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ABSTRACT
The subarctic forest tundra transition zone is one of the most vulnerable ecological regions world-
wide and susceptible to climate change. Forest changes could lead to biodiversity losses when 
tundra areas become colonized. However, the impact of complex landscapes with barriers and 
channels for seed dispersal is highly understudied. Hence, we investigated potential tree above-
ground biomass (AGB) change in mountainous central Chukotka (Siberia) with the individual-based 
spatially explicit vegetation model Larix vegetation simulator (LAVESI). In a climate sensitivity study, 
we simulate forest dynamics until 3000 CE for Representative Concentration Pathways (RCPs) with 
and without hypothetical cooling after 2300 CE to twentieth-century levels. The current state and 
spatiotemporal dynamics of tree AGB are validated against field and satellite-derived data. Our 
results suggest densification of existing tree stands and a lagged forest expansion depending on 
the distance to the current tree line (~39 percent of the total study area, RCP 8.5) under all 
considered climate scenarios. In scenarios with cooling after 2300 CE, forests stopped expanding 
and then gradually retreated to their pre-twenty-first-century position (~10 percent, RCP 8.5). 
However, forest remnants remain in the colonized area, leaving an imprint of forests in former 
tundra areas, which will likely have an adverse impact on tundra biodiversity.
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Introduction

Future global surface temperature will exceed 1.5°C 
warming with high confidence by the end of 2100 
(IPCC 2014). However, the high latitudes are warming 
faster than the rest of the world (Holland and Bitz 2003; 
Miller et al. 2010; IPCC 2014) and the warming rates are 
even predicted to increase (IPCC 2021). Because of the 
thermal regime shift, the permafrost extent is expected 
to shrink. These and other environmental changes are 
expected to play a major role in vegetational changes, 
especially in the Arctic and subarctic (Bonan, Chapin, 
and Thompson 1995; Rupp, Chapin, and Starfield 2000; 
Zhang et al. 2018). Aboveground biomass (AGB) is one 
of the most important parameters of vegetation and is 
directly connected to aboveground carbon stocks and 
ecosystem primary production. Estimation of its future 

dynamics in the high latitudes is crucial to predict and 
timely manage mitigation measures and define adapta-
tion strategies in response to future ecosystem changes 
(biodiversity, wildlife, natural habitat loss, etc.) and cli-
mate feedbacks.

There are not many studies on future subarctic vege-
tation dynamics and even fewer on future AGB 
dynamics for Eastern Siberia. Currently, vegetation or 
parameters associated with vegetation change are mostly 
simulated by global models (e.g., Bergengren et al. 2001; 
Bonan et al. 2003; Sitch et al. 2008; Druel et al. 2019) 
with a lack of local accuracy in complex environments 
(Epstein et al. 2007). In contrast, an individual tree- 
based gap model—the University of Virginia Forest 
Model Enhanced (UVAFME)—was used to simulate 
forest carbon biomass in response to climate change 
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for boreal Russia by Shuman, Shugart, and Krankina 
(2014) and interior Alaska by Foster et al. (2019). The 
simulations were successful in the different regions, 
mostly highlighting that climate change resulted in 
a change of species composition. However, the moun-
tainous northeastern Russian subarctic remains unre-
solved at high spatial resolution by individual-based 
models. Consequently, and for more accurate results, 
landscape-scale future estimations of vegetation change 
are necessary; hence the utility of an individual-based 
and spatially explicit model (Kruse et al. 2019).

In the subarctic region, the expected major outcome 
of vegetation change is a northern boreal tree line exten-
sion concomitant with tundra loss (Foley et al. 1998). 
This tree line forms part of the tundra–taiga ecotone 
region, and its size and geographical borders vary in 
different parts of the subarctic region. Here, tree growth 
is controlled by soil moisture (Kagawa et al. 2003; Liang 
et al. 2014), air and soil temperature, length of the 
growing season, frost events, wind, permafrost, and 
nutrient deficiency (Gamache and Payette 2004; 
Holtmeier and Broll 2009). These factors are in turn 
influenced by topography (Holtmeier and Broll 2009). 
An example for a lowland latitudinal tree line in Siberia 
is the Taimyr Peninsula where the tree line could 
advance ~800 km until reaching the shore of the Arctic 
Ocean (Kruse and Herzschuh 2022). In mountainous 
regions, the tree line area tends to be narrower than on 
the flatlands and northward and upslope migration is 
thus more susceptible to warming temperatures. This is 
the case for the easternmost tree line ecotone in central 
Chukotka, Far East Russia, which covers a complete 
vegetation gradient from prostrate mountainous tundra 
to open forest tundra on complex topography 
(Shevtsova, Heim et al. 2020). Deduced from a recent 
simulation study, the tundra areas of Northeast Siberia 
will be colonized by forests and a small fraction of the 
area could only endure in a refugia during future unfa-
vorable conditions in the North of the Far East (Kruse 
and Herzschuh 2022). Hence, if the tundra replacement 
by immigration of forests through complex terrain is 
able to keep up with the warming rate, the biodiversity 
could be diminished completely. Combined with the 
relative simplicity of only one tree species being domi-
nant forming the forests in Siberia that immigrate and 
the nonglaciated past, the tree line ecotone in Chukotka 
is an important study region to assess vegetation 
dynamics. But despite its valuable character, it is 
understudied.

Recently, to gather baseline data for model parame-
terization and validation, extensive investigations of 
vegetation cover and AGB were made in central 

Chukotka, Northeast Siberia (Shevtsova, Heim et al.  
2020; Shevtsova et al. 2021), in the area around Lower 
and Upper Lake Ilirney, including field inventories in 
2016 and 2018 (Kruse et al. 2020; Shevtsova, Kruse et al.  
2020a, 2020b). We therefore selected this study area to 
simulate changes in forest distribution and AGB. Due to 
successional and immigrational processes such as seed 
dispersal, establishment of seedlings, and seedling 
growth to reproductive maturity, occupation of the 
open tundra by forest occurs with time lags even under 
rapid warming (Kirilenko and Solomon 1998). Hence, to 
disentangle the spatial dynamics of tree AGB for future 
climate change scenarios, the use of the individual-based 
and spatially explicit model LAVESI (Larix vegetation 
simulator), which can reveal complex migrational beha-
vior that has a nonlinear response to climate change 
(e.g., Kruse et al. 2016), is the key.

The aim of this study is to assess future change of tree 
AGB in the tree line ecotone of central Chukotka 
between 2000 and 3000 CE. We focus on spatial 
dynamics of tree AGB in the upcoming centuries in 
the mountainous focus area as well as rates of tree 
AGB change in the region of Lower and Upper Lake 
Ilirney and estimate the potential distribution of AGB 
within the investigated period. We intend to investigate 
future dynamics of tree AGB at (1) the plot level and (2) 
the landscape level.

Materials and methods

Study region

Our study region in central Chukotka (Northeast 
Siberia, Russia) is set up in the Lower Lake Ilirney 
area, at the northeastern margin of the northern tree 
line ecotone (Figure 1). It supports a wide range of 
vegetation types from relatively dense tree stands at 
lower elevations to tree-free prostrate lichen- 
dominated tundra generally at higher elevations 
(Shevtsova, Heim et al. 2020). According to field data 
collected in 2018 (Shevtsova, Kruse et al. 2020a), total 
AGB ranges from close to 0 kg m−2 in the mountains 
(800–1,600 m.a.s.l.) to intermediate at around 0.56 kg 
m−2 in the graminoid tundra (600–700 m.a.s.l. or in 
some places at lower elevations) and to around 2.48 kg 
m−2 in the forest tundra (430–600 m.a.s.l.). The tree 
stands are formed solely of Larix cajanderi Mayr, 
which makes up the highest proportion of up to 60 per-
cent of the total vegetation AGB on the forest tundra 
sites (Shevtsova et al. 2021). The typical climate for the 
area can be characterized as continental, with average 
January temperatures of −30°C, an average July tem-
perature of +13°C, and annual precipitation of 200 mm 
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year–1 (Menne et al. 2012). The growing season is short 
(mean of around 100 days year−1).

Simulation set up

The dynamic forest model LAVESI
The Larix vegetation simulator (LAVESI) is an indivi-
dual-based spatially explicit model that simulates larch 
stand dynamics (Kruse et al. 2016, 2018). It was set up to 
understand tree stand structure and migration and 

population dynamics of boreal forests growing between 
the leading edge of the Siberian tree line ecotone and the 
southern limit in response to a changing climate and its 
feedbacks with permafrost soils. The current version of 
LAVESI uses temperatures of the coldest and warmest 
months (January, July) and monthly precipitation series 
as climate forcing, as well as 6-hourly data on wind 
speed and direction and biological specifics of larch to 
simulate seed distribution and tree reproduction, 
growth, and death (Kruse et al. 2016, 2018, 2019). 
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Figure 1. The study area of the Lake Ilirney system. Labels are given for field sites that are used to illustrate the simulation study results. 
Projection of the map is UTM58N.
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Recently, the model has been extended by including 
topography and landscape sensing of the individuals 
and additional boreal forest tree species (Picea obovata, 
Pinus sylvestris, Pinus sibirica) have been introduced 
alongside the larch species the model was initially devel-
oped for (Larix gmelinii, L. cajanderi, and L. sibirica; 
Kruse et al. 2022).

The model simulation area is variable in size and 
stores the specific biotic and abiotic environment. In 
the simulation areas, individual seeds and trees are 
exactly positioned by x, y coordinates. Simulation runs 
proceed in yearly time steps. To reach stabilization of 
population dynamics and the forcing climate series, 
simulations were preceded by a stabilization period 
that starts from bare ground, introducing seeds. To 
allow for repopulation of simulation areas after eventual 
extinction, some seeds are added every year to the simu-
lation areas.

Each simulation starts with processing the weather 
data that are used to estimate maximum diameter 
growth (at basal and breast height) for each 
simulation year based on 10-year mean climate auxiliary 
variables. Within the growth processes of the model, 
these variables are used to individually estimate the 
current diameter growth of trees constrained by their 
actual biotic (competition) and abiotic (landscape fea-
tures: elevation, topographical wetness index [TWI], 
slope, soil moisture, active layer depth) environment. 
This sets the actual basal diameter of each individual 
tree, which is used as the central state variable.

Within one simulation year, the following processes 
become consecutively invoked: Update of environment: 
Basal diameters of each individual tree are used to eval-
uate the competition strength. We use a yearly updated 
density map based on the basal diameter of each tree to 
pass information about competition for resources 
between trees. A litter layer, the active layer depth, and 
the state variables of each grid cell are updated as well. 
Growth: The individual growth of stem diameters is 
calculated from the maximum possible growth in the 
current year affected by the tree’s density index and its 
abiotic environment. From the resulting diameters, the 
tree height is estimated. Seed dispersal: Seeds in “cones” 
are dispersed from the parent trees, at a set rate. The 
dispersal directions and distances are randomly deter-
mined from a ballistic flight influenced by wind speed 
and direction, with decreasing probabilities for long 
distances and only to places lower than the release 
height. If dispersed seeds leave the extent of the simu-
lated plot, they are removed from the system. Seed 
production: Trees produce seeds after the year at 
which they reached their stochastically estimated 
maturation height. The total amount depends on 

weather, competition, and tree size. Establishment: 
The seeds that lie on the ground germinate at a rate 
depending on current weather conditions, constrained 
by the actual litter layer height. Mortality: Individual 
trees or seeds die—that is, they are removed from the 
plot—at a specified mortality rate. For trees this is 
deduced from long-term mean weather values, 
a drought index, surrounding tree density, tree age and 
size, plus a background mortality rate. Seeds, on the 
other hand, have the same constant mortality rate 
whether on trees and or the ground. Aging: Finally, 
the age of seeds and trees increases once a year, and 
seeds are removed from the system when they reach 
a defined species age limit.

Updating of the model LAVESI
For LAVESI to simulate AGB dynamics at landscape 
scales representing a complex environment including 
mountainous topography, we made the following 
adjustments. We added elevation and environmental 
factors as new boundary conditions by using the slope 
angle and the TWI (see details in Appendixes 1 and 2). 
To convert from tree stand structure based on tree 
diameter growth to AGB, we implemented AGB equa-
tions (Appendix 3) and applied them to the simulated 
tree heights in LAVESI.

Simulation setup
We ran LAVESI simulations for three different 
Representative Concentration Pathway (RCP) climate 
scenarios (RCP 2.6, RCP 4.5, RCP 8.5 with and without 
cooling after 2300 CE) to see potential future paths of 
larch AGB change in the study region. Simulation runs 
were started with the topography- and biomass- 
implemented new LAVESI version with an empty land-
scape representing the true topography starting at 500 
CE to allow for spin-up and ending in 2018 CE. Seeds 
(N = 100 000) for initiating the population establishment 
were introduced across a subset of 12 × 15 km in the 
southwestern corner of the simulation area (18 × 25 km) 
for the first fifty years. Only 1,000 seeds were introduced 
yearly after 550 CE, allowing for reestablishment after 
a complete die-out of trees had occurred on the whole 
simulated area.

The climate forcing was built as follows:

(1) We extracted the historical climate data for the 
period 1901 to 2019 from the 0.5° × 0.5° Climate 
Research Unit gridded Time Series (CRU TS) 
monthly data (Harris et al. 2020; Figure 2) for the 
cell closest to Lake Ilirney (67.25° N, 128.25° E).

(2) For the period 501 to 1900 CE we derived yearly 
air temperature from δ18O and precipitation 
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from ice layer thickness series from the Severnaya 
Zemlya/AN ice core data (934–1998 CE; Opel, 
Fritzsche, and Meyer 2013). This series was 
extended to 501 CE by sampling twenty-five- 
year blocks of the yearly resolution data and 
adding this variability to data from the AN86/87 
core (Arkhipov et al. 2008). Local adjustment was 
done by building linear models of yearly tempera-
ture and precipitation for the overlapping years  
1901 to 1998 with the CRU TS data.

(3) From the yearly data series, we built monthly data 
series by sampling fifteen-year-long blocks from 
available CRU TS data and adjusting the mean 
temperature by the difference of the sampled 
block from the estimated mean values.

(4) For future climate forcings, we used 
a coupled climate model run output from 
Max Planck Institute Earth System Model 
(MPI-ESM) driven by three available RCP 
scenarios (Giorgetta et al. 2012a, 2012b,  
2012c) from 2019 to 2300 CE. They were 
locally adjusted to the CRU TS data series 
using overlapping years. The resulting series 
were prolonged until 3000 CE by following 
the trend until 2500, subsequently keeping 
the temperature level reached at 2400 to  
2500 until 3000 CE or, in the case of the 
cooling scenarios, we brought temperatures 
back to the years 1901 to 1987 CE of the 
series in a loop (Figure 2).

The wind data at 6-hourly resolution were extracted 
for 1979 to 2018 for the study region from the 
European Centre for Medium-Range Weather 
Forecasts (ECMWF) Re-Analysis ERA-Interim 0.75° 
× 0.75° (Dee et al. 2011). In simulation years not 
covered by this period, one year was randomly 
selected out of them to disperse seeds in all simulation 
years.

Model validation
Robustness of intersimulation results were tested with 
pairwise Pearson’s product-moment correlation (cor. 
test-function; R Core Team 2021) and with the standard 
deviation of three simulation repeats for simulation year 
2020 CE.

To extract model parameters for landscape imple-
mentation and to validate simulation results, we estab-
lished a reference data set (Appendix 2) based on 
modern high-resolution satellite data ESRI World 
Imagery (ESRI 2021). The simulated AGB values were 
processed to presence/absence data as well as the refer-
ence data set. Based on this, a confusion matrix was 
created stating the user’s accuracy, producer’s accuracy, 
and the overall accuracy following Stehman (1997). 
Based on these, we calculated kappa statistics and eval-
uated according to Landis and Koch (1977).

For a detailed validation of AGB state values and 
change, we extracted values from the following 
sources:

(1) LAVESI simulations, resolution 30 × 30 m, AGB 
(oven-dry weight of all woody and leaf parts, kg 
m−2) for the years 2000, 2005, 2010, 2015, and 
2020 CE. Additionally, per pixel uncertainty 
expressed as standard deviation in kilograms per 
square meter.

(2) General additive model (GAM)-based regional 
product (Shevtsova et al. 2021) for study region, 
resolution 30 × 30 m, AGB (Larix fraction, oven- 
dry weight of all woody and leaf parts, kg m−2) for 
years 2001 and 2016 CE.

(3) GLOBBIOMASS (global data sets of forest 
biomass, Santoro et al. 2022), resolution 
38 × 99 m projected to UTM58; AGB (defined 
as the mass, expressed as oven-dry weight of 
the woody parts [stem, bark, branches, and 
twigs] of all living trees excluding stump and 
roots, tons ha−1) for the year 2010 CE. 
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Additionally, per pixel uncertainty expressed 
as standard error in tons per hectare.

(4) European Space Agency Climate Change 
Initiative Biomass project (ESA CCI Biomass, 
Santoro and Cartus 2021), 38 × 99 m projected 
to UTM58; AGB (defined as the mass, expressed 
as oven-dry weight of the woody parts [stem, 
bark, branches, and twigs] of all living trees 
excluding stump and roots, tons ha−1) for years  
2010 and 2018 CE. Additionally, per pixel stan-
dard deviation of the AGB estimates in tons per 
hectare.

The extract function from the raster package in R (R Core 
Team 2021) was applied with a bilinear method for max 
value calculation of the closest four nearest neighboring 
cells to cope with spatial uncertainty.

The AGB change was calculated from fifteen simula-
tion years (2015–2000 CE) covering a similar span as the 
products with available temporal data: GAM-based 
2016–2001 CE, ESA CCI Biomass 2018–2010 CE. All 
data were brought to the same dimension of kilogram 
per square meter per year for comparison. A global root 
mean square error was used for the GAM-based data of 
1.08 kg m−2 and the standard deviation for the ESA CCI 
Biomass was extracted from a separate raster file. We 
compared individual data points of field locations pre-
sent in both data sets as well as all data in overlapping 
areas by calculating Pearson’s product-moment correla-
tion value.

All statistical analyses were performed in R 4.1.2 (R 
Core Team 2021), mostly using included standard func-
tions, with additions from the package “raster” version 
2.6–7 (Hijmans 2017) to treat and export raster AGB 
data and from “ggplot2” (Wickham 2016) for visualiza-
tion of the results.

Processing model output
For plot-level change comparison we chose representa-
tive sites from the available data set at locations that are 
spatially homogeneous and do not fall in special land-
scape forms; for example, small-scale water accumula-
tion zones. These were from three categories of 
contrasting vegetation presence as follows:

● Forest tundra sites: EN18001 and EN18024, which 
are located at an elevation of ~500 m.a.s.l. west and 
east, respectively, of the Lower Lake Ilirney with 
different slope direction characterized by medium- 
high biomass of larch trees present.

● Open graminoid (hummock) tundra: EN18011 and 
EN18013, close to the current forest edge at ~250 m 
and ~650 m distance, respectively. Both sites are 

located at an elevation of ~600 m.a.s.l. and, farther 
away, the sites EN18016 and EN18017 at an eleva-
tion of ~700 m.a.s.l., at 1.2 km and 1.8 km distance 
from the forest edge, respectively.

● Poorly vegetated open tundra sites with lichen 
communities, herbs, and dominant Dryas sp. 
EN18019 and EN18020 on rocky ground, both at 
an elevation of ~850 m.a.s.l., ~2.7 km from the 
forest edge.

To derive dynamics of forest and/or forest tundra in the 
study area under different climate scenarios for the 
simulated data from 2000 to 3000 CE, we used 
a threshold for biomass to assign forest tundra as 
opposed to open tundra in this region. Forest tundra 
has a minimum tree AGB of 0.68 kg m−2 according to 
the 2018 field inventories (Shevtsova et al. 2021). Using 
this threshold, we calculated the percentage of areas with 
tree stands reaching this AGB level. We visualized 
results as the overall dynamics throughout the investi-
gated period, as well as its spatial representation for 
selected years.

Results

Validation of the model’s performance

The simulation model produced robust results, and the 
intersimulation standard deviation of cells with larch 
growth in the simulation year 2020 CE had a median of 
1.68e−03 kg m−2 (decreasing negatively exponentially in the 
range 1.73e−08 to 1.40; N = 47,811 for the three simulation 
repeats; NA values that fall in water locations were 27,114 
cells, total 191,667 cells). Correlation of cells with larch 
growth between the three repeat simulations was strong 
and highly significant (1 vs. 2, r = 0.961, t = 695.25; 1 vs. 
3, r = 0.959, t = 678.86; 2 vs. 3, r = 0.960, t = 680.05; all 
p < .001).

Validation against the reference data set revealed an 
overall accuracy of 79 percent, and the general low number 
of cells with larches present was less accurate at 69.4 percent 
(Table 1). For this comparison, a kappa value of 0.405 
suggests fair to moderate agreement of simulation with 
observation data. An ABG value comparison revealed 
that the simulation predicted systematically lower values 
than the GAM-based values (Figure 3a,c), which were 
within the estimated error range at all but one location 
that is outside the plus/minus root mean square error value 
of the model (1.08 kg m−2). Simulation was close to the 
direct observation (Figure 3g), though the value at the 
highest field location was underestimated. The other pro-
ducts performed similarly when taking into account the 
large errors associated with the data sets, or worse. The 
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global data sets of forest biomass (GFD) presented no 
biomass at the compared locations but a large SD of 
3.29 kg m−2 (Figure 3b); GLOBBIOMASS had larger values 
that were in a similar range as the direct observations 
(Figures 3e,h); ESA CCI 2018 showed half as large values 
(Figure 3d) and roughly a constant value when compared 
to the direct observations (Figure 3i).

The estimated temporal tree AGB change at 
a representative set of sites that can be extracted showed 
that the observed changes in larch AGB were generally very 
small over the fifteen years, which was well captured by the 
simulations (Table 2). The simulated rates of change in 
AGB were generally similar for all forest tundra sites (0.01– 
0.02 kg m−2 year−1) with one exception, where simulated 
tree AGB change was negative (EN18027). Field and 
Landsat-based estimations of tree AGB change were gen-
erally slightly lower or higher. The comparison of simula-
tions to products showed that the simulations were 
characterized by a large variance but in the range of the 
errors of the products (Figure 3). The correlation coeffi-
cient between simulation and GAM-based extraction was 
0.328 (p < 2.2−16, td.f.=31,012 = 61.109) and in the comparison 
to ESA CCI change values it was 0.269 (p < 2.2−16, 
td.f.=191,657 = 122.35).

Plot-level AGB changes

Temporal changes in tree AGB had a similar character at 
both forested focus sites (Figure 4). In detail, under RCP 
2.6, tree AGB generally increased in the first half of the 
twenty-first century, reaching its highest values of 1.5– 
1.6 kg m−2, followed by a decrease until 2300 CE, with its 
lowest AGB of around 1 kg m−2. From 2300 CE to 2700 
CE the tree AGB fluctuated differently at the two investi-
gated sites, showing an increase up to 1.5 kg m−2 by 
around 2650 CE and gradual decrease afterward for 
EN18001 or a faster increase up to 1.3 kg m−2 by around 
2500 CE, fast decrease to 0.9 kg m−2 by around 2650 CE, 
and fast increase again for EN18024. The fluctuations 
were similar under RCP 4.5, whereas under RCP 8.5 it 
took more time for larch AGB to reach its highest value; 
however, the values themselves fluctuated less, and for site 

EN18024 there was a clear increasing trend. In scenarios 
with cooling, tree AGB first increased until 2300 CE, 
reaching 1.5 to 1.6 kg m−2, and then decreased gradually 
with fewer fluctuations, reaching around 0.75 kg m−2, 
which was even less than that in 2000 CE (beginning of 
the investigation period). However, closer to 3000 CE 
under the warmest scenario RCP 8.5, a second tree AGB 
increase was simulated, which was not the case under 
RCPs 2.6 and 4.5.

Tundra sites close to the current tree line had a similar 
trend as the forested sites except with a longer offset at the 
beginning (Figure 4). On the site closest to the current 
tree line (EN18011), the increase in tree AGB started from 
the 2000s, whereas on the site slightly farther away 
(EN18013), a strong increase in tree AGB was simulated 
to start later, after around 2100 CE. This trend was 
ongoing for sites EN18016 and EN18017 with the onset 
of AGB increase dated at around 2300 CE for the closer 
site, whereas at the latter, more distant site, the AGB 
increase started no earlier than after 2500 CE. Until sta-
bilization, larch tree AGB steadily increased until 2250 CE 
for EN18011 and until 2500 CE for EN18013. After that, 
in both cases, tree AGB fluctuated around a certain value, 
depending on the RCP scenario. The highest values were 
reached under RCP 8.5 (1.1–1.3 kg m−2), moderate under 
RCP 4.5 (0.9–1.2 kg m−2), and lowest under RCP 2.6 (0.6– 
1 kg m−2). Under scenarios with cooling after 2300 CE, 
tree AGB, as at the currently forested sites, increased 
before cooling started and decreased afterward but, in 
contrast, typically stayed at higher values than at the 
beginning of the twenty-first century. On the site far 
from the tree line, tree AGB generally had lower values, 
and it took even longer for tree AGB to stabilize after 
increasing. Under cooling scenarios, tree AGB generally 
stayed close to 0 kg m−2, rising before the cooling and 
dropping back to very low values after cooling.

On the two poorly vegetated tundra sites, the highest 
value of tree AGB was simulated to be around 1 kg m−2 

under RCP 8.5 (with no cooling; Figure 4). An increase 
was simulated only for the second half of the millennium 
and only under RCP scenarios 4.5 and 8.5 without cool-
ing. If cooling occurred, tree establishment was disabled 
on both sites.

Landscape level AGB changes

The detailed observations at the plot level (Figure 5) 
depicted population dynamics that cause the spatial dis-
tribution and spreading of larch AGB. Following the 
simulations, larch AGB gradually increased, which was 
mostly associated with densification of existing tree 
stands until 2200 CE. Starting from 2200 CE, larch was 

Table 1. Accuracy of predicted cells with larch presence and 
absence in comparison to observations.

Observation

Prediction
Larch  
absent

Larch  
present Sum User’s accuracy (%)

Larch absent 1,641.0 128.0 1,769.0 92.8
Larch present 385.0 290.0 675.0 43.0
Sum 2,026.0 418.0 2,444.0
Producer’s  

accuracy (%)
81.0 69.4 79.0
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simulated to spread more across the landscape, coloniz-
ing upslope areas. After 2400 CE for RCP 2.6, larch tree 
stands were simulated to become sparser, whereas estab-
lishment of larch tree stands continued in the newly 
colonized areas. The scales differed in the RCP 

scenarios: the highest values of tree AGB and the most 
northward spread were observed in RCP 8.5. Lowest 
values were simulated for scenarios with cooling after 
2300 CE with larger larch cover but overall smaller AGB 
values (Figure 6).

Figure 3. Aboveground biomass (AGB) values from fieldwork sites extracted from different sources and direct observations (a)–(i) and 
temporal changes (j)–(k). All values brought to the same unit (kg m−2) for comparison.
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Changes in simulated larch AGB between 2020 and 
3000 for most currently forested areas reached rates of 
0.0005 to 0.002 kg m−2 year−1 (0.5–2 kg m−2 per 
980 years; Figure 5) depending on the RCP scenario, 
with the lowest under RCP 2.6 and the highest under 
RCP 8.5. Under scenarios with cooling, the rates of 
increase of mostly newly colonized areas did not exceed 
0.0005 kg m−2 year−1 and of decrease for currently 
existing tree stands −0.0005 kg m−2 year−1. In the period 
until 2300 CE, all scenarios, with or without cooling, 
simulated a similar increase in tree AGB of up to 
0.002 kg m−2 year−1.

The average (median) larch AGB across the whole 
study region in tundra for all scenarios was simu-
lated to stay close to 0 kg m−2 until around 2550 
CE. From 2550 CE, it increased exponentially in the 
warm RCP 8.5 scenario, reaching 0.009 kg m−2 by 
3000 CE. The increase in larch AGB was delayed 
under RCP 4.5, reaching 0.0008 to 0.0009 kg m−2 by 
3000 CE. Under RCP 2.6, median larch AGB was 
simulated to stay around 0 kg m−2 for the whole 

period. In the cooling scenarios, warming occurred 
only until 2300 CE, until when average (median) 
tree AGB in the region stayed close to 0 kg m−2 in 
every case.

The average tree AGB rates of increase were strongest 
in the first 300 years of the third millennium but notably 
less for 2300 to 3000 CE (Table 3). With cooling after 
2300 CE, tree AGB decreased from 2300 to 3000 CE at 
rates of −18.13 ± 0.19 (RCP 2.6), −23.46 ± 0.14 (RCP 
4.5), and −25.25 ± 0.004 (RCP 8.5) t year−1.

With respect to temporal and spatial dynamics of 
forest tundra in comparison to open tundra, our 
results showed that the higher the temperatures 
(e.g., RCP 8.5 vs. RCP 2.6), the higher the percen-
tage of forested areas and the lower the fluctuations 
of this percentage during the investigated period 
(Figure 5). Under RCP 8.5, forest tundra was simu-
lated to occupy up to 39 percent of the investigated 
region by the end (3000 CE), whereas under RCP 
4.5 it was simulated to occupy around 33 percent of 
the whole investigated region, and under RCP 2.6 

Table 2. Change in larch aboveground biomass (AGB) estimated using simulation results from LAVESI and by using field and Landsat 
data from five forest tundra (ft) and one open tundra (ot) expedition sites, for which both field and Landsat-based AGB, as well as 
LAVESI-simulated tree AGB, are available.

Site

Larch AGB (kg m−2) Change in larch AGB (kg m−2)
Estimated rate of change in larch  

AGB per year (kg m−2 year−1)

LAVESI, 2015 LAVESI, 2000 LAVESI (2015–2000)
Field and  

Landsat-based (2016–2001) LAVESI
Field and  

Landsat-based

EN18001 (ft) 1.274 ± 0.233 1.037 ± 0.247 0.237 ± 0.680 0.133 0.016 ± 0.045 0.009
EN18002 (ot) 0.004 ± 0.004 0.002 ± 0.002 0.002 ± 0.009 0.000 0.000 ± 0.001 0.000
EN18014 (ft) 0.859 ± 0.119 0.632 ± 0.107 0.228 ± 0.320 0.074 0.015 ± 0.021 0.005
EN18021 (ft) 0.021 ± 0.005 0.015 ± 0.005 0.006 ± 0.014 0.413 0.000 ± 0.001 0.028
EN18026 (ft) 1.206 ± 0.121 0.009 ± 0.006 1.196 ± 0.179 0.610 0.080 ± 0.012 0.041
EN18027 (ft) 0.017 ± 0.012 0.554 ± 0.068 −0.538 ± 0.113 0.047 −0.036 ± 0.008 0.003

Note. Variations show the standard deviation.
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Figure 4. Temporal changes in simulated larch aboveground biomass (AGB) of representative sites from 2000 to 3000 CE.
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this estimate was up to around 25 percent 
(Figure 5). With the cooling scenarios, the highest 
percentage of forest tundra was reached in 2300 CE, 
which, depending on the RCP scenario, was 

22 percent (RCP 2.6), 23 percent (RCP 4.5), or 
24 percent (RCP 8.5). After cooling began, forested 
areas were simulated to decrease to 2 to 3 percent of 
the investigated region.

Figure 5. Larch aboveground biomass (AGB) simulated for years 2020 to 3000 CE under three Representative Concentration Pathway 
(RCP) scenarios and for the final year under the cooling scenarios after 2300 CE. Forested areas with an AGB > 0.68 kg m2 are given 
in percent in each plot.
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Discussion

Validation of simulations in comparison with 
aboveground biomass products

The LAVESI model slightly underestimated the simu-
lated current larch AGB state (Figure 3), gave a wide 
range of recent temporal changes that fit to observations 
(Table 2), and accurately captured the general spatial 
distribution. However, as with many other spatially 
explicit models, it performed well at a general level but 
failed in reproducing some details (e.g., models used in 
Ito et al. 2020). In particular, the simulated amount of 
larch saplings (<2 m) was higher than observed during 
fieldwork, but it can differ greatly in nature from year 
to year (called high crop years; Abaimov et al. 1998). 
This was not considered by the model in which trees 
produced seeds depending on climate and available 
resources, but the small number of saplings observed 
during fieldwork could be a natural anomaly. The simu-
lated larch AGB in kilograms per square meter on 15-m 
radius plots was generally similar to the field 

estimations, although values were underestimated for 
some field sites that had relatively high larch AGB 
from field estimations (Figure 3). Thus, in general, we 
can expect a higher larch AGB rate in some areas of the 
future landscape in the vicinity of the Ilirney lake 
system.

Using our model can highlight unrealistic AGB 
values from products and their associated spatially expli-
cit errors, shown here for those provided by ESA CCI 
Biomass and GLOBBIOMASS. We showed that both 
overestimated the actual AGB, especially in places of 
complex terrain and high elevations. Here, values of 3 
to 5 kg m−2 were predicted in places with no vegetation 
at all, which could stem from the applied topographic 
correction of the utilized satellite data that did not suffi-
ciently remove the artifact, as well as in wet areas partly 
covered with shrubs; it is a common phenomenon that 
vegetation in wet areas yields higher estimations than 
observed and is more often misinterpreted as tree cover. 
The authors of the GLOBBIOMASS product also stated 
in their description that their products are not applicable 
in our regions because they deliver only realistic values 
for regions with typical forest AGB >5 kg m−2, which 
exceeds nearly all areas in our region of interest and 
high-latitude areas in general. For this purpose, the 
estimate for the region by Shevtsova et al. (2021) was 
established and should be used instead, although it is 
currently only available for a small region. One should 
be cautious, however, when using these or any biomass 
products, because the comparison of our simulations 
here showed that it is likely that the AGB values for 
the year 2001 CE were underestimates and hence pro-
duced a higher trend that would lead to deviance in the 
simulation results.

Although LAVESI simulations of the current status of 
tree AGB were mostly in accordance with tree stands 
depicted on a satellite image (Esri basemap), closer 
inspection revealed that several areas that currently 
have tree stands are not present in LAVESI and vice 
versa. Forests were not simulated in polygonal tundra, 
which is one of the most challenging areas because trees 
grow only on small rims typically not wider than a meter 
and were not captured by the digital elevation model 
(DEM) with its 90-m spatial resolution. Another com-
mon pattern of tree absence in LAVESI simulations was 
for the forested areas of steep slopes where a transition 
from forest tundra to pine shrub tundra and graminoid 
tundra also occurred. This was probably owing to the 
topography models used to modulate larch occurrence 
and could be improved by further parameterization. 
Herbivory could also be a factor constraining growth 
at these tree line ecotone margins because reindeer affect 
regrowth or fitness (Cairns and Moen 2004; Mienna 

Table 3. Average tree aboveground biomass (AGB) rates of 
increase for different periods until 3000 CE under three 
Representative Concentration Pathway (RCP) scenarios.

RCP 
scenario

2020–2100 CE 
(t year−1)

2100–2200 CE 
(t year−1)

2200–2300 CE 
(t year−1)

2300–3000 CE 
(t year−1)

2.6 48.79 ± 0.32 60.68 ± 0.41 47.68 ± 0.44 15.56 ± 0.02
4.5 62.43 ± 0.21 47.73 ± 0.11 84.86 ± 0.16 39.31 ± 0.13
8.5 33.06 ± 0.07 100.06 ± 0.01 80.39 ± 0.81 63.52 ± 0.09
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Figure 6. Simulations of temporal change in the study region 
under different climate scenarios until 3000 CE of total larch 
aboveground biomass (AGB).
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et al. 2020; Rees et al. 2020). Furthermore, an implemen-
tation of biotic factors such as competition between 
larch and pine in the model can provide better accuracy 
in the larch distribution. However, errors in forest struc-
ture were found to have stronger effects on tree growth 
projections than errors in species composition 
(Falkowski et al. 2010).

Forest development under warming climate

With the topography and biomass-implemented 
LAVESI model we could simulate larch AGB dynamics 
(general increase) and forest spreading upwards and 
northwards along elevational and latitudinal gradients. 
Further, we revealed that forests did not recede from 
colonized areas even when hypothetical cooling to twen-
tieth-century levels prevailed until the end of the mil-
lennium. Current tree stands started to noticeably 
expand upslope around 2200 CE (Figure 5). As expected, 
highest rates of forestation from today until 3000 CE 
(Figure 6) were simulated under RCP 8.5. In every 
scenario we could see a gradual increase in larch AGB 
by the end of the investigated period. There were fluc-
tuations in areas that were already forested by 2020 and 
in sites closer to the current tree line, revealing typical 
population dynamics. On the open tundra plots with 
graminoid vegetation and close to the tree line, we 
observed larch colonizing new areas upslope with 
a time lag (starting after 100–500 years depending on 
the position of the site), where after the arrival of seeds, 
saplings developed, and in the next stage a cohort was 
established. Once trees established under warming, tree 
AGB developed exponentially. When comparing popu-
lation dynamics in the different RCP scenarios at the 
beginning of the twenty-first century, there was clear 
self-thinning of the tree stands (strongly prominent 
under the warmest climate conditions of RCP 8.5), 
which can be explained by strong individual tree com-
petition (as in Wieczorek et al. 2017 for the Taimyr 
Peninsula).

The simulation showed a first general increase (and 
stabilization in the next centuries) in tree AGB in the 
subarctic region, even under RCP 2.6 where air tem-
perature and precipitation changes were the smallest, 
and a higher increase of tree AGB under RCPs 4.5 and 
8.5. These results are in accordance with previous find-
ings that vegetation changes were initiated during the 
past three decades of changing climate conditions and 
might be expected to be even greater with additional 
greenhouse gases in the atmosphere (Callaghan and 
Carlsson 1997). However, tree lines worldwide respond 
differently depending on various local conditions 
(Harsch et al. 2009). In comparison with recent 

(2000–2015) larch AGB change rates (0.006 kg m−2 

year−1) in the upper tree line zone of another Russian 
subarctic mountainous tree line ecotone (Polar Ural; 
Devi et al. 2020), simulated recent (2000–2015) larch 
AGB change rates (0.016–0.08 kg m−2 year−1) on most 
forest tundra sites were faster in our study region.

Until the end of the twenty-first century, our simula-
tions of forest expansion showed that forest tundra covers 
less than 20 percent (areas with tree AGB > 0.68 kg m−2), 
which is in line with other simulations. Unfortunately, 
a direct comparison is impeded because, to date, no high- 
resolution and spatially explicit simulations are available, 
which are necessary for the complex terrain of the study 
area. Nevertheless, for illustration, we compared the data to 
results from global vegetation models (Sitch et al. 2008) and 
observed no or much lower (1–20 percent) changes in tree 
cover in our study area compared to two other global 
vegetation models, which showed an increase in tree 
cover from 20 to 50 percent and higher in central 
Chukotka over the same period. Regional simulations, 
still at a coarse but higher resolution of 23 × 23 km, were 
provided by applying UVAFME (an individual tree-based 
gap model set up for large regions; Shuman, Shugart, and 
Krankina 2014; Shuman et al. 2015, 2017) in the northern 
taiga of Chukotka (closest area to our investigated region; 
scenario without fire; Shuman et al. 2017). The results for 
2100 CE showed a general larch AGB of the forested areas 
in the tundra–taiga reaching 0.5 to 2.5 kg m−2, which is 
similar to our simulations, whereas south of our study 
region in northern taiga it is around 1–20 kg m−2 total 
larch biomass. The latter stand densities could be reached 
by forests in our study region only when global warming 
proceeded unstopped, sequestering carbon but also redu-
cing the albedo (Bonan 2008).

Time-lagged maximum forest expansion and retreat 
under cooling climate

The time required for simulated tree stands to respond 
to climate changes (time lag) was shortest for the RCP 
8.5 scenario, which is about 500 years when considering 
the region of investigation as a whole but smaller when 
considering different parts of the region. For the cur-
rently forested sites, an exponential increase already 
began at the beginning of the investigated period 
(2000s) and took about 50 years to reach a stable state, 
whereas after cooling, the decrease took at least 
500 years to stabilize. On the open tundra sites, both 
processes took longer, but tree stand establishment 
(300–375 years) still occurred faster than tree stand die-
back (450 years or more). At the currently sparsely 
vegetated sites, tree establishment generally did not 
reach a stabilization phase until the end of the 
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investigated period, which led to faster diebacks when 
cooling occurs. We also observed a time lag of about 
200 years in the cooling scenarios after the cooling event. 
At the stand-level scale, tree AGB generally declined at 
the onset of cooling, which indicates tree stand thinning. 
Areas that were not colonized until the end of the 
warming phase leading to tundra invasion became 
deforested in scenarios with cooling. This could be an 
opportunity for tundra areas to survive global warming. 
However, for the region in general, although the decline 
in tree AGB in the first century after cooling was steeper 
than warming-induced tree AGB increase before cool-
ing, our results also showed that once tundra became 
colonized by forests, the forests could survive longer 
during the following cooling phase and not change 
back to tundra until the end of the simulation.

Our results without cooling were in accordance with 
Chapin and Starfield (1997), who concluded that regardless 
of warming rate, there will be substantial lags in forest 
expansion (150–250 years in Alaska for 5 percent of forest 
establishment), and other models that also simulated time- 
lagged vegetation change, highlighting migration and suc-
cession processes (Epstein et al. 2007). Further, our simu-
lated future changes in vegetation agree with previously 
investigated ecosystem parameters. For example, Zhang 
et al. (2013) simulated no change in albedo or latent heat 
flux until 2080 in central Chukotka, particularly in the 
Ilirney lakes area. This is in general agreement with our 
simulations of time-lagged tree AGB, which, although 
increasing until 2080 CE, would probably cause differences 
in albedo and latent heat flux too weak to be captured by 
a global model such as the one Zhang et al. (2013) used.

The observation of small remnants of larch individuals 
ahead of the tundra even after cooling and its associated 
general retreat of the tree line was nonlinear and the 
slower, or lack of, dieback of the forests challenges neces-
sary tundra conservation. We deduced from our simula-
tions that places of former tundra may not revert back to 
the different tundra types under improving climate con-
ditions as easily as they were colonized. This phenom-
enon of slower retreat than expected has been shown on 
tree line–to-shoreline long transect simulations with 
LAVESI (Kruse and Herzschuh 2022). Out of these refu-
gia populations, full-grown forests can reestablish much 
quicker than from bare ground as in the beginning of the 
twenty-first century and threaten the special species com-
position adapted to tree-free areas for millions of years 
(Arctic Climate Impact Assessment 2004; Schmidt et al.  
2017). This highlights once again that conservation of the 
tundra areas will be a challenge in this complex system: 
the most promising measure would be to limit global 

warming as much as possible to prevent tundra areas 
from becoming forests in the first place.

Conclusions

The LAVESI model simulates an increase in larch AGB 
and tree line advance into the tundra (upslope and north-
wards) in central Chukotka until 3000 CE under RCP 
scenarios 2.6, 4.5, and 8.5 without cooling after 2300 CE. 
In scenarios with cooling, rapid tree stand thinning is 
observed and a decrease in total tree AGB in the currently 
forested areas to quantities lower than present. However, 
the areas occupied by forest tundra after cooling are 
simulated to cover larger areas than in 2000.

For currently forested areas, we simulate more fluctua-
tions in tree AGB following typical tree stand structure 
development with densification, stabilization, and tree 
stand thinning processes. For nonforested areas, we simu-
late the same pattern of ecological development but time- 
lagged because of the time required for tree establishment 
in the open areas. For open tundra tree stands, establish-
ment is simulated to start after 100 to 500 years depending 
on the distance to the current tree line. The average rates 
of AGB change are higher in the first 300 years of the 
twenty-first century and become lower toward 3000 CE. 
With a cooling event, the highest possible forest expan-
sion is simulated to reach not more than 10 percent of the 
investigated region, and tree AGB for the whole region 
decreases from 2300 to 3000 CE. Time-lagged changes in 
tree AGB can be the key to preventing forestation in some 
areas of the tundra–taiga while managing CO2 concentra-
tions and thus temperature to restrict forest tundra from 
expanding further into the tundra.

The revealed nonlinear responses to climate for-
cing, especially the slower than expected dieback of 
forests and retention of larch individuals in low 
numbers in former and potentially future tundra 
areas, are threatening the special composition of 
plant communities in these places. With the vegeta-
tional changes, the necessary habitats for cold- 
adapted animals may get lost, which will have 
a profound impact on tundra biodiversity in 
a future climate. Preventing forest invasion in the 
first place seems to be the best measure to conserve 
tundra areas in a complex landscape.

LAVESI can simulate larch AGB values at the 
landscape level, reflecting patterns of current tree 
stand distribution fairly well, but slightly underesti-
mates the observed values of tree AGB, which could 
be improved in the future. A comparison with other 
studies revealed some agreements as well as 
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disagreements. LAVESI can reveal nonlinear changes 
and accurately predict tree distribution, which would 
not be possible with a simple predictive model using 
climate envelopes for species presence/absence.
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parameterization and validation for the region of interest can 
be found on Zenodo: stratified sampled landscape classes 
(Shevtsova et al. 2023b) and forest density estimates 
(Shevtsova et al. 2023a). The simulation results are available 

online on Zenodo: simulated aboveground biomass of forests 
(Shevtsova et al. 2023d), total AGB of the region of interest 
(Shevtsova et al. 2023c), and total forest cover percentages 
(Shevtsova et al. 2023e).
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Appendix 1. Implementing topographical parameters: Elevation, aspect, slope angle, and 
topographical wetness index

Topography modulates regional climate and controls the spatial patterns of the tree line limits (Holtmeier and Broll 2009). We 
used the TanDEM-X 90-m DEM product (Krieger et al. 2013) to extract the relevant spatial topographical parameters, namely, 
elevation, slope angle, and TWI. Prior to extraction of spatial topographical parameters, the DEM was resampled from the 90-m 
cell spacing to a 30-m resolution with bilinear interpolation. We also investigated aspect, but when evaluating the topographical 
parameters for implementation, it did not have a strong effect. Slope angle and aspect were calculated in SAGA 2.3.2 (Conrad et al.  
2015; as QGIS 3.16.0 plugin) using Zevenberger and Thorne’s second-order polynomial adjustment algorithm (Zevenbergen and 
Thorne 1987). The TWI represents the moisture content, spatially distributed across the landscape. The TWI was calculated using 
the basic terrain analysis tool (SAGA GIS plugin) with the default setting of “the channel density” set to five. The final topography 
layers—elevation, slope angle, and TWI—were masked for areas of present surface water, such as Lower and Upper Lake Ilirney, 
small ponds, and rivers. We created the water mask by applying the land–water threshold technique to the Landsat-8 shortwave 
infrared 1 band (water reflectance <600) on a summer acquisition on 12 July 2018 with the Landsat spatial resolution of 30 m.

The topographical data (elevation, slope angle, TWI) were introduced in the source code of LAVESI as 30 × 30 m 
gridded input data, featuring a user-defined area. Based on this, the values were linearly interpolated to the internally 
used environmental grid of 20 × 20 cm tiles.

The seed dispersal, which already depended on wind direction and speed, release height, and species-specific fall rates (Kruse 
et al. 2018, 2019), was further improved for this study by shortening the upslope dispersal distance and restricting it to locations 
below release height.

Appendix 2. Parameterization of the influence of topography and wetness on tree presence and 
growth

To extract the dependence of tree presence from the topographic parameters—aspect, slope angle, and topographical 
wetness index (TWI)—we used a high-resolution satellite acquisition from early summer in 2010 (ESRI World Imagery), 
which allowed identification of single trees and covering a representative part of the study region. In the first step, 6,488 
sampling points for evaluation of the presence of trees were selected by stratified random sampling from 589 different 
possible combinations of elevation, slope angle, aspect, and TWI (Figure 2.1a; Table 2.1). The samples covered 2 percent of 
the area (Figure 2.1b), from southern forested areas via hummock tundra to the nonvegetated northern mountainous areas.

A visual assessment of the established relationship showed that aspect does not play an important role in the presence of 
trees in the study region (Figure 2.2). Areas both with and without trees showed the same pattern of sample distributions in 
relation to the aspect data. In contrast, one can clearly see that trees prefer higher slope angles, rather than lower.

(a)                    (b)

Figure 2.1. (a) Visualization of the combinations of elevation, slope angle, and topographical wetness index (TWI) in the area for 
parameterization of the new topographic components in LAVESI with 589 categories distinguished, shown in gray shades, and (b) 6488 
samples, marked as red dots.
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As a consequence, we could separately establish two statistically significant linear models predicting tree presence (in 
percentage of observations) depending on slope angle and TWI: 

TrPrSA ¼ e� 0:5 ðslope angle � aÞ2

b2 ¼ e� 0:5 ðslope angle � 12:58Þ2

12:782 ; (2:1) 

where TrPrSA is tree presence depending on slope angle, and a and b are coefficients (Table 2.2). 

TrPrT ¼ � c � TWI þ 0:98 ¼ � 0:05 � TWI þ 0:98; (2:2) 

where TrPrT is tree presence depending on TWI, and c is a coefficient (Table 2.2).
The models have good accuracy with residual standard errors of 0.013 (model under formula 3) and 0.011 (model under 

formula 4) and all significant coefficients (Tables 2.2 and 2.3).

Table 2.1. Stratified random sampling categories.
Elevation Slope Aspect

(1) 0–400 m
(2) 400–450 m
(3) 450–500 m
(4) 500–600 m
(5) 600–650 m
(6) 650–700 m
(7) 700–1000 m
(8) 1000–1500 m

(1) 0–2°
(2) 2–4°
(3) 4–6°
(4) 6–8°
(5) 8–10°
(6) 10–12°
(7) 12–16°
(8) 16–18°
(9) 18–20°

(10) 20–25°
(11) 25–50°

(1) 0–45°
(2) 45–90°
(3) 90–135°
(4) 135–180°
(5) 180–225°
(6) 225–270°
(7) 270–315°
(8) 315–360°

Note. To conduct stratified random sampling, we used all possible combinations of elevation, slope, and aspect 
with breakpoints, forming the following categories.

Figure 2.2. Tree presence depends strongly on slope angle and very slightly on aspect in the study region (based on 6,488 stratified 
random samples). The patterns of aspect and slope angle combinations are generally similar for each direction of the treeless and tree 
areas, whereas areas with trees are found on slopes with higher angles in comparison to treeless areas for most of the aspect directions.

Table 2.2. Permutation test results for tree presence versus slope angle 
with three coefficients and their significance levels.

Estimate Standard error t Value Pr(>|t|)

a 12.580 1.076 11.685 <.0001
b 12.781 1.377 9.281 <.0001

Table 2.3. Permutation test results for tree presence versus topographical 
wetness index (TWI) with an intercept, one coefficient, and their significance 
levels.

Estimate Standard error t Value Pr(>|t|)

Intercept 0.980 0.045 21.879 <.0001
c −0.050 0.005 −9.955 <.0001
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The coefficients of these models were introduced into the model LAVESI to control environmental impact on individual growth 
simply by using the predicted forest presence at a certain location as a factor for the actual individual tree growth: 

Envirgrowth ¼ 0:5TrPrT þ 0:5e2TrPrSA (2:3) 

Appendix 3. Calculation of aboveground biomass (AGB)

To predict the AGB of each of the simulated larch trees, we used two separate models for needle and woody biomass 
established previously for the field sites in the study region (Shevtsova et al. 2021) based on a set of sampled trees 
(Shevtsova, Kruse et al. 2020a) and simplified to estimate the biomass of all trees on the sites based on the recorded 
height of the present trees (Kruse et al. 2020). Needle biomass of a living tree was calculated from the LAVESI- 
simulated tree height as follows: 

AGBn ¼
703:62

1þ e� H� 579:5
208:69
ðgÞ; (3:1) 

where H is tree height (cm). Wood biomass from a LAVESI-simulated living tree was calculated as follows: 

AGBwl ¼
78713:63

1þ e� H� 793:64
73:91
ðgÞ: (3:2) 
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