
– 0.145),

the direct PAR is calculated: 

𝑆𝑃𝐴𝑅 = 𝐾𝑆 × 𝑆. 

The corresponding daily amount is 

calculated as follows 

𝑆𝑃𝐴𝑅(𝑑) = ∫ 𝑆𝑃𝐴𝑅 × 𝑑𝑡 ≈ ∑ 𝑆𝑃𝐴𝑅 × 𝛥𝑡

𝑠𝑢𝑛𝑠𝑒𝑡

𝑠𝑢𝑛𝑟𝑖𝑠𝑒

𝑠𝑢𝑛𝑠𝑒𝑡

𝑠𝑢𝑛𝑟𝑖𝑠𝑒

, 

where Δt = 3600 s. The fractions in it, falling 

on each i of the calculated directions, are 

respectively as follows: 

𝑠𝑝𝑎𝑟𝑡(𝑖) =
𝑆𝑃𝐴𝑅(𝑖)×𝛥𝑡

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 Δli = 1 / sin(hi) and the 

radiation absorption coefficients k(x,y,z) 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(𝑥,𝑦,𝑧) = 0.5 × 𝐿𝐴𝐷(𝑥,𝑦,𝑧). 

The attenuation of the i ray in layer z is 

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 (x,y,z), aT(i,x,y,z), 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: 

𝑡𝑟𝑎𝑛𝑠𝐵(𝑥,𝑦,𝑧) =∑𝑠𝑝𝑎𝑟𝑡(𝑖) ×

𝑖

𝑎𝑇(𝑖,𝑥,𝑦,𝑧), 

𝑡𝑟𝑎𝑛𝑠𝐷(𝑥,𝑦,𝑧) =
1

𝑛
×∑𝑎𝑇(𝑖,𝑥,𝑦,𝑧)

𝑖

. 

The relative absorption by foliage in a 

cell is respectively calculated from the 

radiation reaching the cell and k(LAD) in the 

cell. If k(x,y,z) is direction-independent 

(uniform leaf orientation), the PAR 

absorption by the foliage in the cell is 

proportional to the spherical irradiance: 

𝑖𝑛𝑡𝐵(𝑥, 𝑦, 𝑧) = 𝑘𝑥,𝑦,𝑧 × 𝑡𝑟𝑎𝑛𝑠𝐵(𝑥,𝑦,𝑧) × ∆𝑉, 

𝑖𝑛𝑡𝐷(𝑥, 𝑦, 𝑧) = 𝑘𝑥,𝑦,𝑧 × 𝑡𝑟𝑎𝑛𝑠𝐷(𝑥,𝑦,𝑧) × ∆𝑉, 

where ΔV is cell volume. 

Radiation input to the soil surface (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(hi) 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 (Mõttus et al., 2013). 

Tree biomass production 

The productivity submodel detailed in 

the previous study (Shanin et al., 2019) is 

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: 

𝐺𝑃𝑃𝐿 =
𝑢𝐴𝑃𝐴𝑅 × 𝑃𝑚𝑎𝑥
𝑢𝐴𝑃𝐴𝑅 + 𝐾𝑚

× 1.2 × 10−10 × 𝑆𝐿𝑉 × 𝐵𝐿𝑉 × 𝐿𝐷 ×
1

𝐶𝑐̅̅ ̅
, 

where uAPAR is the PAR absorbed by the tree 

(μmol m−2 s−1, which is calculated in the 

crown competition submodel); Pmax is 

species-specific maximum photosynthesis 

intensity in terms of carbon, μmol m−2 s−1; Km 

is the PAR intensity at which 0.5 of the full 

photosynthetic intensity is reached, μmol m−2 

s−1; 1.2 × 10−10 is the conversion coefficient 

from μmol to kg of carbon; SLV is specific one-

sided leaf surface area, m2 kg−1; BLV is total 

biomass of tree foliage, kg (used to go from 1 

m2 of leaf area to total leaf area of the tree); 

LD is daylight hours, s, �̅��̅̅� is the weighted 

average carbon concentration across all 

fractions of tree biomass. 

An air temperature-dependent modifier 

(Mäkelä et al., 2004) is calculated in daily 

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

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:

𝑇𝐸𝑑 = 𝑇𝐸𝑑−1 +
𝑇𝑑 − 𝑇𝐸𝑑−1

𝑑𝑇
 , 

where dT is a biome-specific constant 

determining the delay time (in days) of 

response to temperature change (Mäkelä et 

al., 2008). Td is the average daily air 

temperature. 

Temperature acclimation state TA is 

derived based on the threshold (biological 

minimum of photosynthesis) temperature T0: 

𝑇𝐴𝑑 = 𝑚𝑎𝑥((𝑇𝐸𝑑 − 𝑇0),0). 

The final value of the temperature-
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dependent modifier fT is calculated with 

respect to the saturation level temperature 

T1. Moreover, the parameter T2 was added to 

the modifier calculation procedure to take 

into account the decrease in productivity 

when the temperature rises above the 

threshold level: 

Thus, T0 is the temperature at which the 

production process stops, T1 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 

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; 

Korzukhin, Celniker, 2009, 2010). This 

modifier is calculated as follows: 

𝑓𝐷 = {

1, 𝑉𝑃𝐷 ⩽ 𝐷0

(1 +
𝑉𝑃𝐷 − 𝐷0
𝐷1 − 𝐷0

)
−1

, 𝑉𝑃𝐷 > 𝐷0
 , 

where VPD is vapor pressure deficit (kPa); 

D0, D1 are empirical parameters (D0 

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, at which the stomatal con-

ductivity decreases twice). 

A modifier of the productivity response 

as a function of soil moisture availability is 

calculated from the soil moisture potential ψ 

(Hanson et al., 2001; Wullschleger, Hanson, 

2003). It is a linear function of ψ ranging 

from the lowest field moisture capacity ψfc to 

the species-specific ψmin: 

𝑓𝑊 = 𝑚𝑎𝑥 (𝑚𝑖𝑛 (
𝜓 − 𝜓𝑚𝑖𝑛
𝜓𝑓𝑐 − 𝜓𝑚𝑖𝑛

, 1) , 0). 

The dependence of PAR utilization efficiency on CO2 concentration is calculated as follows 

𝑓𝐶 =
𝐾1 × (𝐶𝑂2 − 𝐶𝑏)

1 + 𝐾2 × (𝐶𝑂2 − 𝐶𝑏)
 , 

where 

𝐾1 =
1 + 𝐾2 × (𝐶0 − 𝐶𝑏)

(𝐶0 − 𝑘𝑏)
, 

𝐾2 =
(2 × 𝐶0 − 𝐶𝑏) − 𝑟 × (𝐶0 − 𝐶𝑏)

(𝑟 − 1) × (𝐶0 − 𝐶𝑏) × (2 × 𝐶0 − 𝐶𝑏)
. 
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Here CO2 and C0 are the current and 

baseline CO2 concentrations, respectively. Cb 

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 

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 (Räim et al., 2012): 

𝑓𝐴 =
1

1 + (
𝐴𝐼
𝐴1
)
𝐴2
 , 

where A1 and A2 are empirical coefficients 

and AI is calculated as: 

𝐴𝐼 = 1 −
2

(1 − 𝑎𝑟𝑒𝑙)
−1 + (1 − ℎ𝑟𝑒𝑙)

−1
 , 

where relative age arel and relative height 

hrel are 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 

(fN) is calculated based on the value of 

maximum theoretical nitrogen consumption 

by the tree (per 1 kg of growth): 

𝑁𝑝
0 = 𝑁𝑆𝑇 × 𝐵𝑃𝑆𝑇 + 𝑁𝐵𝑅 × 𝐵𝑃𝐵𝑅 + 𝑁𝐿𝑉 × 𝐵𝑃𝐿𝑉 + 𝑁𝑆𝑅 × 𝐵𝑃𝑆𝑅 + 𝑁𝐹𝑅 × 𝐵𝑃𝐹𝑅 ,

where Ni is the specific nitrogen consumption 

by different tree organs, in kg of nitrogen per 

1 kg of biomass growth of an organ, BPi is 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: 

𝐺𝑃𝑃𝑁 =
𝑁𝑢𝑝𝑡𝑎𝑘𝑒 + 𝑁𝑏𝑢𝑓𝑓𝑒𝑟

𝑁𝑝
 . 

The value of the modifier fN 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 value 1, thus 

characterizing the saturation output of the 

function: 

𝑓𝑁 = 𝑚𝑖𝑛 (
𝐺𝑃𝑃𝑁
𝐺𝑃𝑃𝐿

, 1).

The efficiency of γeff 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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𝛾𝑒𝑓𝑓 = (𝑤 ×𝑚𝑖𝑛(𝑓𝑇 , 𝑓𝐷, 𝑓𝑊, 𝑓𝐶 , 𝑓𝐴) + (1 − 𝑤) × 𝑓𝑇 × 𝑓𝐷 × 𝑓𝑊 × 𝑓С × 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(𝐺𝑃𝑃𝐿, 𝐺𝑃𝑃𝑁) × 𝛾𝑒𝑓𝑓. 

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: 

𝑁𝑏𝑢𝑓𝑓𝑒𝑟 = 𝑁𝑏𝑢𝑓𝑓𝑒𝑟 +𝑁𝑢𝑝𝑡𝑎𝑘𝑒 − 𝐺𝑃𝑃 × 𝑁𝑝

+ (𝑁𝐿𝑉 − 𝑁𝐿𝐼𝑇) × 𝐿𝐼𝑇𝐿𝑉 ,

where NLIT 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 

𝑅𝑀 = (5.48 × 10
−5 × (𝐵𝐿𝑉 × 𝐶𝐿𝑉 + 𝐵𝐹𝑅 × 𝐶𝐹𝑅) + 2.74 × 10

−5 × (𝐵𝑆𝑇 × 𝐶𝑆𝑇 + 𝐵𝐵𝑅 × 𝐶𝐵𝑅 + 𝐵𝑆𝑅 × 𝐶𝑆𝑅)) × 𝑄10, 

where BLV, BFR, BST, BBR, BSR are the biomass of 

leaves/needles, fine roots, trunk, branches 

and skeletal roots, respectively, CLV, CFR, CST, 

CBR, CSR are the carbon content of 

leaves/needles, fine roots, trunk, branches 

and skeletal roots as a fraction of the 

absolute dry mass, and Q10 is calculated as: 

𝑄10 = 2
0.1×(𝑇𝑑−20),

where Td is the average daily air temperature 

(Wang et al., 2011). 

The second component (growth 

respiration) is calculated as a constant 

fraction of gross primary production (Jiao et 

al., 2022): 

𝑅𝐺 = 0.25 × 𝐺𝑃𝑃 × 𝐶𝑐̅̅ ̅ .
Net primary production equals gross 

primary production minus respiration costs: 

𝑁𝑃𝑃 = 𝐺𝑃𝑃 −
𝑅𝑀 − 𝑅𝐺

𝐶𝑐̅̅ ̅
. 

If the value of fN is less than 1, the 

excess assimilates are converted to the 

amount of root exudates: 

𝑅𝐸 = 𝑁𝑃𝑃 × (1 − 𝑓𝑁) . 

Tree leaf stomatal conductance is 

calculated considering photosynthetic rate, 

relative humidity (rh), and leaf surface CO2 

concentration (Cs) using the following 

formula (Pace et al., 2021): 

𝑔𝑠 =
𝐾𝑏𝑏 × 𝐺𝑃𝑃 × 𝑟ℎ × 𝐶𝑐̅̅ ̅

1.2 × 10−10 × 𝐶𝑂2
+ 𝑔𝑠0, 

where Kbb is the Ball-Berry coefficient 

(dimensionless), GPP is the gross primary 

production (in terms of carbon, μmol m−2 

s−1), CO2 is the volume concentration of CO2 

(μmol mol−1), and gs0 is the minimum value 

of the stomatal conductance (mol m−2 s−1). 

According to Zhu et al. (2011), tree 

transpiration (ET, kg m−2 s−1) is calculated as 

𝐸𝑇𝑛 = 𝑔𝑠𝑊 ×
𝑉𝑃𝐷

𝑃𝑎𝑡𝑚
× 𝜇𝑊 × 10

−3,

where gsW is the stomatal conductance of 

H2O equal to (gs / 1.6), VPD is the vapor 
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pressure deficit between the intercellular 

space and the air layer directly above the leaf 

surface (taken equal to the VPD of 

atmospheric air assuming saturating 

humidity of air in the intercellular space and 

equality of leaf and ambient air 

temperatures), Patm is the atmospheric 

pressure taken constant and equal to 105 Pa, 

and μW 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: 

𝐵𝑃𝑖 = 𝑎 × 𝑖𝑏 ,

where i is the fraction rank (1 — 

trunk, including bark; 2 — skeletal roots; 3 

— branches; 4 — foliage or needles; 5 — fine 

roots), BPi 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 at breast 

height (DBH) and empirical coefficients (crank, 

drank, erank, 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 BST 

(trunk biomass), for which the estimates are 

the most accurate (due to the large number 

of observations and large values of the 

measured quantity): 

𝐵𝑆𝑇 = 𝜌𝑆𝑇 × 𝐷𝐵𝐻
2 × 𝐻𝑧 × 𝑦 ,

where ρST 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 

(years) approaches the species-specific 

maximum value Amax: 

𝑃𝐷 = 1 − 𝑝𝑎
𝐴

𝐴𝑚𝑎𝑥  , 

where pa 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 (x,y) 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 (DLIT 

parameter): 

𝐷𝐹,𝑥,𝑦 =
1

1 + 𝑒
(
1
𝐶𝑅𝐹

×(𝐿𝐹,𝑥,𝑦
2 −𝐻𝐹))

, 

where L is the distance from the crown mass 

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
𝑟 =

𝐷𝐹,𝑥,𝑦
𝑀𝑅𝑥,𝑦

 .

The litter mass of the tree F falling 

down to the cell with coordinates (x,y) is 

calculated as 

𝑀𝐹,𝑥,𝑦 =
𝐷𝐹,𝑥,𝑦
𝑟

∑𝐷𝐹,𝑥,𝑦
𝑟 ×𝑀𝐿𝐹  , 

where MLF 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 

average coordinates (x,y). The total 

needle/leaf mass in cell (x,y) along the 

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 
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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 СAMPUS-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 (OS), 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 are given. Each 

ontogenetic state has a different duration and 

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 (Ptr) 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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Ptr). 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 

(LADFGV) 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 

OS of each species and the species-specific 

number of seeds per PU. It distributes among 

cells randomly once per growing season 

(when the maximum 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 vertical projection of 

photosynthetic organs, which is used to 

calculate the PAR attenuation coefficient 

(𝐾𝑟𝑒𝑑𝑢𝑐𝑒
𝐹𝐺𝑉 ):

𝐾𝑟𝑒𝑑𝑢𝑐𝑒
𝐹𝐺𝑉 = 𝐿𝐴𝐷𝐹𝐺𝑉 ×

𝑋𝑖

𝑋𝑖 + 1.774 × (𝑋𝑖 + 1.182)−0.733
. 

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 

the upper and lower boundaries and 

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 ΔW = W2 − W1 can be assumed to be 

equal to 

𝛥𝑊 = 𝑊2 −𝑊1 = 𝑟 − 𝐸 − 𝑓 , 

where r is precipitation, E is 

evapotranspiration (gross evaporation), f is 

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 =  𝐸𝑡  +  𝐸𝑖  +  𝐸𝑠 , 
where Et is stand transpiration; Ei is 

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,z,n): 

𝐸𝑇𝑆(𝑥,𝑦,𝑧) =∑
𝐸𝑇𝑛 ×𝑚𝐹𝑅(𝑥,𝑦,𝑧,𝑛)

𝑚𝐹𝑅(𝑛)
𝑛

 , 

where 

𝑚𝐹𝑅(𝑛) = ∑ 𝑚𝐹𝑅(𝑥,𝑦,𝑧,𝑛)

𝑥,𝑦,𝑧

 . 

The amount of water ETC(x,y,z,) released 

by leaves during transpiration is calculated 

considering the spatial distribution of tree 

leaf biomass mLV(x,y,z,n): 

𝐸𝑇𝐶(𝑥,𝑦,𝑧) =∑
𝐸𝑇𝑛 ×𝑚𝐿𝑉(𝑥,𝑦,𝑧,𝑛)

𝑚𝐿𝑉(𝑛)
𝑛

, 

where 
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𝑚𝐿𝑉(𝑛) = ∑ 𝑚𝐿𝑉(𝑥,𝑦,𝑧,𝑛)

𝑥,𝑦,𝑧

 . 

Potential evapotranspiration PET is 

calculated using the following relationship: 

𝑃𝐸𝑇 =
𝑃𝐴𝑅𝑖𝑛𝑡(𝑥,𝑦,𝑧)

2.5
, 

where 2.5 MJ kg−1 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 

𝐿𝑊𝐴𝐼𝑥,𝑦 =∑(𝐿𝐴𝐼𝑥,𝑦,𝑛 +𝑊𝐴𝐼𝑥,𝑦,𝑛)

𝑛

 , 

where LAI is leaf area index, WAI is branch 

area index (m2 m−2). 

Based on LWAI, the water-holding 

capacity of crowns CSCx,y is calculated 

(Dickinson, 1984): 

𝐶𝑆𝐶𝑥,𝑦 = 0.2 × 𝐿𝑊𝐴𝐼𝑥,𝑦, 

The amount of precipitation retained by 

the forest canopy is determined using the 

expression proposed by Y. V. Karpechko 

(1997): 

𝑃𝑖𝑛𝑡(𝑥,𝑦) = (𝐶𝑆𝐶𝑥,𝑦 − 𝑃𝑟𝑒𝑚(𝑥,𝑦)) × (1 − exp(−
𝑃

𝐶𝑆𝐶𝑥,𝑦
)) . 

The actual canopy water content 

Pcurr(x,y) is calculated as the sum of intercepted 

precipitation, water remaining from the 

previous step Prem(x,y), and water released by 

transpiration (or guttation): 

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

 . 

Canopy evapotranspiration Estand(x,y) is 

calculated as the minimum value from 

potential evapotranspiration and canopy 

water content: 

𝐸𝑠𝑡𝑎𝑛𝑑(𝑥,𝑦) = min(𝑃𝐸𝑇, 𝑃𝑐𝑢𝑟𝑟(𝑥,𝑦)). 

Water runoff from leaves and branches 

DripLV(x,y) is calculated as the difference of 

current canopy storage, evaporation from the 

canopy, and canopy capacity: 

𝐷𝑟𝑖𝑝𝐿𝑉(𝑥,𝑦) = max(0, 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  calculated from (Williams, Flanagan, 1996; 

Daikoku et al., 2008): 

𝐸𝑓𝑔𝑣(𝑥,𝑦) = 𝐸𝑠𝑡𝑎𝑛𝑑(𝑥,𝑦) × e
(−0.41×𝐿𝑊𝐴𝐼𝑥,𝑦) ×min(1,

𝑊𝐹𝐹(𝑥,𝑦)

0.8 × 𝐹𝐶𝐹𝐹(𝑥,𝑦)
), 

where WFF is the moisture reserve in litter, 

FCFF is its value at the lowest field water 

holding capacity. 

The amount of precipitation that has passed 

under the canopy, Pbc(x,y), is calculated by the 

formula 

𝑃𝑏𝑐(𝑥,𝑦) = 𝑃 − 𝑃𝑖𝑛𝑡(𝑥,𝑦) + 𝐷𝑟𝑖𝑝𝑙𝑣(𝑥,𝑦) . 
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Snow in the submodel is represented by 

the following three fractions: fresh (SWEf), 

frost-bound (SWEi), and melted (SWEw), the 

water supply of which is represented by 

water equivalent. The amount of 

precipitation that came in the solid phase Psol 

is calculated using the formula (Grossi et al., 

2017): 

𝑃𝑠𝑜𝑙(𝑥,𝑦) = 𝑃𝑏𝑐(𝑥,𝑦) × {

1, 𝑇𝑎𝑖𝑟  ≤  𝑇𝑙 
𝑇ℎ − 𝑇𝑎𝑖𝑟
𝑇ℎ − 𝑇𝑙

, 𝑇𝑙  <  𝑇𝑎𝑖𝑟  ≤  𝑇ℎ

0, 𝑇𝑎𝑖𝑟  >  𝑇ℎ

 , 

where Th = +2 °C, Tl = 0 °C. 

When calculating snow and ice melt, a 

modified method of temperature index 

calculation was used, which takes into 

account air temperature and incoming 

shortwave radiation (Rellissiotti et al., 

2005): 

𝑀𝑒𝑙𝑡𝑥,𝑦 = {
min(𝑀𝐹 × 𝑇𝑎𝑖𝑟 +  𝑅𝐹 × 𝑃𝐴𝑅𝑏𝑐(𝑥,𝑦)) , 𝑇𝑎𝑖𝑟 > 𝑇ℎ,

0, 𝑇𝑎𝑖𝑟 ≥ 𝑇ℎ,
where MF = 1.2 mm day−1 °C−1, RF is 2.61 m2 

mm MJ−1 (Rellissiotti et al., 2005). The 

submodel assumes that fresh snow is the first 

to melt: 

𝑀𝑒𝑙𝑡𝑓(𝑥,𝑦) = min(𝑆𝑊𝐸𝑓, 𝑀𝑒𝑙𝑡𝑥,𝑦), 

if its amount is less than Meltx,y, the ice starts 

to melt: 

𝑀𝑒𝑙𝑡𝑖(𝑥,𝑦) = 𝑀𝑒𝑙𝑡𝑥,𝑦 −𝑀𝑒𝑙𝑡𝑓(𝑥,𝑦). 

Freezing is considered using the 

classical temperature index method 

(Finsterwalder, 1887): 

𝐹𝑟𝑒𝑒𝑧𝑥,𝑦 = min(0, 𝑇𝑎𝑖𝑟 × 0.32). 

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): 

𝑊𝐻𝐶 = 0.05 × (1 −
𝜌𝑠𝑛𝑜𝑤
𝜌𝑖

), 

where ρsnow is the density of snow (kg m−3), ρi 

is the density of ice (917 kg m−3). 

The amount of water that reaches the 

soil, liqflow(x,y), is calculated as 

𝑙𝑖𝑞𝑓𝑙𝑜𝑤(𝑥,𝑦) = min (0, 𝑆𝑊𝐸𝑙(𝑥,𝑦) −𝑊𝐻𝐶 × (𝑆𝑊𝐸𝑓(𝑥,𝑦) + 𝑆𝑊𝐸𝑖(𝑥,𝑦))). 

Water storage in fresh snow fraction (SWEf): 

𝑆𝑊𝐸𝑓(𝑥,𝑦) = 𝑆𝑊𝐸𝑓(𝑥,𝑦) + 𝑃𝑠𝑜𝑙(𝑥,𝑦) −𝑀𝑒𝑙𝑡𝑓(𝑥,𝑦). 

Water storage in ice fraction (𝑆𝑊𝐸𝑖): 

𝑆𝑊𝐸𝑖(𝑥,𝑦) = 𝑆𝑊𝐸𝑖(𝑥,𝑦) + 𝐹𝑟𝑒𝑒𝑧𝑥,𝑦 −𝑀𝑒𝑙𝑡𝑖(𝑥,𝑦). 

Water storage in liquid fraction (𝑆𝑊𝐸𝑤): 

𝑆𝑊𝐸𝑤(𝑥,𝑦) = 𝑆𝑊𝐸𝑤(𝑥,𝑦) + 𝑃𝑏𝑐(𝑥,𝑦) − 𝑃𝑠𝑜𝑙(𝑥,𝑦) +𝑀𝑒𝑙𝑡𝑓(𝑥,𝑦) +𝑀𝑒𝑙𝑡𝑖(𝑥,𝑦) − 𝑙𝑖𝑞𝑓𝑙𝑜𝑤(𝑥,𝑦). 

The density of falling snow (kg m−3) is calculated using the following equation 
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(Parajuli et al., 2020): 

𝜌𝑖𝑛𝑝 = 67.92 + 51.25𝑒
𝑇𝑎𝑖𝑟
2.59  . 

Fresh snow fraction density (kg m−3) is 

calculated by the following formula: 

𝜌𝑓(𝑥,𝑦) =
𝜌𝑖𝑛𝑝 × 𝑃𝑠𝑜𝑙(𝑥,𝑦) + 𝜌𝑓 × 𝑆𝑊𝐸𝑓(𝑥,𝑦)

𝑃𝑠𝑜𝑙(𝑥,𝑦) + 𝑆𝑊𝐸𝑓(𝑥,𝑦)
 . 

Total snow density (kg m−3) is calculated as 

𝜌𝑠𝑛𝑜𝑤(𝑥,𝑦) =
𝜌𝑖 × 𝑆𝑊𝐸𝑖(𝑥,𝑦) + 𝜌𝑓 × 𝑆𝑊𝐸𝑓(𝑥,𝑦) + 𝜌𝑤 × 𝑆𝑊𝐸𝑤(𝑥,𝑦)

𝑆𝑊𝐸𝑖(𝑥,𝑦) + 𝑆𝑊𝐸𝑓(𝑥,𝑦) + 𝑆𝑊𝐸𝑤(𝑥,𝑦)
 . 

Snow cover height (m) is calculated as 

ℎ𝑠𝑛𝑜𝑤(𝑥,𝑦) =
𝑆𝑊𝐸𝑖(𝑥,𝑦) + 𝑆𝑊𝐸𝑓(𝑥,𝑦) + 𝑆𝑊𝐸𝑤(𝑥,𝑦)

𝜌𝑠𝑛𝑜𝑤(𝑥,𝑦)
 . 

The thermal conductivity TCsnow(x,y), heat 

capacity HCsnow(x,y) and thermal diffusivity 

TDsnow(x,y) of snow are calculated using the 

following formulas (Yen, 1962, 1981): 

𝑇𝐶𝑠𝑛𝑜𝑤(𝑥,𝑦) = 𝑇𝐶𝑖𝑐𝑒 × (
𝜌𝑠𝑛𝑜𝑤(𝑥,𝑦)

𝜌𝑤
)
1.88

, 

𝐻𝐶𝑠𝑛𝑜𝑤(𝑥,𝑦) = 2.09 × (
𝜌𝑠𝑛𝑜𝑤(𝑥,𝑦)

𝜌𝑖
) + (1 − (

𝜌𝑠𝑛𝑜𝑤(𝑥,𝑦)

𝜌𝑖
)), 

𝐾𝑠𝑛𝑜𝑤(𝑥,𝑦) =
𝑇𝐶𝑠𝑛𝑜𝑤(𝑥,𝑦)

𝐻𝐶𝑠𝑛𝑜𝑤(𝑥,𝑦) × 𝜌𝑠𝑛𝑜𝑤(𝑥,𝑦)
, 

 Soil organic matter concentration 

OMconc(x,y,z) is calculated as the ratio of the 

organic matter mass mOF(x,y,z) to the total soil 

mass in the cell: 

𝑂𝑀𝑐𝑜𝑛𝑐(𝑥,𝑦,𝑧) =
𝑚𝑂𝐹(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 

𝜌𝑃(𝑥,𝑦,𝑧) = 𝑂𝑀𝑐𝑜𝑛𝑐(𝑥,𝑦,𝑧) × 1.35 + (1 − 𝑂𝑀𝑐𝑜𝑛𝑐(𝑥,𝑦,𝑧)) × 2.65,

where 1.35 and 2.65 (g cm−3) are the density 

values of soil organic matter and mineral 

particles, respectively. The moisture content 

of stable wilting, WP and the lowest field 

capacity FC in the cell (x,y,z) are calculated 

according to the equations proposed by W. 

Balland et al. (2008) and converted to 

volumetric moisture units (m3 m−3): 

𝜃𝐹𝐶(𝑥,𝑦,𝑧) = 𝜃𝑆𝐶(𝑥,𝑦,𝑧) × (1 − exp(
(−0.588 × (1 − 𝑆𝑎𝑛𝑑𝑧) − 1.73 × 𝑂𝑀𝑐𝑜𝑛𝑐) × 𝜌𝑥,𝑦.𝑧

𝜃𝑆𝐶(𝑥,𝑦,𝑧)
)), 

𝜃WP(𝑥,𝑦,𝑧) = 𝜃𝐹𝐶(𝑥,𝑦,𝑧) × (1 − exp(
(−0.511 × 𝐶𝑙𝑎𝑦𝑧 − 0.865 × 𝑂𝑀𝑐𝑜𝑛𝑐(𝑥,𝑦,𝑧)) × 𝜌𝑥,𝑦.𝑧

𝜃𝐹𝐶(𝑥,𝑦,𝑧)
)), 

where Sand is the content of sand (particles > 

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

mm), in mass fractions (kg kg−1), and SC is the 

total water capacity (total porosity), m3 m−3: 

𝜃𝑆𝐶(𝑥,𝑦,𝑧) = 1 −
𝜌𝑥,𝑦,𝑧
𝜌𝑃𝑥,𝑦,𝑧

 .
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The corresponding values of moisture 

reserves in the layer Δz, accordingly, are 

equal to 

𝑆𝐶𝑥,𝑦,𝑧 = 𝜃𝑆𝐶(𝑥,𝑦,𝑧) × 𝛥𝑧𝑥,𝑦,𝑧 ,

𝐹𝐶𝑥,𝑦,𝑧 = 𝜃𝐹𝐶(𝑥,𝑦,𝑧) × 𝛥𝑧𝑥,𝑦,𝑧 ,

𝑊𝑃𝑥,𝑦,𝑧 = 𝜃WP(𝑥,𝑦,𝑧) × 𝛥𝑧𝑥,𝑦,𝑧 .

The saturated hydraulic conductivity 

HCsat(z) is calculated as follows (Campbell, 

1985): 

𝐻𝐶𝑠𝑎𝑡(𝑧) = 144 × e
(−0.025−3.63×𝑆𝑎𝑛𝑑𝑧−6.9×𝐶𝑙𝑎𝑦𝑧) × 0.024 .

The unsaturated hydraulic conductivity HCx,y,z is calculated as follows (Campbell, 1974): 

𝐻𝐶𝑥,𝑦,𝑧 = 𝐻𝐶𝑠𝑎𝑡(𝑧) × (𝜃𝑥,𝑦,𝑧 × 𝜑𝑧)
3+2𝑏𝑧

,

where θx,y,z represents soil moisture (m3 m−3), 

φ and b are coefficients calculated according 

to Cosby et al. (1984): 

𝜑𝑧 = 48.9 − 12.6 × 𝑆𝑎𝑛𝑑𝑧, 
𝑏𝑧 = 2.91 + 15.9 × 𝐶𝑙𝑎𝑦𝑧. 

Since the unsaturated hydraulic 

conductivity in different cells of the soil 

profile can be heterogeneous and varies 

nonlinearly, the logarithmic mean of 

unsaturated hydraulic conductivities of 

neighboring cells is used to calculate 

moisture transport: 

𝐻𝐶𝑚(𝑖:𝑗) =
𝐻𝐶𝑖 − 𝐻𝐶𝑗

log(𝐻𝐶𝑖) − log(𝐻𝐶𝑗)
, 

where HCi and HCj are unsaturated hydraulic 

conductivities of neighboring cells. Wa-

ter storage   in each   soil     layer     is    

calculated  sequentially from top to bottom 

in each step of the submodel. The 

amount of water flowing into the 

underlying soil layer is calculated using 

the following formula: 

where Dr is considered equal to 1 for good 

and 0 is for poor drainage. 

Moisture reserve in the soil layer is 

calculated using the following formula: 

𝑊𝑥,𝑦,𝑧 = {
𝑊𝑥,𝑦,𝑧 + 𝑙𝑖𝑞𝑓𝑙𝑜𝑤(𝑥,𝑦) − 𝐸𝑓𝑔𝑣(𝑥,𝑦) − 𝐸𝑇𝑆(𝑥,𝑦,𝑧) − 𝑃𝐶𝑥,𝑦,𝑧, 𝑧 = 1

𝑊𝑥,𝑦,𝑧 + 𝑃𝐶𝑥,𝑦,𝑧−1 − 𝐸𝑇𝑆(𝑥,𝑦,𝑧) − 𝑃𝐶𝑥,𝑦,𝑧, 𝑧 > 1
 . 

Potential water flows in each of the four 

directions in the horizontal plane (forward, 

backward, right and left) 𝐻𝐶𝑇
∗ , 𝐻𝐶𝐵

∗ , 𝐻𝐶𝐿
∗, 𝐻𝐶𝑅

∗

depend on the hydraulic gradient equal to the 
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sine of the slope angle and are calculated as follows 

𝐻𝐶𝑅(𝑥,𝑦,𝑧)
∗ =

𝐻𝐶𝑚(𝑥:𝑥+1,𝑦,𝑧) × ((𝐻𝑟𝑒𝑙(𝑥,𝑦,𝑧) +𝑊𝑥,𝑦,𝑧) − (𝐻𝑟𝑒𝑙(𝑥+1,𝑦,𝑧) +𝑊𝑥+1,𝑦,𝑧))

√𝑙2 + ((𝐻𝑟𝑒𝑙(𝑥,𝑦,𝑧) +𝑊𝑥,𝑦,𝑧) − (𝐻𝑟𝑒𝑙(𝑥+1,𝑦,𝑧) +𝑊𝑥+1,𝑦,𝑧))
2

, 

𝐻𝐶𝐿(𝑥,𝑦,𝑧)
∗ = −𝐻𝐶𝑅(𝑥−1,𝑦,𝑧)

∗ , 

𝐻𝐶𝐵(𝑥,𝑦,𝑧)
∗ =

𝐻𝐶𝑚(𝑥,𝑦:𝑦+1,𝑧) × ((𝐻𝑟𝑒𝑙(𝑥,𝑦,𝑧) +𝑊𝑥,𝑦,𝑧) − (𝐻𝑟𝑒𝑙(𝑥,𝑦+1,𝑧) +𝑊𝑥,𝑦+1,𝑧))

√𝑙2 + ((𝐻𝑟𝑒𝑙(𝑥,𝑦,𝑧) +𝑊𝐶𝑥,𝑦,𝑧) − (𝐻𝑟𝑒𝑙(𝑥,𝑦+1,𝑧) +𝑊𝑥,𝑦+1,𝑧))
2

, 

𝐻𝐶𝑇(𝑥,𝑦,𝑧)
∗ = −𝐻𝐶𝐵(𝑥,𝑦−1,𝑧)

∗ , 

where Hrel is the relative cell height due to 

microrelief (m), and l is the horizontal 

dimension of the cell (m). Space is torus 

wrapped. 

The sums of positive (HC+) and negative 

(HC−) fluxes are calculated for each cell 

(x,y,z): 

𝐻𝐶𝑥,𝑦,𝑧
+ = min(0,𝐻𝐶𝑅(𝑥,𝑦,𝑧)

∗ ) + min(0,𝐻𝐶𝐿(𝑥,𝑦,𝑧)
∗ ) + min(0,𝐻𝐶𝑇(𝑥,𝑦,𝑧)

∗ ) + min(0, 𝐻𝐶𝐵(𝑥,𝑦,𝑧)
∗ ), 

𝐻𝐶𝑥,𝑦,𝑧
− = max(0,𝐻𝐶𝑅(𝑥,𝑦,𝑧)

∗ ) + max(0,𝐻𝐶𝐿(𝑥,𝑦,𝑧)
∗ ) + max(0,𝐻𝐶𝑇(𝑥,𝑦,𝑧)

∗ ) + max(0, 𝐻𝐶𝐵(𝑥,𝑦,𝑧)
∗ ), 

The weights of positive (outgoing) and 

negative (incoming) flows in a cell are 

calculated independently: 

𝑊𝑑(𝑥,𝑦,𝑧)
+ =

𝐻𝐶𝑑(𝑥,𝑦,𝑧)
∗

𝐻𝐶𝑥,𝑦,𝑧
+ , 𝑑 ∈ (𝑅, 𝐿, 𝑇, 𝐵),  𝐻𝐶𝑑(𝑥,𝑦,𝑧)

∗ > 0,

𝑊𝑑(𝑥,𝑦,𝑧)
− =

𝐻𝐶𝑑(𝑥,𝑦,𝑧)
∗

𝐻𝐶𝑥,𝑦,𝑧
−

, 𝑑 ∈ (𝑅, 𝐿, 𝑇, 𝐵),  𝐻𝐶𝑑(𝑥,𝑦,𝑧)
∗ ≤ 0. 

where d corresponds to the direction of 

each of the four flows. The limitation of 

positive flows is determined by the difference 

in cell water storage and field water capacity: 

𝐻𝐶𝑑(𝑥,𝑦,𝑧)
+ = min (𝐻𝐶𝑥,𝑦,𝑧

+ , max(0,  𝑊𝑥,𝑦,𝑧 − 𝐹𝐶𝑥,𝑦,𝑧)) ×𝑊𝑑(𝑥,𝑦,𝑧)
+ ,  𝑑 ∈ (𝑅, 𝐿, 𝑇, 𝐵).

The limitation of negative flows is 

determined by the difference between total 

moisture capacity and water storage in the 

cell: 

𝐻𝐶𝑑(𝑥,𝑦,𝑧)
− = max (𝐻𝐶𝑥,𝑦,𝑧

− , min (0, −(𝑆𝐶𝑥,𝑦,𝑧 −𝑊𝑥,𝑦,𝑧))) ×𝑊𝑑(𝑥,𝑦,𝑧)
− ,  𝑑 ∈ (𝑅, 𝐿, 𝑇, 𝐵).

The resulting fluxes (PCR, PCL, PCT, PCB) 

are calculated as the smallest between the 

positive and complementary negative fluxes 

according to the module: 

𝑃𝐶𝑅(𝑥,𝑦,𝑧) = min(|𝐻𝐶𝑅(𝑥,𝑦,𝑧)|, |𝐻𝐶𝐿(𝑥+1,𝑦,𝑧)|) × sgn(𝐻𝐶𝑅(𝑥,𝑦,𝑧)), 

𝑃𝐶𝐿(𝑥,𝑦,𝑧) = −𝑃𝐶𝑅(𝑥−1,𝑦,𝑧), 

𝑃𝐶𝐵(𝑥,𝑦,𝑧) = min(|𝐻𝐶𝐵(𝑥,𝑦,𝑧)|, |𝐻𝐶𝑇(𝑥,𝑦,𝑧)|) × sgn(𝐻𝐶𝐵(𝑥,𝑦,𝑧)), 

𝑃𝐶𝑇(𝑥,𝑦,𝑧) = −𝑃𝐶𝐵(𝑥,𝑦−1,𝑧), 
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where sgn(HCdЄ(R,L,T,B)) is an indicator of 

HCdЄ(R,L,T,B)) flow sign (equal to +1 if the flow is 

positive and −1 if it is negative).  

Water storage in the cell after lateral 

transfer (𝑊𝑥,𝑦,𝑧
∗ ) is calculated as the

difference of water storage in the cell and 

flows in the four directions: 

𝑊𝑥,𝑦,𝑧
∗ = 𝑊𝑥,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 

𝑊𝑥,𝑦,𝑧
∗

𝜃𝑥,𝑦,𝑧 = . 
𝛥𝑧𝑥,𝑦,𝑧

 

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. Lundegårdh, 1927; Kätterer 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 

soil organic matter dynamics (SOM) 

submodel. Unfortunately, spatially-explicit soil 

temperature data are rarely available 

(Schaetzl et al., 2005) and have to be 

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), 

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, 2002; 

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 (Badía 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 

calculate soil temperature. The surface 

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 

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 (Kx,y,z, m2 s−1) is calculated using the 

function proposed by T. A. Arkhangelskaya 

(2012): 

where K0 is thermal diffusivity of dry soil; θ0 

is volumetric moisture at which maximum 

thermal diffusivity is reached; K0 + a is 

maximum thermal diffusivity at θ = θ0; and b 

is a parameter characterizing the width of the 

curve   peak and   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): 

𝐾0(𝑥,𝑦,𝑧) = (0.8386 + 1.1850 × 𝜌𝑥,𝑦,𝑧 − 0.2356 × 𝐶𝑥,𝑦,𝑧) × 10
−7,

𝑎𝑥,𝑦,𝑧 = (3.84 + 0.1852 × 𝜌𝑥,𝑦,𝑧 − 0.5481 × 𝐶𝑥,𝑦,𝑧) × 10
−7,

𝑏𝑥,𝑦,𝑧 = 1.6377 − 0.5884 × 𝜌𝑥,𝑦,𝑧 − 0.1492 × 𝐶𝑥,𝑦,𝑧, 

𝜃0(𝑥,𝑦,𝑧) = 0.3077 − 0.02739 × 𝜌𝑥,𝑦,𝑧 + 0.0210 × 𝐶𝑥,𝑦,𝑧, 

where C is carbon concentration (%). The 

corresponding parameters for the 

organogenic soil horizon were taken as 

constants according to the T. A. 

Arkhangelskaya and A. A. Gvozdkova (2019). 

The calculation of the thermal diffusivity of 

snow is described above. 

Dynamics of soil organic matter pools 

The Romul_Hum soil organic matter 

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 

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: 

𝐿𝐶(𝑖)
𝑘 = 𝐿𝐶(𝑖−1)

𝑘 + 𝐶𝑓𝑎𝑙𝑙
𝑘 − 𝑑𝐶𝐿𝐹

𝑘 − 𝐿𝐶𝑚𝑖𝑛
𝑘 , 

where 𝐿𝐶(𝑖)
𝑘  is carbon stock in cohort k of pool 

L at step i, 𝐶𝑓𝑎𝑙𝑙
𝑘  is carbon entering cohort k

with litter, 𝑑𝐶𝐿𝐹
𝑘  is carbon flux from cohort k

of pool L to pool F, and 𝐿𝐶𝑚𝑖𝑛
𝑘 is C-CO2 flux 

from cohort k of pool L. 

𝐿𝑘𝑁(𝑖) = 𝐿𝑁(𝑖−1)𝑘 + 𝑁𝑓𝑎𝑙𝑙
𝑘 − 𝑑𝑁𝐿𝐹

𝑘 − 𝐿𝑁𝑚𝑖𝑛
𝑘 , 

where 𝐿𝑁(𝑖)
𝑘 is nitrogen stock in cohort k of 

pool L at step i, 𝑁𝑓𝑎𝑙𝑙
𝑘  is nitrogen entering with

litter, 𝑑𝑁𝐿𝐹
𝑘  is nitrogen flux from cohort k of

pool L to pool F, and 𝐿𝑁𝑚𝑖𝑛
𝑘 is mineralized 

nitrogen flux from cohort k of pool L. 

𝐹𝐶(𝑖)
𝑝

= 𝐹𝐶(𝑖−1)
𝑝

+∑𝑑𝐶𝐿𝐹
𝑘[𝑝]

− 𝑑𝐶𝐹𝐻
𝑝
− 𝐹𝐶𝑚𝑖𝑛

𝑝
− 𝑑𝐶𝐹𝐿𝑢𝑚𝑏

0 , 𝑝 ∈ [𝑎𝑏, 𝑏𝑒], 

where 𝐹𝐶(𝑖)
𝑝

 is carbon stock in cohort p

(organogenic and organomineral horizons) of 

pool F at step i, 𝐹𝐶𝑚𝑖𝑛
𝑝

is C-CO2 flux from 

cohort p of pool F, 𝑑𝐶𝐹𝐿𝑢𝑚𝑏
0  is carbon flux 

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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𝐹𝑁(𝑖)
𝑝

= 𝐹𝑁(𝑖−1)
𝑝

+∑𝑑𝑁𝐿𝐹
𝑘[𝑝]

− 𝑑𝑁𝐹𝐻
𝑝
− 𝐹𝑁𝑚𝑖𝑛

𝑝
− 𝑑𝑁𝐹𝐿𝑢𝑚𝑏

0 , 𝑝 ∈ [𝑎𝑏, 𝑏𝑒], 

where 𝐹𝑁(𝑖)
𝑝

 is nitrogen stock in cohort p

(organogenic and organomineral horizons) of 

pool F at step i, 𝐹𝑁𝑚𝑖𝑛
𝑝  is mineralized nitrogen 

flux from cohort p of pool F, and 𝑑𝑁𝐹𝐿𝑢𝑚𝑏
0  is 

nitrogen flux consumed by earthworms from 

aboveground cohort F. 

𝐻𝐶(𝑖)
𝑎𝑏 = 𝐻𝐶(𝑖−1)

𝑎𝑏 + 𝑑𝐶𝐹𝐻
𝑎𝑏 − 𝐻𝐶𝑚𝑖𝑛

𝑎𝑏 − 𝑑𝐶𝐻𝐻 ,

where 𝐻𝐶
𝑎𝑏
(𝑖) is carbon stock in pool H of the 

organogenic horizon at step i, 𝐻𝑎𝑏𝐶𝑚𝑖𝑛 is C-CO2 

flux from pool H of the organogenic horizon, 

and dCHH is carbon flux from pool H of 

the organogenic horizon to the 

organomineral horizon. 

𝐻𝑁(𝑖)
𝑎𝑏 = 𝐻𝑁(𝑖−1)

𝑎𝑏 + 𝑑𝑁𝐹𝐻
𝑎𝑏 −𝐻𝑁𝑚𝑖𝑛

𝑎𝑏 − 𝑑𝑁𝐻𝐻 ,

where 𝑁𝑁
𝑎𝑏
(𝑖) is nitrogen stock in pool H of 

organogenic horizon at step i, 𝑁𝑎𝑏
𝑁𝑚𝑖𝑛 is

mineralized nitrogen flux from pool H of 

organogenic horizon, and dNHH is nitrogen 

flux from pool H of organogenic horizon 

to organomineral horizon. 

𝐻𝐶(𝑖)
𝑏𝑒 = 𝐻𝐶(𝑖−1)

𝑏𝑒 + 𝑑𝐶𝐹𝐻
𝑏𝑒 + 𝑑𝐶𝐻𝐻 + 𝑑𝐶𝑐𝑜𝑝𝑟𝐻 − 𝐻𝐶𝑚𝑖𝑛

𝑏𝑒 ,

where 𝐻𝐶(𝑖)
𝑏𝑒  is carbon stock in pool H of the

organomineral horizon at step i, 𝐻𝐶𝑚𝑖𝑛
𝑏𝑒  is

C-CO2 flux from pool H of the organomineral

horizon, and dCCoprH is carbon flux from 

earthworm coprolites to pool H of the 

organomineral horizon. 

𝐻𝑁(𝑖)
𝑏𝑒 = 𝐻𝑁(𝑖−1)

𝑏𝑒 + 𝑑𝑁𝐹𝐻
𝑏𝑒 + 𝑑𝑁𝐻𝐻 + 𝑑𝑁𝐿𝑢𝑚𝑏𝐻 + 𝑑𝑁𝑐𝑜𝑝𝑟𝐻 − 𝐻𝑁𝑚𝑖𝑛

𝑏𝑒 ,

where 𝐻𝑁
𝑏𝑒
(𝑖) is nitrogen stock in pool H of 

organomineral horizon at step i, 𝐻𝑏𝑒𝑁𝑚𝑖𝑛 is

mineralized nitrogen flux from pool H of 

organomineral horizon, dNcoprH is nitrogen 

flux from earthworm coprolites to pool H of 

organomineral horizon, and dNLumbH is 

nitrogen flux from earthworm mortmass 

to pool H of organomineral horizon. 

𝐿𝑢𝑚𝑏𝐶(𝑖) = 𝐿𝑢𝑚𝑏𝐶(𝑖−1) + 𝑑𝐶𝑚𝑎𝑠𝑠 − 𝑑𝐶𝑑𝑚, 

𝐿𝑢𝑚𝑏𝑁(𝑖) = 𝐿𝑢𝑚𝑏𝑁(𝑖−1) + 𝑑𝑁𝑚𝑎𝑠𝑠 − 𝑑𝑁𝑑𝑚, 

where LumbC(i) and LumbN(i) are carbon and 

nitrogen of earthworm biomass, dCmass and 

dNmass are carbon and nitrogen gains of 

earthworm biomass, and dCdm and dNdm are 

carbon and nitrogen of earthworm 

mortmass. 

Mineralization and humification of 

pool L are characterized as follows: 

𝐿𝐶𝑚𝑖𝑛
𝑘 = 𝑘𝐿𝑚𝑖𝑛

𝑘 × 𝐿𝐶(𝑖)
𝑘 ,

where 𝑘𝐿𝑚𝑖𝑛
𝑘 is mineralization coefficient of 

V. N. Shanin et al.



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

65

OM mineralization of cohort k of pool L. 

𝐿𝑁𝑚𝑖𝑛
𝑘 = 𝐿𝐶𝑚𝑖𝑛

𝑘 × (𝑎𝑁𝑚𝑖𝑛[𝐿] +
𝑏𝑁𝑚𝑖𝑛[𝐿]
𝐿𝐶𝑁
𝑘

), 

where aNmin[L] and bNmin[L] are empirical 

coefficients characterizing the ratio and 

activity of the bacterial and fungal 

component of the microbial community; 𝐿𝐶𝑁
𝑘

is C:N ratio of cohort k of pool L. 

𝑑𝐶𝐿𝐹
𝑘 = 𝑘𝐿𝐹

𝑘 × 𝐿𝐶(𝑖)
𝑘 ,

where 𝑘𝐿𝐹
𝑘  is OM humification coefficient of cohort k of pool L. 

𝑑𝑁𝐿𝐹
𝑘 = (𝑘𝐿𝐹

𝑘 + 𝑘𝐿𝑚𝑖𝑛
𝑘 ) × 𝐿𝑁(𝑖)

𝑘 − 𝐿𝑁𝑚𝑖𝑛
𝑘 . 

Mineralization and humification of pool F are characterized as follows: 

𝐹𝐶𝑚𝑖𝑛
𝑝

= 𝑘𝐹𝑚𝑖𝑛
𝑝

× 𝐹𝐶(𝑖)
𝑝
, 𝑝 ∈ [𝑎𝑏, 𝑏𝑒], 

where 𝑘𝐹𝑚𝑖𝑛
𝑝

 is OM mineralization coefficient of cohort p of pool F. 

𝐹𝑁𝑚𝑖𝑛
𝑝

= 𝐹𝐶𝑚𝑖𝑛
𝑝

× (𝑎𝑁𝑚𝑖𝑛[𝐹] +
𝑏𝑁𝑚𝑖𝑛[𝐹]

𝐹𝐶𝑁
𝑝 ), 𝑝 ∈ [𝑎𝑏, 𝑏𝑒], 

where aNmin[F] and bNmin[F] are empirical 

coefficients characterizing the ratio and 

activity of the bacterial and fungal 

component of the microbial community; 𝐹𝐶𝑁
𝑝

 

is C:N ratio of cohort p of pool F. 

𝑑𝐶𝐹𝐻
𝑝
= 𝑘𝐹𝐻

𝑝
× 𝐹𝐶(𝑖)

𝑝
, 𝑝 ∈ [𝑎𝑏, 𝑏𝑒], 

where 𝑘𝐹𝐻
𝑝

 is OM humification coefficient of cohort p of pool F. 

𝑑𝑁𝐹𝐻
𝑝
= (𝑘𝐹𝐻

𝑝
+ 𝐹𝐶𝑚𝑖𝑛

𝑝
) × 𝐹𝐶(𝑖)

𝑝
− 𝐹𝑁𝑚𝑖𝑛

𝑝
, 𝑝 ∈ [𝑎𝑏, 𝑏𝑒]. 

Carbon and nitrogen fluxes consumed by earthworms from pool F are calculated as 

𝑑𝐶𝐹𝐿𝑢𝑚𝑏
𝑎𝑏 = 𝑘𝐹𝐿𝑢𝑚𝑏 × 𝐹𝐶(𝑖)

𝑎𝑏 ,

𝑑𝑁𝐹𝐿𝑢𝑚𝑏
𝑎𝑏 = 𝑘𝐹𝐿𝑢𝑚𝑏 × 𝐹𝑁(𝑖)

𝑎𝑏 ,

where kFLumb is the coefficient of earthworm 

food activity. 

Mineralization and humification of pool 

H is characterized as follows: 

𝐻𝐶𝑚𝑖𝑛
𝑝

= 𝑘𝐻𝑚𝑖𝑛
𝑝

× 𝐻𝐶(𝑖)
𝑝
, 𝑝 ∈ [𝑎𝑏, 𝑏𝑒], 

where 𝑘𝐻𝑚𝑖𝑛
𝑝

 is OM mineralization coefficient of cohort p of pool H. 

𝐻𝑁𝑚𝑖𝑛
𝑝

= 𝐻𝐶𝑚𝑖𝑛
𝑝

× (𝑎𝑁𝑚𝑖𝑛[𝐻𝑝] +
𝑏𝑁𝑚𝑖𝑛[𝐻𝑝]

𝐻𝐶𝑁
𝑝 ) × 𝑘𝐻𝑖𝑚𝑚

𝑝
, 𝑝 ∈ [𝑎𝑏, 𝑏𝑒], 

where aNmin[F] and bNmin[F] are empirical 

coefficients characterizing the ratio and 

activity of bacterial and fungal components of 

microbial community, 𝑘𝐻𝑖𝑚𝑚
𝑝

 is nitrogen 

immobilization coefficient from H pool (equal 

to 1.0 for organogenic horizon and 0.7 for 

organomineral horizon). 

𝑑𝐶𝐻𝐻 = 𝑘𝐻𝐻 × 𝐻𝐶(𝑖)
𝑎𝑏 ,
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𝑑𝑁𝐻𝐻 = 𝑘𝐻𝐻 × 𝐻𝑁𝑎𝑏(𝑖),

where kHH is OM humification 

coefficient of pool H of organogenic horizon. 

Earthworm life activity is described 

by the following system of equations: 

𝑑𝑁𝑚𝑎𝑠𝑠 =
𝑑𝐶𝑎𝑠𝑠

𝐹𝐶𝑁
𝑎𝑏 , 

where dCass is  the  assimilated  part  of 

carbon consumed by earthworms, which is 

calculated by the equation 

𝑑𝐶𝑎𝑠𝑠 = 𝑑𝐶𝐹𝐿𝑢𝑚𝑏 × 𝑘𝑎𝑠𝑠, 
where kass is the assimilation coefficient. 

𝑑𝐶𝑚𝑎𝑠𝑠 = 𝑑𝑁𝑚𝑎𝑠𝑠 × 𝐿𝑢𝑚𝑏𝐶𝑁, 
where LumbCN is the C:N ratio of earthworm 

biomass (taken equal to 4). 

The part of carbon consumed by the 

worms returned to the soil with coprolites is 

calculated by the equation 

𝑑𝐶𝑐𝑜𝑝𝑟 = 𝑑𝐶𝐹𝐿𝑢𝑚𝑏 × (1 − 𝑘𝑎𝑠𝑠), 

and, accordingly, the part of nitrogen 

consumed by worms is calculated by the 

equation: 

𝑑𝑁𝑐𝑜𝑝𝑟 =
𝑑𝐶𝑐𝑜𝑝𝑟

𝐹𝐶𝑁
𝑎𝑏 . 

C-CO2 mass released as a result of

mineralization of earthworm coprolites is 

calculated as 

𝑑𝐶𝑐𝑜𝑝𝑟𝑀𝑖𝑛 = 𝑑𝐶𝑐𝑜𝑝𝑟 × 𝑘𝑐𝑜𝑝𝑟𝑀𝑖𝑛, 

where kcoprMin is coprolites mineralization 

coefficient. Nitrogen in coprolite 

mineralization is calculated by the equation 

𝑑𝑁𝑐𝑜𝑝𝑟𝑀𝑖𝑛 = 𝑑𝑁𝑐𝑜𝑝𝑟 × (𝑘𝑐𝑜𝑝𝑟𝑀𝑖𝑛 + 8 × 𝑘𝑁𝑓𝑖𝑥), 

where kNfix is the nitrogen fixation 

coefficient, accepted as 1.014 × 10−6 

(Komarov et al., 2017a). 

Carbon and nitrogen inputs from 

earthworm coprolites to pool H are 

calculated using the equations: 

𝑑𝐶𝑐𝑜𝑝𝑟𝐻 = 𝑑𝐶𝑐𝑜𝑝𝑟 − 𝑑𝐶𝑐𝑜𝑝𝑟𝑀𝑖𝑛, 

𝑑𝑁𝑐𝑜𝑝𝑟𝐻 = 𝑑𝑁𝑐𝑜𝑝𝑟 × (1 − 𝑘𝑐𝑜𝑝𝑟𝑀𝑖𝑛) + 𝑘𝑁𝑓𝑖𝑥 . 

Carbon and nitrogen contents in earthworm mortmass are calculated as 

𝑑𝐶𝑑𝑚 = 𝐿𝑢𝑚𝑏𝐶(𝑖) × 0.000464, 

𝑑𝑁𝑑𝑚 =
𝑑𝐶𝑑𝑚
𝐿𝑢𝑚𝑏𝐶𝑁

. 

Nitrogen input from worm mortmass 

to the pool H of the organomineral horizon 

is calculated as 

𝑑𝑁𝐿𝑢𝑚𝑏𝐻 = 𝑑𝑁𝑑𝑚 × 𝑘𝑖𝑚𝑚𝑜𝑏, 
where   𝑘𝑖𝑚𝑚𝑜𝑏   is  nitrogen   immobilization

 coefficient. 

C-CO2 of earthworm respiration is

calculated as 

𝑑𝐶𝑟𝑒𝑠𝑝 = 𝑑𝐶𝑎𝑠𝑠 − 𝑑𝐶𝑚𝑎𝑠𝑠. 

Total C-CO2 emission due to 

earthworm activity is calculated as 

𝐿𝑢𝑚𝑏𝐶𝑚𝑖𝑛 = 𝑑𝐶𝑐𝑜𝑝𝑟𝑀𝑖𝑛 + 𝑑𝐶𝑑𝑚 + 𝑑𝐶𝑟𝑒𝑠𝑝. 

Total release of nitrogen in mineral forms resulting from earthworm activity is 

calculated as 

𝐿𝑢𝑚𝑏𝑁𝑚𝑖𝑛 = 𝑑𝑁𝑐𝑜𝑝𝑟𝑀𝑖𝑛 + 𝑑𝑁𝑑𝑚 × (1 − 𝑘𝑖𝑚𝑚𝑜𝑏). 
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The numerical values of the coefficients 

and corrections in the equations are 

borrowed from the description of the 

Romul_Hum model (Komarov et al., 2017a; 

Chertov et al. 2017a, 2017b) or compiled 

from other sources (Modeling Dynamics ..., 

2007). 

Mineralization coefficient of pool L 

of organogenic horizons is calculated as 

𝑘𝐿𝑚𝑖𝑛
𝑘[𝑎𝑏]

= (0.0005 + 0.0054 × 𝑁𝑐𝑜𝑛𝑐
𝑘[𝑎𝑏]) × 𝑐𝑜𝑟𝑟𝑝𝐻 × 𝑐𝑙𝑖𝑚𝐿𝑚𝑖𝑛

𝑎𝑏 ,

where 𝑁𝑐𝑜𝑛𝑐
𝑘  is nitrogen concentration in the 

litter cohort k; 𝑐𝑙𝑖𝑚𝐿𝑚𝑖𝑛
𝑎𝑏 is (hereinafter) 

correction for soil temperature and moisture, 

and corrpH is the correction for soil pH, which 

is calculated as 

𝑐𝑜𝑟𝑟𝑝𝐻 = 0 ≤ −1.618 + 𝑝𝐻 × (0.701 − 0.038 × 𝑝𝐻) ≤ 1, 

where pH is the pH value of the soil. 

Mineralization coefficient of pool L of 

organomineral horizons is calculated 

as follows 

𝑘𝐿𝑚𝑖𝑛
𝑘[𝑏𝑒]

= (0.0136 + 0.0006 × 𝐴𝑠ℎ𝑘[𝑏𝑒]) × 𝑐𝑙𝑖𝑚𝐿𝑚𝑖𝑛
𝑏𝑒 ,

where Ashk[be] is the ash content of orga-

nic matter in the litter cohort k. 

Humification coefficient of the pool L of 

organogenic horizons is calculated by 

the equation 

𝑘𝐿𝐹
𝑘[𝑎𝑏]

= (0.0089 + 0.0078 × 𝑁𝑐𝑜𝑛𝑐
𝑘[𝑎𝑏]) × 𝑐𝑙𝑖𝑚𝐿𝐹

𝑎𝑏.

Humification coefficient of pool L of organomineral horizons is calculated 

as follows 

𝑘𝐿𝐹
𝑘[𝑏𝑒]

= (0.0394 − 0.0021 × 𝐴𝑠ℎ𝑘[𝑏𝑒]) × 𝑐𝑙𝑖𝑚𝐿𝐹
𝑏𝑒 .

Earthworm food activity coefficient is  calculated by the equation

𝑘𝐹𝐿𝑢𝑚𝑏 =
∑ 𝐿𝐶(𝑖)

𝑘[𝑎𝑏] × (0 ≤ (−0.00233 + 𝑁𝑐𝑜𝑛𝑐
𝑘[𝑎𝑏]

 × 0.00233) ≤ 0.07)𝑘

∑ 𝐿𝐶(𝑖)
𝑘[𝑎𝑏]

𝑘

× 𝑐𝑙𝑖𝑚𝐿𝑢𝑚𝑏 . 

Earthworm food assimilation coefficient is calculated as 

𝑘𝑎𝑠𝑠 =
0.35

1 + 164.6871 × exp(
−220
𝐹𝐶𝑁
𝑎𝑏 )

. 

Mineralization coefficient of fresh earthworm coprolites is calculated by the 

equation 
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𝑘𝑐𝑜𝑝𝑟𝑀𝑖𝑛 = 0.01834 × 𝑐𝑙𝑖𝑚𝐿𝑢𝑚𝑏. 

Mineralization coefficients of pools F of organogenic and organomineral horizons 

are calculated by equations: 

𝑘𝐹𝑚𝑖𝑛
𝑎𝑏 = 0.0006 × 𝑐𝑜𝑟𝑟𝑝𝐻 × 𝑐𝑙𝑖𝑚𝐹𝑚𝑖𝑛

𝑎𝑏 ,

𝑘𝐹𝑚𝑖𝑛
𝑏𝑒 = 0.00126 × 𝑐𝑜𝑟𝑟𝑝𝐻 × 𝑐𝑙𝑖𝑚𝐹𝑚𝑖𝑛

𝑏𝑒 .

Humification coefficients of pools F of 

organogenic and organomineral horizons are 

calculated by the equation 

𝑘𝐹𝐻
𝑝
= (

0.025

𝐹𝐶𝑁
𝑝 , 0.001) × 𝑐𝑙𝑖𝑚𝐹𝐻

𝑝
, 𝑝 ∈ (𝑎𝑏, 𝑏𝑒). 

Mineralization coefficients of pools H of 

organogenic and organomineral horizons are 

calculated by equations: 

𝑘𝐻𝑚𝑖𝑛
𝑎𝑏 = 0.000167 × 𝑐𝑙𝑖𝑚𝐻𝑚𝑖𝑛

𝑎𝑏 ,

𝑘𝐻𝑚𝑖𝑛
𝑏𝑒 = 0.00057 × e(−5.583×𝐶𝑙𝑎𝑦) × 𝑐𝑙𝑖𝑚𝐻𝑚𝑖𝑛

𝑏𝑒 ,

where Clay is clay fraction share.     

nnnnHumification coefficient of pool H of 

organogenic horizon is calculated as follows 

𝑘𝐻𝐻 = 𝑘𝐹𝐻
𝑎𝑏 × 5 × 0.923𝐻𝐶𝑁

𝑎𝑏
 . 

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: 

𝑀𝑝 =
𝜃𝑝

𝐹𝐶𝑝
, 𝑝 ∈ (𝑎𝑏, 𝑏𝑒), 

where 𝜃𝑝 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 

(𝑀𝐿𝑚𝑖𝑛
𝑝

𝑀𝐹𝑚𝑖𝑛
𝑝

and 𝑀𝐻𝑚𝑖𝑛
𝑝

, respectively) and 

pool humification coefficient L (𝑀𝐿𝐹
𝑝

) is 

calculated as follows: 

𝑀𝐿𝑚𝑖𝑛
𝑝

= 𝑀𝐹𝑚𝑖𝑛
𝑝

= 𝑀𝐻𝑚𝑖𝑛
𝑝

= 𝑀𝐿𝐹
𝑝
= {

min(9.297 × 𝑀𝑝2.5492, 1) ,𝑀𝑝 < 1.333

29.53 × 0.07889𝑀
𝑝
, 𝑀𝑝 ≥ 1.333

, 𝑝 ∈ (𝑎𝑏, 𝑏𝑒). 

The following equation is used to 

calculate the F pool humification coefficient 

correction: 

𝑀𝐹𝐻
𝑝
= {

min(7.500 × 𝑀𝑝, 1) ,𝑀𝑝 < 1.333
max(2.333 × 𝑀𝑝, 0) ,𝑀𝑝 ≥ 1.333

, 𝑝 ∈ (𝑎𝑏, 𝑏𝑒). 

Soil moisture correction of earthworm activity coefficient is calculated as 

𝑀𝐿𝑢𝑚𝑏 = {
0 ≤ 2.307 × 𝑀𝑎𝑏 − 0.1538 ≤ 1,𝑀𝑎𝑏 < 2.334

max(2.4 −  0.6 × 𝑀𝑎𝑏) ,𝑀𝑎𝑏 ≥ 2.334
 . 
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Soil temperature correction for 

calculation of L pool mineralization coeffi- 

cient is calculated by the equation 

𝑇𝐿𝑚𝑖𝑛
𝑝

= {

max(0.1595 +  0.0319 × 𝑇𝑝, 0),  𝑇𝑝 ≤ 1

0.1754 × e(𝑇
𝑝×0.0871), 1 <  𝑇𝑝 ≤ 35

max(8.791 − 0.1465 × 𝑇𝑝, 0) , 𝑇𝑝 > 35

, 𝑝 ∈ (𝑎𝑏, 𝑏𝑒) . 

𝑇𝐿𝐹
𝑝 = 1.176 × e(−0.00442×(13.944−𝑇𝑝)2), 𝑝 ∈ (𝑎𝑏, 𝑏𝑒).

Soil temperature 

calculation     of      F      pool 

correction for            

nnmineralization 

coefficient    is calculated by the equation 

𝑇𝐹𝑚𝑖𝑛
𝑝

= {

max(0.1595 +  0.0319 × 𝑇𝑝, 0),  𝑇𝑝 ≤ 1

0.1754 × 𝑒(𝑇
𝑝×0.0871), 1 <  𝑇𝑝 ≤ 25

0 ≤ 3.69 − 0.0615 × 𝑇𝑝 ≤ 1.534, 𝑇𝑝 > 25

, 𝑝 ∈ (𝑎𝑏, 𝑏𝑒). 

Soil    temperature     correction      for

calculation   of   F   pool   humification 

 coefficient  is calculated by the equation 

𝑇𝐹𝐻
𝑝
= {

max(0.1595 +  0.0319 × 𝑇𝑝, 0),  𝑇𝑝 ≤ 1

0.1754 × e(𝑇
𝑝×0.0871) , 1 <  𝑇𝑝 ≤ 20

0 ≤ 2.0 − 0.025 × 𝑇𝑝 ≤ 1, 𝑇𝑝 > 20

, 𝑝 ∈ (𝑎𝑏, 𝑏𝑒). 

Soil temperature correction for 

calculation of H pool mineralization 

coefficient is calculated by the equation 

𝑇𝐿𝑚𝑖𝑛
𝑝

= {

max(0.1595 +  0.0319 × 𝑇𝑝, 0), 𝑇𝑝 ≤ 1

0.1754 × e(𝑇
𝑝×0.0871), 1 <  𝑇𝑝 ≤ 27.5

0 ≤ 4.68 −  0.078 × 𝑇𝑝 ≤ 1.95, 𝑇𝑝 > 27.5

, 𝑝 ∈ (𝑎𝑏, 𝑏𝑒). 

Soil temperature correction for earth- worm activity coefficient is calculated as 

𝑇𝐿𝑢𝑚𝑏 = {

max(0.1595 +  0.0319 × 𝑇𝑝, 0), 𝑇𝑝 ≤ 1

0.0675 × e(𝑇
𝑝×0.2088), 1 <  𝑇𝑝 ≤ 13

0 ≤ 2.0 − 0.04 × 𝑇𝑝 ≤ 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 

(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, m2 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 

results with minimal 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 

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 

data, which does 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, Rämö, 

2016) that automatically select felling 

parameters to maximize the target, which can 

be maximum income, carbon storage, etc. In 

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 

development being the simulation of 

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 soil organic matter dynamics 

submodel to simulate decomposition of a 

portion of in-soil litter under anaerobic 
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conditions. 

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 

interrelationships between different 

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 

peculiarities of specific CWD fractions 

(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 / 

Betula pubescens (parameters for both 

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 × 100 m 

virtual site divided into 0.5 × 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 (MJ 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 

productivity values of the corresponding 

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.  

Table 6. Initial parameters of simulation scenarios 

Code Tree stand 
formula 

Stand 
density, 
trees ha−1 

Mean 
height, m 

Mean trunk 
diameter at 
breast height, cm 

Age, 
years 

Type of tree placement 
in space 

1. P_Yr 10P 4400 4.5 ± 0.2 6.0 ± 0.3 10 Pseudorandom 

2. B_Yr 10B 4400 4.5 ± 0.2 6.0 ± 0.3 10 Pseudorandom 

3. P5B5_Yr 5P5B 4400 4.5 ± 0.2 6.0 ± 0.3 10 Pseudorandom 

4. P7B3_Yr 7P3B 4400 4.5 ± 0.2 6.0 ± 0.3 10 Pseudorandom 

5. P3B7_Yr 7B3P 4400 4.5 ± 0.2 6.0 ± 0.3 10 Pseudorandom 

6. P_Yc 10P 4400 4.5 ± 0.2 6.0 ± 0.3 10 Clustered 

7. B_Yc 10B 4400 4.5 ± 0.2 6.0 ± 0.3 10 Clustered 

8. PB_Yc 5P5P 4400 4.5 ± 0.2 6.0 ± 0.3 10 Clustered 

9. P_Yg 10B 4400 4.5 ± 0.2 6.0 ± 0.3 10 Regular 

10. B_Yg 10B 4400 4.5 ± 0.2 6.0 ± 0.3 10 Regular 

11. PB_Yg 5P5B 4400 4.5 ± 0.2 6.0 ± 0.3 10 Regular 

12. P_Mr 10P 400 27.7 ± 1.2 33.4 ± 2.3 100 Pseudorandom with 
threshold distance 
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13. S_Mr 10S 400 27.7 ± 1.2 33.4 ± 2.3 100 Pseudorandom with 
threshold distance 

14. B_Mr 10B 400 27.7 ± 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 2O2L2M2E2A 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 5.0 ± 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: 2O2L2M2E2A 1000 5.0 ± 0.5 10.0 ± 1.0 30 Pseudorandom 

20. PSL_Tr I: 4P4S2B 300 27.8 ± 2.9 40.7 ± 9.5 100 Pseudorandom with 
threshold distance 

II: 5S4L1O 700 12.3 ± 6.6 13.8 ± 2.8 30 Clustered 

21. L_Tr I: 2O2L2M2E2B 300 28.0 ± 2.9 41.0 ± 9.6 50–150* Pseudorandom with 
threshold distance 

II: 4E3L3M 400 10.4 ± 1.3 15.1 ± 2.1 30 Pseudorandom 

22. S_Ur 10S 700 2.0–33.0* 2.4–55.8* 10–200* Pseudorandom 

Note: "I", "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., O — 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 ºC. On the 210th 

day (27.06.1976) mean daily air temperature 

is 20.0 ºC, and daily precipitation is 10 mm. 

The preceding week was warm (mean daily 

temperatures were 17.1–20.6 ºC) 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 initial meteorological information 

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-

annual parameter autocorrelation and 

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 

vitis-idaea. Three scenarios of stand 

development were modeled. The 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 m−2 

(C), 0.054 kg m−2 (N), and in the 

organomineral horizon they are 3.14 and 

0.19 kg m−2, 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 × 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 undisturbed 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 

the corresponding index value on the 

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 

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, 

which was shown earlier (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 m2 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 

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 single-aged mono-species 

stands. The 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 

consumption in uneven-aged stands, in 

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 

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 

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

et al., 2015). 

Figure 17. PAR interception at the level of individual trees (GJ 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) in the lower canopy layers 

compared to mature and uneven-aged 

stands. Tree placement according to a regular 

grid influenced a different distribution 

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. 

V. N. Shanin et al.



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

80

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 

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 size assumed in all 

simulation scenarios) give more "gaps" in the 

canopy. In mature coniferous stands the 

distribution of PAR under the canopy is more 

uniform compared to mature stands of 

deciduous species (Fig. 18). In mature 

deciduous stands, the proportion of strongly 

shaded cells is higher. 

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 

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. 

V. N. Shanin et al.



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

82

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. 

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 m−3 set at the beginning of the 

simulation experiment, and in the underlying 

organomineral horizon increased up to 0.24 

m3 m−3 (Fig. 22) in comparison with the 

initial of 0.20 m3 m−3. 

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 

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 

sylvestris and Betula spp. the distribution of 

forest floor moisture content is bimodal, with 

modes, one of which is similar to the value 

under the deciduous stands considered 

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 

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 

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 

distribution of forest floor moisture content 

was distinctly bimodal with maximum 

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 

uneven-aged stands the distribution of 

moisture values of the organomineral 

horizon is more diverse. Spruce forests are 

spatially dominated by higher moisture 

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 suppose that 10 mm of 

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. 

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 

floor temperature at day 210 (Fig. 27) is 2.0–

2.5 ºC and that of organomineral horizon is 

7.0–7.5 ºC lower than the air temperature 

(Fig. 28). Spatial heterogeneity of the 

temperature field in young stands is less 

evident than under mature and uneven-aged 

stands. 

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 

spp. and Populus tremula with 

pseudorandom arrangement of trees, the soil 

and vegetation conditions of the simulated 

site are close to the conditions of the 

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 

amount of received surface litter. In 

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 

scenarios under consideration. For 

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 

et al., 2020). 

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 

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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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 

biogeocoenosis space of soil C and N 

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 

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. 

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 

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 

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. 

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 

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 

of organic matter and nitrogen reserves in 

soils. 

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 is 

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 

composition and spatial structures, which 

forms a variety of functional ecological 

relationships. Both previously published 

studies data and the results of our own 

experimental studies were used for 

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, 1997a, 

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 

systems to multi-scale environmental 

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 

algorithm operation, which allows to 

reproduce the reduction of the acuteness of 

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 

relationships on the formation of soil 

patchiness conditions. This 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 

single-species stands, which is also 

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 

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 

characteristics realized in it, allows 

simulation assessments of productivity, 

biogenic cycling of C and N and dynamics of 

forest ecosystems, taking into account their 

characteristic multi-scale 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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Во многих задачах современной лесной экологии требуется анализ сопряжённой динамики 
процессов, происходящих на разных пространственно-временных масштабах функционирования 
растительных сообществ и почв в их взаимодействии под влиянием всех эдафических и антропогенных 
факторов. Эффективным инструментом подобного анализа являются математические модели. Цель 
данной работы — представить реализацию новой системы моделей, позволяющей воспроизводить в 
имитационных экспериментах пространственную структуру лесных фитоценозов, формируемую 
древесным и травяно-кустарничковым ярусами, и связанные с этим неоднородность почвенных условий 
и разнообразие экологических ниш на разных иерархических уровнях. Для определения необходимого 
уровня детализации пространственной неоднородности лесных биогеоценозов, связанной с процессами 
их разномасштабного функционирования, проведены экспериментальные исследования на постоянных 
пробных площадях в Приокско-Террасном государственном природном биосферном заповеднике и в 
государственном природном заповеднике «Калужские засеки». Пространственная структура сообществ 
и неоднородность экологических условий в них изучались с использованием традиционных почвенно-
геоботанических и современных инструментальных методов. Полученные данные использованы для 
обоснования алгоритмов и параметризации разных блоков новой системы моделей. Программная 
реализация пространственно-детализированной процессной системы моделей показала её способность 
воспроизводить динамику лесных экосистем с учётом видовой и пространственной структуры разных 
ярусов растительности и связанной с этим мозаичности почвенных условий. За счёт реализованного в 
данной системе моделей широкого спектра взаимосвязанных экосистемных характеристик появилась 
возможность выполнять имитационные оценки продуктивности, биогенного круговорота C и N и 
динамики лесных экосистем с учётом характерной для них разномасштабной пространственной 
структуры. Это позволяет улучшить понимание экосистемных процессов и их вклад в поддержание 
устойчивого функционирования лесов, что может быть использовано для прогнозных оценок 
эффективности лесопользования и в других лесоводственных и экологических задачах. 

Ключевые слова: имитационные модели, пространственная структура, продуктивность 
древостоев, травяно-кустарничковый ярус, лесные почвы, элементы питания, круговорот углерода 
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