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Abstract: Climate change effects are strongest in forest ecosystems at the limit of their distributions.
Despite the evidence that treelines have shifted upwards by hundreds of meters, knowledge of the
associated changes in the stand biomass is limited. In this study, stand biomass and changes to it
during the last centuries were estimated along 20 altitudinal transects reaching from the historical
(located in the 1950s-1960s) closed forest line up to the current treelines on mountain slopes of three
subarctic regions of Russia (Kola Peninsula, Polar Urals, and Putorana Plateau) along a 2200 km
long longitudinal gradient. The estimates were based on allometric measurements of 139 trees of
five species (Betula pubescens Ehrh. ssp. tortuosa, Pinus sylvestris L., Picea abies Ledeb. ssp. obovata,
Larix sibirica Ledeb., and Larix gmelinii Rupr.), stand structure assessments, and the demographic
patterns of 9300 trees. During the 20th century, the growth and establishment of trees at the forest—
mountain tundra transition (340-500 m width) increased exponentially. Since 1910 forest expansion
and densification led to an accumulation of 621-748 tons of aboveground stand biomass per km
of treeline length. The accumulation was two times higher below than above the contemporary
closed forest line. Data analysis of weather stations showed that the 20th century’s climate had
changed in a similar manner in the three study regions, namely vegetation periods became longer
(8-10 days) and warmer (0.6-0.9 °C) and more snow fell in the cold period (+10-30%). Our results
indicate that regional patterns in stand biomass at the treeline ecotone are primarily related to
tree species composition as determined by macroclimatic conditions (e.g., continentality, sunshine
hours), snowpack depth, and growing season duration. However, the stand biomass accumulation
was driven by increases of early summer temperatures and early winter precipitation during the
last century.

Keywords: climate change; altitudinal forests limit; aboveground tree stands biomass; Kola Peninsula;
Polar Urals; Putorana Plateau

1. Introduction

The global average surface temperature increased by 0.85 °C from 1880 to the present
and is expected to continue to rise (possibly by 1-3.5 °C), with the most significant changes
occurring in the high latitude [1] and altitude regions of the world [2]. Vegetation responses
to global warming are expected to be fastest and most pronounced in boundary ecosys-
tems, where climatic and soil conditions rapidly change over a relatively short distance,
surpassing critical thresholds in high latitude and altitude systems [3,4]. Thus, an increase
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in air temperature by a few degrees can cause a shift in climatic boundaries by hundreds of
meters in elevation, which exceeds the average width of some vegetation belts and will
provoke significant changes in biota. On the one hand, this can lead to the extinction of
many alpine species [5-7], but on the other hand, this can increase carbon sequestration in
biomass and change in carbon cycling both at the local [8,9] and regional levels [10]. Based
on this, a study of the processes occurring in high elevation systems is highly relevant. The
upper boundary of woody vegetation is particularly sensitive as it is considered the most
important biogeographical and indicator boundary on mountains [11].

The length of the upper border of forests in the mountainous regions of the world
is tens of thousands of kilometers and in many regions the open and closed forest lines
have shifted (Figure 1) along the slopes by hundreds of meters [4,12-17], which increased
forested area to thousands of square kilometers. Nevertheless, quantitative studies of
the biomass accumulation and the dynamics of stands at the upper boundaries of their
growth are extremely rare. The large knowledge gap is likely due to the enormous field
efforts and logistical challenges associated with estimating biomass in remote high-altitude
locations. For this reason, the biomass of treeline ecotone stands was mainly studied on
one mountain slope [8,18-22], but the interregional comparison of such data was done only
in one study [23].

Figure 1. View of a section of the slope of the Lovozerskie Tundry massif (Kola Peninsula), adjacent
to Lake Seidozero from the north (69.82° N, 34.94° E). The photos were taken in 1887 by Wilhelm
Ramsay during the Great Kola Expedition and in 2017 by Dmitry Moiseev.

In the last years, remote sensing methods have increasingly been used to try to
estimate vegetation biomass [10,24]. However, the resolution of satellite images is still
too coarse to assess year-by-year biomass changes, and the use of UAV aerial photos
or LiDAR survey data requires ground validation [25-27] through time-consuming tree
morphometry estimates. Thus, detailed research of biomass of tree stands at the upper
limit of their growth is strongly needed to improve our understanding of C cycling in high
elevation ecosystems, as well as for forecasting how these systems will be transformed by
climate change.
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Our study is one of the first assessments of stand biomass changes at multiple subarctic
treeline sites. We combine demographic information with detailed biomass measurements
of five key tree species to estimate stand biomass and its changes in zones between historical
closed forest lines and sparse tree stand lines in three climatically contrasting subarctic
regions of Eurasia: the Kola Peninsula, the Polar Urals, and the Putorana Plateau. Our
objectives were (1) to quantify the prevailing aboveground biomass of tree stands along
elevation gradients, (2) to estimate year-by-year stand biomass changes over the last cen-
turies, and (3) to identify the factors affecting the structure of treeline stands in subarctic
mountain regions by linking obtained data to regional climate records and local site condi-
tions. We hypothesized that the amount of biomass of tree stands at the upper limit of their
distribution is primarily associated with the dominant species and general regional climate
features (continentality, sunshine hours), while biomass increases in the last century have
been driven by improving climatic conditions.

2. Materials and Methods
2.1. Study Sites

Our studies were carried out in three Russian subarctic mountain regions: (1) the
Kola Peninsula (Khibiny massif), (2) the Polar Urals (Ichernaya, Slantzevay, and Malikpe
mountains), and (3) the Putorana Plateau (Sukhie Gory massif) (Figure 2a, Table 1).
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Figure 2. Study site locations at the north-western part of Eurasia (a), Kolar Peninsula (b),
Polar Urals (c), Putorana Plateau (d).

The Khibiny massif (highest peak at 1201 m a.s.l.) is located in the band of the
highest central uplands of the Kola Peninsula (Figure 2b), which is characterized by great
amplitudes in elevation (up to 800 m) and a complex geological structure with prevailing
plutonic rock. The climate of the Khibiny depends on air masses coming from the never-
frozen North Atlantic Ocean and Barents Sea, which bring warm, snow-rich winters and
rainy, cold summers. The mean air temperature in July is +13.5 °C and in January is
—12.6 °C. The average annual precipitation is 928 mm, one third of which falls in summer.
The mountain tundra of the Khibiny massif is dominated by mosses and lichens with an
admixture of dwarf shrubs (Cassiope sp., Ledum palustre L., Empetrum sp. Arctous alpine L.,
Dryas sp.). Within the treeline ecotone (320-660 m a.s.l.), mountain birch (Betula pubescens
Ehrh. ssp. tortuosa (Ledeb.) Nyman) and Scotch pine (Pinus sylvestris L.) stands alternate
with open areas where shrubs (Betula nana L., Salix sp.) and dwarf shrubs (Vaccinium sp.,
Empetrum sp.) prevail. The lower parts of the slopes are dominated by Siberian spruce
(Picea obovata Ledeb.) and Scotch pine.
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Table 1. General information on the target regions.

Region

Kola Peninsula

Polar Urals

Putorana Plateau

Local name of studied mountains

Geographical coordinates
N

Khibiny massif

67.55°-67.95°
33.25°-34.40°

Tchernaya, Slantzevay,
Malikpe

66.75°-67.95°
65.50°-66.95°

Sukhie Gory massif

69.34°-69.45°
90.50°-90.95°

E

Geology Plutonic rock qui&’iczikzc;)ls Z?\lesr?e}lgiig’sic Crystalline basalt
Mean July air temperature, °C 1 +13.5 (+8.8) +14.2 (+8.5) +12.8 (+8.5)
Mean January air temperature, °C 1 —12.6 (—12.1) —22.1(—17.9) —28.0 (—26.7)
Annual precipitation, mm 1 928 (1342) 460 (881) 579 (699)
Snowpack depth, cm 1.0-15 0.8-1.0 0.6-0.8
Snow cover duration, days 220-250 230-250 240-270
Prevailing winds in summer W, SW W, SW W, NW
Prevailing winds in winter W, NW, W, NW, S, SE
Mean altitude and range of treeline, m a.s.l. 397 (320-660) 242 (180-350) 409 (250-710)
Dommar21t tree species within treeline BP, PO, PSy LS, BP LG

ecotone

1 Weather conditions in valleys and on mountain tops (800-1000 m a.s.L); 2 PO, Picea obovata, BP, Betula pubescens
ssp. tortuosa, PSy, Pinus sylvestris, LS, Larix sibirica; and LG, Larix gmelinii.

In the Polar Ural mountains, our study sites are located on the east-facing macroslope
in the Sob’ River and Schuchiya River basins (Figure 2c). In the Sob’ River basin, the highest
mountains are the Rai-Iz massif (peridotite, up to 1260-1290 m a.s.1.) and Mt. Chernaya
(gabbro, 1030 m a.s.l.). There is a chain of gentle-sloped hills (300460 m a.s.l.) extending
along their southeastern slopes. The east-facing slopes of the Rai-Iz massif are framed
with the Slantsevaya, Yar-Keu, and Pour-Keu mountains (crystalline shales, 400-880 m
a.s.l.). In the Schuchiya River basin, study sites are located on the southern slopes of Mt.
Malikpe (graphitoid, quartzite, sandstone arkosic, 696 m a.s.l.). The climate of the western
macroslope of the Polar Urals is more strongly affected by Atlantic and Arctic air masses
than the eastern one and, therefore, cloudy days are more frequent (200 vs. 170 days). The
mean air temperature in July is +14.2 °C and in January is —22.1 °C. The average annual
precipitation is 460 mm, one third of which falls in summer. The vegetation that forms the
mountain tundra and dominates in the open areas between groups of larches (Larix sibirica
Ledeb.) in the treeline ecotone (180-350 m a.s.l.) consists of various shrubs and dwarf
shrubs (Betula nana L., Salix sp., Vaccinium sp., Empetrum nigrum L., Arctous alpine L., and
Dryas sp.) and herbs. On some slopes within the treeline ecotone, birch (Betula pubescens
Ehrh. ssp. tortuosa (Ledeb.) Nyman) and alder (Duschekia fruticose (Rupr.) Pouzar) prevail.
In the valleys, Siberian spruce increases in abundance and in some areas it forms almost
pure spruce forests.

The most eastern site of our longitudinal transect of study areas is the northwestern
part of the Putorana Plateau (the Sukhie Gory massif in the eastern part of Lake Lama),
which is the largest monolithic mountain range in the Russian polar region, with almost
the entire area being north of the Arctic Circle (Figure 2d). With respect to the geological
and geomorphological features, it is a flat-topped basalt crystalline massif with elevations
averaging 900-1200 m and reaching a maximum of 1701 m a.s.l. in the central part (Mt.
Kamen). Multiple uplifts on the Putorana Plateau have generated deep (up to 800-1000 m)
radial tectonic fractures in this area in the form of narrow gorges and canyons with trappean
structures of slopes. The climate of the Putorana Plateau is strictly continental, but never-
theless it is influenced by the Atlantic Ocean along the Arctic front, especially in its western
part. The mean air temperature of the warmest summer month (July) is +12.8 °C. Winter is
extremely cold (January temperature —28 °C) and begins in the second half of September.
The average annual precipitation is 547 mm, half of which falls in summer. In the treeline
ecotone ranging from 250 to 710 m a.s.l., tree stands are formed by Gmelin larch (Larix
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gmelinii (Rupr.) Rupr.). Shrub phytocenoses with Alnaster fruticosa (Rupr.) Ledeb., Juniperus
sibirica Burgsd., Betula nana L., and mountain tundra communities (Cassiope tetragona (L.)
D.Don, Dryas octopetala L., Empetrum subholarcticum V.N. Vassil.) are also widespread here.
In the mountain forest belt, the largest areas are occupied by mixed forests of Larix sibirica,
Picea obovata, and Betula tortuosa.

2.2. Trees and Stands Data Sampling and Calculation

In 2002-2019, we established 20 altitudinal transects of study plots along the forest—
mountain tundra transition in the three subarctic regions: nine in the Khibiny massif, six in
the Polar Urals, and five on the Putorana Plateau (Table 2).

Table 2. General description of studied altitudinal transects.

Region Transect Latoitude Longi- Altitudinal D}iI:tI:erg::‘:ill) Slope (%) Asgect Pre‘{ail4 Instal- Studied Sampled
Name (°N) tude Range ©) Species Led Area, m? Trees
CE) (masl)? Low Upper Low Upper Plots
o Part 2 Part ? Part 2 Part 3

IMA-I 67.83 33.34 365-391-410 99 116 15.3 9.4 180 PSy 12 2400 857

IMA-II 67.84 33.34 345-370-414 103 240 14.0 10.6 0 BP 12 2400 323

KOA-I 67.59 34.08 265-323-409 474 409 15.3 9.4 112 BP 10 3200 968

Kola KOA-II 67.59 34.07 281-334-434 226 307 11.5 19.0 123 BP 10 3200 577
Penin- KOA-III 67.58 34.07 306-343-447 135 433 16.0 13.8 152 BP 8 2800 696
sula VUD-I 67.66 33.58 479-497-602 221 434 45 14.0 85 BP 12 2400 285
VUD-II 67.67 33.58 446-481-552 292 397 6.8 10.2 107 BP 12 2400 225

VUD-III 67.67 33.57 490-542-630 135 158 226 34.2 169 BP 12 2400 342

VUD-IV 67.68 33.62 514-569-663 105 217 31.2 25.7 257 BP 12 2400 560

PUR1 66.81 65.58 189-310 - 1879 - 3.7 127 LS 54 21,600 699

PUR2 66.79 65.52 230-267 - 535 - 4.0 55 LS 9 3600 217

Polar PUR3 66.77 65.50 241-292 - 1003 - 29 175 LS 9 3600 145
Urals SLA 66.91 65.75 230-260-310 160 220 10.6 12.8 270 LS 34 13,300 546
SHU1 67.85 66.87 259-297 - 228 - 9.6 193 LS 12 4800 294

SHU2 67.85 66.84 237-285 - 217 - 12.9 180 LS 5 2000 188

LAM-I 69.40 90.75 515-563-604 89 95 324 26.1 210 LG 12 4800 450

LAM-II 69.41 90.69 358-413-550 97 260 345 30.6 110 LG 15 6000 464

Putorana Anppp 69.36 90.73 570-614-708 100 189 259 30.1 197 LG 9 3600 192
Plateau LAM-IV 69.41 90.88 458-530-630 177 206 242 29.1 270 LG 12 4800 547
LAM-V 69.42 90.89 230-258-400 56 230 30.3 30.5 335 LG 1 4500 320

1 Altitude of low level—contemporary closed forest line—upper level of transect; 2 Part of transect between
historical closed forest line and contemporary closed forest line; ® Part of transect between contemporary closed
forest line and sparse tree stands line; 4 PO, Picea obovata; BP, Betula pubescens ssp. tortuosa; PSy, Pinus sylvestris; LS,
Larix sibirica; and LG, Larix gmelinii.

The transects were located on shallow and steep (3-34°), evenly inclined slopes with
different aspects. On each transect on the Khibiny massif and the Putorana Plateau, series
of plots were installed on four altitudinal levels (according to Shiyatov et al. [28] and
Hagedorn et al. [16]): (1) sparse tree stand lines (individual trees or islands of multi- and
single-stemmed trees with heights of more than 2 m, distances between trees from 20 to
60 m, and a total crown cover of 5%-10%); (2) open forest lines (distances between trees
from 7 to 30 m and a total crown cover of 20%-30%); (3) closed forest lines (continuous
forest with distances between trees of less than 7 m and a total crown cover greater than
50%; and (4) closed forest (50%—80%) on 15-70 m of altitude below contemporary closed
forest lines (in many cases these coincide with the altitudinal positions of closed forest lines
in the 1950s-1960s as depicted on historical topographic maps) (Figure 3). In the Polar Urals,
series of plots were installed on Level 4 on one transect (SLA), but at others, transect surveys
were undertaken only on the first three upper levels (see Table 2). At each altitudinal level,
we established 2-17 plots (282 in total), each 200-400 m? in area (in total 9.62 ha) depending
on stand density. The horizontal distances between the upper and lower elevational levels
cover approximately 200 to 1900 m (Table 2). In each plot, all saplings taller than 20 cm
and all trunks of single- or multi-stemmed trees were recorded (n = ca. 9300 in total). We
mapped the location of each tree and measured its height, the basal diameter of each trunk,
and crown diameter. The standard statistics of the morphometric parameters of tree stands
for each altitudinal level of transects were calculated.
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Figure 3. General scheme of the forest-tundra transition with locations of study plots (F); 1—sparse
tree stands line; 2—open forests line; 3—contemporary closed forests line; 4—the closed forests line
in the 1950s-1960s. Areas with prevailing covers of: (A)—trees; (B)—shrubs; (C)—meadow species;
(D)—tundra species; (E)—stony fields.

In each plot, we took a single tree core from every single-stemmed living tree and from
every fourth stem of every multi-stemmed tree at the stem bases (0-30 cm) of trees with a
diameter exceeding 3 cm. From every second tree taller than 0.2 m but less than 3 cm in
basal diameter, we sampled stem disks at the root collar. All tree cores were mounted on
wooden strips. Cores and stem disks were cleaned with both a paper knife and a shaving
blade (ca. 8900) (for sample numbers for each transect see Table 2). After enhancing the ring
boundary contrasts with white powder, samples were measured on a LINTAB-V measuring
table (F. Rinn S.A., Heidelberg, Germany) to a precision of 0.01 mm and were cross-dated using
the TSAP-3.5 [29] and Cofecha [30] computer programs. For cores hitting the pith, the distance
to the center of the tree was estimated by fitting a circular template to the innermost curved
ring [31]. Tree ages were estimated with the use of earlier developed methods [16,32].

The stem diameters of all examined trees were reconstructed for each year of their lives,
considering geometric relations (see Moiseev et al. [8]), and according to the following formula:

Dy = (Rn/Rotr) X Df 1)

where Dy is the calculated tree diameter in a given year, Ry is the radius of the correspond-
ing annual ring, calculated as the sum of all ring widths from the core of a tree trunk to
this ring border, Rotr is the radius of the outer tree ring, calculated as the sum of all ring
widths from the pith to the border of the outer ring, and Dr is the current tree diameter
measured on the site.

In 2003-2019, trees of each dominant species were sampled from the immediate vicinity
of study plots at open and contemporary closed forest lines to estimate the relationships of
their biomass with morphometric parameters. These model trees were selected to cover
the range of diameters, heights, and crown sizes occurring at a given altitudinal transect
(139 trees in total; 11-53 individuals per site for Picea obovata, B. pubescens, and Pinus
sylvestris at Khibiny, Larix sibirica in the Polar Urals, and L. gmelinii at Putorana; Table 3).
The aboveground biomass of the model trees was determined by separating felled trees
into stem wood and bark, branch wood and bark, needles or leaves, and dead branches, as
described by Moiseev et al. [8] and Hagedorn et al. [23]. The fresh mass of stems, including
bark, was determined in the field by cutting them into 1 or 2 m sections and weighing them
to a precision of 50 g. The percentage of dry matter in this wood and the bark biomass
fraction was determined for cross-cut samples from the butt end of the sections. These
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sections were weighed in the field to a precision of 0.1 g and then transported to the
laboratory to measure dry weight. To determine the biomass of the tree crown and its
structural components, all branches (including leaves) were cut off and divided into three
groups with respect to their location in the upper, middle, or lower section of the crown.
The total fresh mass of each group was measured in the field, and then the crown was
divided into foliage-bearing and foliage-less parts and weighed separately. For a sample
from the foliage-bearing part (20-30% of total fresh crown mass), the foliage was removed
from the branches and weighed. A sample from the foliage-less part (5-10% of total crown
fresh mass) was used to determine the proportions of wood and bark in the branches. The
fraction of dry matter in the foliage was determined for 20 g samples from each section of
the crown.

Table 3. Parameters of exponential equations (y = ax) modeling the dependency of total above-
ground biomass (kg tree™!) on stem basal diameter for Picea obovata (PO), Betula pubescens ssp.
tortuosa, (BP), Pinus sylvestris (PSy), Laric sibirica (LS), and Larix gmelinii (LG) growing in the treeline
ecotone in the study regions. Parameters were determined for different tree species, for trees with
single-stemmed (single), or multi-stemmed (multi) growth forms (Kola Peninsula only). The number
of model trees used to establish the relationship (1) and the coefficient of determination (R?) for the
relationship in these models are given.

Region Species Growth Form a b n R?
Kola Peninsula PO single 0.0365 2.221 11 0.99
BP multi 0.0145 2.509 53 0.98
PSy single 0.0139 2.685 16 0.98
Polar Urals LS single 0.0141 2.587 21 0.99
Putorana LG single 0.0116 2.725 38 0.99
Plateau

Allometric relationships were estimated for the model trees by applying regression
equations relating the amounts of aboveground biomass to the diameter at the stem base.
The exponential equation y = ax” provided the best fit for these allometric relationships.
The statistical parameters of these equations was calculated separately for each region
and tree species (Table 3). These equations were combined with data on contemporary
or reconstructed stem basal diameters of all trees in the plots (200-400 m?) to estimate
the aboveground stand biomass on an area basis along the altitudinal transects, as at the
present time and for each year since the start of tree stand formation on the sites.

Long-term air temperature data were reconstructed using temperatures monitored
during individual years and long-term records from the closest weather stations (Kandalak-
sha for Khibiny, Elestkaya and Salekhard for the Polar Urals, and Dudinka for the Putorana
Plateau) using linear regressions with recorded in situ temperatures. For each studied
region, the mean air temperatures for summer and winter were calculated for the years
1970-2006. Additionally, the mean temperature for each day of the year was averaged over
this period. Using these average values, the days of the year when the air temperature first
rose above (in spring) and fell below (in autumn) 5 °C for more than three consecutive days
were identified to determine the growing seasons. The durations (in days) were determined
for this period. We additionally calculated the mean growing degree days (GDDs) for the
period 19702006 as the sum of effective temperatures (daily average temperature —5 °C)
accumulated during the growing season.

Because precipitation data were available from weather stations located on the plains
or the tops of mountains (at the Khibiny on Mt. Ukspor, in the Polar Urals on Mt. Rai-Iz,
and on the Putorana Plateau on the Peninsula Kamennyi on Lake Lama), we calculated
the values for the treeline ecotone sites based on regional pluviometric gradients (with
annual precipitation changing by 69, 53, and 15 mm per 100 m of altitude, respectively). In
addition, we estimated the sum of hours with sunshine over the summer months using data
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from weather stations at lower elevations close to the studied mountains in each region for
the period 1970-2006.

The snowpack depth was measured on at least 40 points using a special metal
avalanche probe tool, which has marks every 1 cm, in the months of maximum snow
accumulation (at the end of March on Khibiny Mountain, and at the end of April on the
Putorana Plateau).

3. Results
3.1. Current Stand Structure and Biomass in Forest-Tundra Transition of Three Subarctic Regions

Based on the measurement data of ca. 9300 trees and the application of allometric func-
tions developed with the use of morphometry and biomass data of 139 model trees (Table 3),
we estimated that aboveground stand biomass averaged 22.8 - 2.3 t ha~! (mean + 1 SE,
averaged across the four elevation levels) along the transects in the three subarctic re-
gions. Across the forest—tundra transition, aboveground stand biomass increased from
1.6-2.5 t ha! at the sparse tree stand line to 15.3-50.8 t ha~! at the contemporary closed
forest line and to 27.5-100.8 t ha—! at the historic closed forest line.

Analysis of the morphometric parameters of trees, the sum of the crown projections,
tree density, and aboveground stand biomass indicated that there was a highly significant
increase in all variables with decreasing elevation from the contemporary sparse tree stands
to the open forest and closed forest to the historical closed forest line (Figure 4, Table 4).
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Figure 4. Aboveground biomass of stands dominated by different species (PO—Picea obovate, BP—
Betula pubescens ssp. tortuosa, PSy—Pinus sylvestris, LS—Larix sibirica, LG—Larix gmelinii) on four
altitudinal levels (1—sparse tree stands line; 2—open forests line; 3—contemporary closed forest line;
and 4—historical (in 1950s-1960s) closed forest line) of forest—tundra transition in three subarctic
regions of Russia (KOL—Kola Peninsula; PUR—Polar Urals; and PUT—Putorana Plataeu). Lines
represent fitted polynomial regressions.

The interregional comparison shows that with the increasing longitude from the Kola
Peninsula to the Putorana Plateau there was a substantial increase of the average values of
tree basal stem diameters and heights by a factor of 1.3 to 2.6. Aboveground stand biomass
increased with longitude by a factor of 1.4 to 2.5 and aboveground tree mass (obtained by
dividing stand biomass by tree number) by a factor of 1.5 to 5.2 (Table 4). However, there
was no systematic difference between the Polar Urals and the Putorana Plateau.
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Table 4. Stand parameters (mean =+ SD (max)) on different altitudinal levels in forest-tundra transition
in subarctic regions of Russia.

Levels Kola Peninsula Polar Urals Putorana Plateau

Sum of crown projections, m? ha~!

1 1303 + 879 (2860) 900 + 861 (2583) 1013 £ 696 (1570)

2 4656 + 1351 (6759) 4526 + 2442 (7669) 3416 + 2847 (4702)

3 6581 + 1564 (10,244) 7483 + 2986 (11,743) 8461 + 3120 (13,096)

4 10,743 + 1524 (13,301) - 6137 + 1251 (7065)

Stand density, trees ha~!

1 356 + 188 (733) 303 + 318 (838) 481 + 303 (727)

2 1099 =+ 450 (1526) 835 + 379 (1363) 684 + 322 (1217)

3 1366 + 686 (2525) 840 £ 335 (1475) 1149 =+ 420 (1475)

4 1580 + 341(2500) - 898 + 363 (1467)

Stem basal diameter, cm

1 41+12(6.2) 6.0 £3.1(10.0) 74+199.0)

2 6.0 & 1.4 (8.5) 12.2 + 5.3 (20.2) 11.0 + 3.0 (15.3)

3 70£20(09.1) 19.2 + 4.4 (25.1) 143 +7.2(17.6)

4 8.9 +15(115) - 23.6 1.8 (29.9)

Tree height, m

1 14+05(24) 2.5+0.8(3.7) 3.1+ 0.6 (3.8)

2 22+04(2.8) 57+£19(9.0) 5.0+ 1.0 (6.6)

3 29409 (3.7) 75+22(11.0) 6.2+25(74)

4 56 +1.0(7.4) - 9.8 +£3.4(12.7)

Tree age, years

1 45+ 13 (72) 38 £ 13 (66) 51 £ 15 (56)

2 58 £19 (92) 94 + 38 (156) 78 +14 (91)

3 62 16 (91) 134 + 34 (189) 100 £ 58 (151)

4 85 + 10 (107) - 187 £ 67 (252)
Aboveground stand biomass, t ha~!

1 1.6 + 1.6 (5.5) 21421 (57) 22421 (3.9)

2 7.6 £3.0(8.8) 16.1 + 8.4 (45.4) 12.3 + 8.1 (24.3)

3 153 £7.4(20.7) 40.6 = 12.1 (99.6) 38.2 +18.3 (56.4)

4 27.5 £10.6 (37.7) - 61.5+12.5(76.1)
Aboveground tree mass, kg stem ™!

1 3.7+19((7.4) 52+ 3.9 (11.3) 54+3.70.7)

2 7.8 £3.9(17.9) 22.0 £ 12.3 (40.8) 21.0+ 10.7 (47.0)

3 14.8 £11.6 (44.7) 55.0 4 26.8 (97.1) 34.8 +19.3 (46.8)

4 17.1 + 4.6 (24.5) - 88.2 4 35.3 (147.1)

Annual individual tree productivity, kg tree ™! yr—!

1 0.083 (0.175) 0.138 (0.332) 0.107 (0.186)

2 0.135 (0.498) 0.234 (0.502) 0.269 (0.626)

3 0.237 (0.553) 0.411 (0.630) 0.347 (0.564)

4 0.200 (0.255) - 0.473 (0.727)

Long-term net stand productivity, t ha=! yr—!

1 0.04 4 0.03 (0.11) 0.05 4 0.06 (0.17) 0.04 £ 0.02 (0.07)

2 0.15 £ 0.08 (0.22) 0.16 £ 0.05 (0.56) 0.16 £ 0.09 (0.32)

3 0.26 = 0.15 (0.32) 0.33 £ 0.14 (0.85) 0.38 £ 0.04 (0.44)

4 0.31 4 0.09 (0.44) - 0.34 £ 0.10 (0.47)

1—sparse tree stand line; 2—open forest line; 3—contemporary closed forest line; 4—historical (in 1950s-1960s)
closed forest line.

In contrast to the individual tree level, at stand-level there were no similar increases of
parameters with longitude—the sum of crown projections did not show similar trends on
all levels, and stand density (stem number per ha) even slightly declined on the low parts
of the transects (Table 4).

Net long-term stand productivity, estimated by dividing biomass through mean tree
age, exhibited the same trend as stand biomass, showing an increase by a factor of 1.1
to 1.5 (Table 4) from the western to the eastern sites of the longitudinal gradient. This
demonstrates that the longitudinal pattern in aboveground stand biomass was partly
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caused by differences in tree ages among regions and transects. The mean age of trees
increased slightly with increasing longitude in the upper half of transects (by a factor of 1.1
to 1.3), but more strongly at the contemporary and historical closed forest lines (by a factor
of 1.6 to 2.2).

3.2. Changes of Tree Stand Density and Productivity over Last Centuries at Climatically
Contrast Regions

On the Kola Peninsula (Khibiny massif) with birch dominating, an assessment of stand
density changes along the altitudinal transects revealed that there has been a noticeable
rise in stem density over the last centuries at all altitudinal levels (Figure 5).
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Figure 5. Changes of average tree mass, stand density, and biomass since the year 1800 on different
levels of the forest—tundra transition on the slopes of the Khibiny massif (Kola Peninsula) with
mountain birch and Siberian spruce dominating (on the low parts): 1—sparse tree stand line; 2—open
forest line; 3—present-time closed forest line; and 4—historical (in 1950-1960s) closed forest line.

The most striking changes occurred in the lower half of the studied transects (at and
below the contemporary closed forest lines). From the beginning of the 18th century, when
the now-living trees first appeared, until 1880, average density increased here very slowly
(2-4 stems per 5 years). By 1915 the recruitment rate had risen to 30-40 stems per 5y L.
In the 1920s-1960s, tree establishment intensified at the historical and present-time closed
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forest lines (up to 57-123 and 50-63 stems per 5 y !, respectively). However, only in
1935 and 1960 did stand density reach values that are now occurring at the sparse tree
stand lines (637 stem ha—!). Currently, tree density is more than 1529 stems per ha~! and
1723 stems per ha~! at the historical and present-time closed forest lines, respectively. The
first trees that are now growing at the open forest line appeared in the 1820s, but active
tree regeneration started in the 1910s and showed a similar rate as at the contemporary
closed forest line, reaching the same value as in the sparse tree stands in 1975. Over the
next five decades, stem quantity increased significantly and now equals 1248 per hectare.
On the sparse tree stand line (uppermost level of transect), tree establishment was very
slow until the middle of the 19th century and intensified only in the 1970s-1980s when the
recruitment rate reached 30-40 stems per 5y~ 1.

Reconstruction of stand biomass accumulation at all altitudinal transects on the
Khibiny massif shows pronounced changes during the 20th century. For instance, the
historical closed forest line had a similar small biomass as the contemporary sparse tree
stand line (1.3-1.7 t ha—1) in 1905-1910 (Figure 5). In 1960-1965, its biomass corresponded
to that of the contemporary open forest line (5.3-6.5 t ha~!) and, in 1990-1995, it had similar
values as on the contemporary closed forest line (11.9-13.7 t ha—!). At contemporary closed
forest lines, stand biomass had similar values as those observed on sparse tree stand lines
in 1960-1965 and on open forest lines in 1990-1995. At the open forest line, stand biomass
had similar values as those observed on sparse tree stand lines in 1990-1995.

On the Putorana Plateau (Sukhie Gory massif), analysis of changes of the stand-
level parameters over the last centuries shows that, here also, stand density significantly
increased on all altitudinal levels (Figure 6). The greatest increases occurred at the historical
closed forest lines. Nevertheless, the first trees now living appeared at these parts of the
transects in the beginning of the 17th century, tree establishment started to increase in the
first half of the 19th century by up to 10-20 stems per 5 y !, and by the 1905, it reached the
stand densities of the current sparse tree stands (460-480 stems per ha~!). The present tree
density is 722 trees per ha™!.

At the contemporary closed forest line, stand density was very low in the 17th-18th
centuries. Since 1825, regeneration has intensified and the recruitment rate has grown to
10-20 stems per 5 y~!'. By 1920, stem density reached the same value as in the current
sparse tree stands. After 1950, the recruitment rate increased to 50-70 stems per 5 y !
and in the 1970s, stand density passed value that now observed at the open forest line
(750-800 stems per ha!). At the present time, stems number more than 1300 stems per
ha~!. At the open forest line, larch settlement started in the beginning of the 18th cen-
tury, but until the 1830s, stand density was very low (less than 20 stems per ha~!). In
the 1840s-1940s, recruitment rates increased by 5-15 stems per 5 y 1. After 1950, recruit-
ment rates rose to 30-50 stems per 5 y~!, and by 1970, stem density reached the same
values as on the current sparse tree stands. On the upper level, the now-living trees first
appeared at the end of the 17th century, but their numbers increased very slowly and
passed the value of 50 stems per ha~! in 1950, after which the numbers started to grow by
30-50 stems per 5y~ 1.

On the Putorana Plateau (Sukhie Gory massif), estimations of stand biomass devel-
opment show that the biomass of the historical closed forest line corresponded to that of
the current sparse tree stand line (about 2.0 tha~!) in the 1810s (Figure 6). Its biomass was
similar to that of the current open forest line (more than 12 t ha=?!) in the 1900s and to that
of the contemporary closed forest line (more than 43 t ha~1) in the 1980s. At the current
closed forest line, stand biomass had similar values to those observed at sparse tree stand
lines in the 1880s and at the open forest line in the 1950s. At the open forest line, stand
biomass had similar values as those observed at the sparse tree stands line in the 1950s.
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Figure 6. Changes of average trees mass, stand density, and biomass since the year 1800 on different
levels in the forest-tundra transition on the slopes of the Sukhie Gory massif (Putorana Plateau) with
Gmelin larch dominating: 1—sparse tree stand line; 2—open forest line; 3—contemporary closed
forest line; and 4—historical (in 1950-1960s) closed forest line.

The year-by-year changes of aboveground stand biomass along the studied transects
allowed the calculation of the biomass increments from 1910 until 2017 for the belt across the
treeline ecotone reaching from the sparse tree stand to the contemporary closed forest line
with a length of 1 km and an average width of 300 m on the Khibiny massif (Kola Peninsula)
and of 239 m on the Sukhie Gory (Putorana Plateau). Results showed that despite the regional
differences in the altitudes of the upper limits of the closed forests and the steepness, as well
as rockiness, of the slopes in these mountain regions, the two regions showed similar values
of stand biomass increments of 220 and 285 t km ! over 107 years, respectively (Table 5). In
the same period, but in the 1 km belt of tree stands below the closed forests line, the increase
of stand biomass was more pronounced. On the slopes of the Khibiny massif (width 202 m)
and Sukhie Gory (width 104 m), the increase in stand biomass was 1.6-1.8 times greater than
in the belt above the contemporary treeline ecotone (Table 5).
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Table 5. Increment of aboveground stand biomass (ton on each km of length) (mean + SD) above
and below the contemporary closed forest line on the slopes of the Khibiny massif (Kola Peninsula)
and Sukhie Gory (Putorana Plateau) between 1910 and 2017.

' Position by Width of Withfir}r Genera;Width ) TPer 1 mP
Massif Relation to Closed Transect Part of Transect Part of Transect Part
Forest Line 1985-2017 1955-2017 1910-2017 1985-2017 1955-2017 1910-2017
Khibin above 300 £ 121 175 4+ 84 215+ 97 222 +97 0.6 £ 0.3 0.7 +0.3 0.8+ 0.3
y below 202 £ 125 264 + 173 358 + 224 397 + 245 14+07 1.8+0.8 21+1.0
Sukhie gor above 239+ 117 148 + 55 236 £ 78 285 + 95 0.7+0.2 1.14+03 1.3+03
gory below 104 + 44 207 £ 67 342 +£ 124 463 £+ 193 22409 35+1.1 46+1.1

3.3. Climatic Conditions on Treeline Ecotone Sites in Three Subarctic Regions

Air temperatures at the open forest line, extrapolated from climate stations (Kandalak-
sha on the Kola Peninsula, Salekhard in the Polar Urals, and Dudinka on the Putorana
Plateau), based on the close correlations with data measured in situ, showed rather different
mean values in three study regions. On the Kola Peninsula, summers were comparably
cold while winters were warmer as compared to the other regions. The Polar Urals had
warm summers and comparably cold winters, while the coldest conditions occurred on the
Putorana Plateau both in summer and winter (Table 6).

Table 6. Local conditions on the treeline sites in different studied subarctic regions of Russia.

Regional Location

Center of Kola Peninsula

Western Slope of Polar

Eastern Slope of Polar

West of Putorana Plateau

Urals Urals
Treeline altitudes (mean 397 210 242 409
and range), m a.s.l. (320-660) (160-270) (180-350) (250-710)
June-August air +11.0 + 1.2 +10.4 + 1.7 +11.5 +2.2 +8.6+ 1.4
temperature, °C
November-March air ~74+1.0 ~165+2.1 ~159+ 2.0 ~192+13
temperature, °C
Season w12h temperatures 104 101 101 7
>5°C, days
Growing degree days
(>5°C), GDD 543 524 552 364
June-August precipitation, 276 £ 92 214 £73 212 + 60 168 + 48
November-March 521 + 125 205 + 46 155 + 31 304 + 92
precipitation, mm
Sum of sunshine hours 659 + 131 690 + 127 740 + 108 786 + 136
during summer
Mean July soil 2018 2018 2005 2018
temperature, °C (year)
in tundra +103 +1.4 +11.6 £3.0 +12.1 £3.0 +11.5 £ 3.5
on sparse stand line +10.8 +1.2 - +145+19 +10.8 £3.0
on open forest line +11.3 £ 1.2 - +11.7 £ 1.9 +10.4 £ 2.0
on closed forest line +124+15 - +13.6 £33 +8.6 15
Mean February soil 2018 2018 2004 2018
temperature, °C (year)
in tundra +0.3+£0.2 —58+25 —124+24 —-198+1.9
on sparse stand line +0.4+0.2 - —-8.6 £1.7 -16.7 £1.0
on open forest line +0.6 0.2 - -1.9+07 —62+03
on closed forest line +0.6 + 0.3 - —-14+03 -53+03
Snow depth, cm (year) 2019 2018 2006 2019
in tundra 107 +£ 35 (29-234) 76 + 26 19 + 4 (3-30) 21 £+ 7 (0-105)
on sparse stand line 114 + 34 (87-160) - 33 + 7 (5-66) 42 + 21 (1-136)

on open forest line

on closed forest line

in tree stands below
closed forest line

168 + 38 (128-208)
155 + 30 (124-185)

137 £+ 18 (119-156)

171 + 18 (100-260)
140 £ 19 (75-215)

137 & 18 (89-165)

114 + 41 (33-198)
119 + 36 (58-211)

132 + 7 (83-200)

The growing season length (based on air temperatures exceeding 5 °C) showed a
decline from the Kola Peninsula (104 days extrapolated for Khibiny), to the Polar Urals
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(101 days extrapolated for Tchernaya), and to the Putorana Plateau (73 days extrapolated
for Sukhie Gory) (Table 6). Growing degree days (GDDs) had the same pattern as mean
summer temperatures and declined by one third from 543 °C on the Kola Peninsula and
552 °C in the Polar Urals to the Putorana Plateau.

Annual and seasonal precipitations on the treeline sites, as extrapolated from climate
stations with the use of region-specific increases with altitude (mm per 100 m), show
considerable declines from west to east (38-44%). In contrast, the sum of hours of sunshine
during summer increased by 15-19% from west to east.

Temperature loggers placed at 10 cm soil depth for 2-5 years indicated that mean
soil temperatures in July (the main month of the short growing season) were comparable
to but had a different altitudinal pattern within the treeline ecotone in the three regions
(Table 6). Mean values increased from 10.3 to 12.4 °C from the sparse to the closed forest
line in the Khibiny Mountains (Kola Peninsula), varied between 11.7 and 14.5 °C without
consistent elevational pattern at Tchernaya (Polar Urals), and declined from 11.5 to 8.6 °C
with decreasing elevation on the slopes of the Sukhie Gory (Putorana Plateau). Regional
differences of soil temperatures in February were greater than in July, especially on the
upper parts of the altitudinal transects, where they ranged from +0.6 °C at Khibiny to
—16.7 °C at Putorana.

4. Discussion
4.1. Climatic, Site Conditions, and Dominant Species at Treeline

Our investigations along the 2200 km west—east transect (33.25-90.95° E) in the moun-
tains of the subarctic regions of Eurasia at similar latitudes (67.55-69.45° N) show that the
altitudinal positions of the forest-tundra ecotone occur at similar summer soil tempera-
tures, while other climate characteristics, dominant trees species, and stand structures differ
greatly among the three mountain ranges. The climate on the western side of the transect, in
the Khibiny Mountains (Kola Peninsula), is close to maritime with a strong influence from
the Gulf Stream. As a consequence, there is less sunshine during the summer (Table 6) and
winters are warmer and richer in snow than in other regions, which results in comparably
high air and soil temperatures and the formation of deep snow cover on the mountain
slopes. Under these conditions, which also occur on the western macroslope of the North
Ural treelines [16,32], mountain birch prevails on most of the slopes. However, on some
of the southern slopes of wind-loaded ridges with shallow snowpacks and stony soils,
Scotch pine dominates. In the Polar Urals, climatic conditions differ among the macroslopes
because of a stronger influence from Atlantic and Arctic air masses on the western than on
the eastern ones. This is probably the main reason for the higher mean treeline position
on the eastern slope and the shift from mountain birch and Siberian spruce to Siberian
larch toward the east. The climate observed on the western part of the Putorana Plateau
is the most unfavorable for tree growth at the treeline because the growing season and
GDD decrease to one third of the values of the Kola Peninsula and Polar Urals. In these
conditions, Gmelin larch prevails on the upper limit of the mountain forests. Nevertheless,
mean summer soil temperatures were comparable among the three regions, which supports
the findings along a latitudinal gradient in the Ural Mountains [16,23] and on a global
scale [33] that these temperatures are decisive for the elevational positions of treelines.

Our results show that mountain birch dominates in the regions and macroslopes
with relatively warm cloudy weather in summer and warm snowy weather in winter
and in locations with comparably deep snowpack, late dates of snow disappearance, and
generally unfrozen soils (Table 7). Because of its high flexibility, mountain birch is able
to tolerate a heavy snow load and it may also sprout from its base if the main stems
have been destroyed [11]. In these regions on south-faced slopes with shallow snowpack
and comparably dry and warm soils in summer, Scotch pine dominates. In some regions
with relatively low amounts of snowfall, such as on the western macroslope of the Polar
Urals, Siberian spruce can be dominant beside birch on some southern slopes. Siberian
larch dominates at the treeline in the regions and macroslopes with warm and slightly
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cloudy weather in summer and moderately cold and little snowy winters in locations
with comparably middle snowpack depths, moderate dates of its disappearance, and
not-strongly frozen soils. In these regions on slopes with deep snowpacks, late dates of
snow disappearance, and generally unfrozen soils, mountain birch prevails. Gmelin larch
dominates in the regions and macroslopes with cold and little cloudy weather during the
short summers and with cold and moderately snowy weather in winter in locations with
comparably middle snowpack depth, early dates of its disappearance, and strongly frozen
soils. In such regions no other tree species occur in the treeline ecotone.

Table 7. Dominant species on the upper part of the treeline ecotones depending on site conditions.

Region Central Part Western Macroslope of Polar Eastern Macroslope of Polar Western Part
8 of Kola Peninsula Urals Urals of Putorana Plateau
Summer Winter Summer Winter Summer Winter Summer Winter
Climatic moderately moderately moderately moderately 1d ¢ lv cold
and site conditions warm cold cold warm cold o extremely co
moderately moderately slightly slightly . .
cloudy cloudy cloudy cloudy cloudy little cloudy little cloudy
snowy modgrately lightly snowy modgrately little slightly rainy moderately
rainy rainy SNOwy SNOWY

Extremely deep snowpack,

late snowmelt, BP BP, DF BP, DF DF

unfrozen soils

Deep snowpack, normal

snowmelt, slightly BP BP, PO BP, LS LG

frozen soils

Middle snowpack, early

snpwmelt, frozen soils in BP PO LS LG

winter, comparably

wet summer

Shallow snowpack, early

snowmelt, frozen soils in PSy s s G

winter, dry and warm
in summer

PO—Picea obovata, BP—Betula tortuosa, PSy—Pinus sylvestris, Ls—Larix sibirica, LG—Larix gmelinii, DF—Duschekia
fruticose.

Our previous studies on treelines in the Urals [23] strongly support the concept that the
treeline altitudinal position is mainly related to growing season temperatures [33,34], most
likely through thermal limitations on xylogenesis and the metabolization of assimilates
in the roots [34-36]. While the Khibiny Mountains and the Polar Urals have comparable
thermal conditions when integrated over the entire growing season (with 543 and 553 GDDs,
respectively), conditions seem to be harsher on the more continental Putorana Plateau
with only 364 GDDs. Also, winter air and soil temperatures clearly decline with longitude
toward the east. This phenomenon can only be explained by the fact that in areas to the east
of the Yenisei River an increasingly continental climate and the occurrence of permafrost
lead to tree species change from the Siberian to the Gmelin larch, which is a species better
adapted to short growing seasons and to soils with deep freezing in winter. This is probably
partly compensated by an increase in the number of hours of sunshine in summer (from
753 to 792), which contributes to greater illumination and the warming of the aboveground
parts of trees and the upper layers of the soil. The importance of this factor for the growth
of larch is indicated by the fact that in the Polar Urals larch abundance sharply increases
within the transition from the western to the eastern macroslope, and with the number of
hours of sunshine increasing from 690 to 753.

The observed changes of species at the treelines in response to changes in macrocli-
matic conditions are in agreement with findings in various mountain regions. For instance,
on the western slope of the North Urals, which is characterized by a milder and more
humid climate, birch forms the upper timberline, while on the comparatively more conti-
nental eastern side, Siberian larch prevails [32,37]. Also, in the Scandinavian mountains of
northern Finland, the dominant tree species at the treeline changes from mountain birch to
European spruce [38,39].
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4.2. Little Longitudinal Patterns in Stand Biomass

Our data analysis reveals that although there are substantial differences in above-
ground stand biomass and average stem mass per tree among the various transects, there is
no systematical pattern with longitude. The largest biomass was observed for the Siberian
larch stands in the Polar Urals in the middle of the longitudinal gradient. We interpret
this finding as an indication that macroclimatic changes associated with increasing conti-
nentality from west to east had a minor influence on stand biomass and productivity. In
contrast, tree species identity appears to exert a major influence. In support, Pinus sylvestris
stands had a greater biomass than Betula stands in the Khibiny Mountains (Figure 4). Here,
the species distribution seemed to be driven by local conditions (e.g., a thick snowpack on
leeward slopes favoring Betula), which overrode larger-scale changes in continentality.

4.3. Altitudinal Changes of Microclimate and Stand Biomass

Our analysis of the productivity of tree stands at the upper limit in the mountains of
the Kola Peninsula, the Polar Urals, and the Putorana Plateau reveals a nonlinear decrease
of aboveground stand biomass from the mountain forest belt to the sparse tree stand lines
(Figure 4). Most interestingly, the greatest reduction in productivity was observed in the
lower part of the treeline ecotone from the historical to contemporary closed forest lines,
whereas relatively gradual decreases occurred toward the sparse tree stand lines. This does
not correspond to the linear trend of decreasing air temperatures with an elevational elapse
rate of 0.5-0.7 °C for every 100 m of altitude. We assume that this inconsistency in the
Khibiny Mountains might be related to a declining availability of soil nutrients in relation
to altitude [40,41], as well as to a shortening of the growing season (by 4-7 days) and the
harsher survival conditions for tree tissues above the snowpack in winter with greater
wind exposure on canopy-free terrain [16]. In the upper part of the treeline ecotone on
the Putorana Plateau, the soil temperatures in the summer and winter months were lower
than the air temperatures by only a few degrees and showed similar daily dynamics. This
implies high soil heating in summer and cooling in winter, which is extremely unfavorable
for the survival of tree sprouts and seedlings. In contrast, at the lower part of the treeline
ecotone, daily changes of air temperature are smoothed out. As a result, soil temperatures
decrease in summer because of shading by tree crowns and increase significantly in winter
because of the protective effect of snow cover [40]. The conditions for the development
of seedlings and saplings are currently optimal in the middle part of the treeline ecotone,
where soils are warmed better than in the lower part but do not dry up in summer and are
cooled to a lesser extent in winter than soils in the upper part of the ecotone.

4.4. Climate and Stands Changes

Comparisons of stand density changes since 1610 on different levels in forest-tundra
transitions on the slopes of the Khibiny Mountains (Kola Peninsula) and the Putorana
Plateau show that at the historic closed forest line, maximum tree age is about 280 and
410 years, respectively. Since the middle of the 18th century, tree numbers started to
increase in the Khibiny Mountains and on the Putorana Plateau, but the recruitment rate
in the eastern mountains was significantly greater than in the western ones (Figure 7).
As a result, by the beginning of the 20th century there was a 58% proportion of trees of
the current ones on Putorana Plateau at this level, but at Khibiny, only 14%. Although
at the contemporary closed forest line, the oldest trees appeared from 175 to 360 years
ago, there was an exponential increase of tree numbers in both regions only in the last
century. While the maximum tree age differs significantly in the Khibiny Mountains and on
the Putorana Plateau, in the open forest and sparse tree stand lines, the recruitment rates
started to become very close since the middle of the 20th century in both regions. Based on
these findings, we conclude that tree establishment in the lower half of the forest-tundra
transition started 170200 years earlier and was more gradual on the Putorana Plateau than
in the Khibiny Mountains, while on the upper half it began 60-120 years later in the Khibiny
Mountains than on the Putorana Plateau, but became synchronized since the 1930s-1950s.
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Figure 7. Comparison of changes of average tree mass, stand density, and biomass since the year
1680 on different levels in the forest-tundra transition on the slopes of the Kola Peninsula (KOA)
and the Putorana Plateau (PUT): 1 level—sparse tree stand line; 2 level—open forest line; 3 level—
contemporary closed forest line; and 4 level—historical (in 1950s-1960s) closed forest line.

Comparisons of stand biomass changes since the 17th century on the slopes of the
two regions revealed that the acceleration of the exponential biomass increases differed
among parts of the forest—tundra transition. Stand biomass accelerated to increase after
1930 and 1900 at the historical closed forest line, after 1950 and 1935 at the contemporary
closed forest line year, after 1960 and 1940 at the open forest line, and after 1965 and 1950
at the sparse tree stand line, respectively. However, this acceleration was mainly driven
by an increase of tree mass at the historical closed forest line, where the tree establishment
rate was comparably low in the second half of the 20th century, while in the contemporary
treeline ecotone (encompassing the upper elevational levels), it was related to changes in
tree numbers and tree mass.

Given that stand structure and biomass changes took place in two distant regions
with similar trends during the last century, we suppose that the predominant drivers were
cross-regional changes in climatic conditions. In both regions, summers became warmer
and winters became snowier during the past century [16]. In the Khibiny Mountains (on
Mt. Lovchorr, 1091 m a.s.l.) the mean long-term temperatures from 1991-2010 increased
by 0.6 °C in June-August, by 0.9 °C in November—March, and by 0.4 °C in April-May
as compared to the period 1961-1990 [42]. Analysis of data from the Dudinka weather
station, located 180 km west of the study area on the Putorana Plateau, showed that from
the first decade of the 20th century to the present time, the average air temperatures of
June-July increased by 1.5-2.5 °C, but only by 0.2-0.4 °C in August-September. In October—
May, average air temperatures increased by 0.9 °C [43]. Overall, current warming led to a
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significant prolongation of the growing season with an average increase of 8-10 days from
the 1940s-1960s until the 2000s—2020s (Figure 8). This prolongation is primarily related to
an earlier onset, as well as to an increase in heat supply, which is extremely important for
tree growth. The amount of precipitation in the summer months varied during the 20th
century in both regions, showing a general tendency toward a strong increase in Khibiny
(+4.9 mm decade '), but a slight decrease by 5% on the Putorana Plateau. In contrast, the
cold-period precipitation significantly increased by +14.6 mm per decade ! in Khibiny and
by +19.2 mm per decade ! on the Putorana Plateau. Consequently, the snow cover depth
at the beginning of the cold period also increased significantly by +3.3 cm per decade ™!
and by +5.2 cm per decade ™!, respectively.
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Figure 8. Changes of the period with air temperatures above 5 °C on the slopes of the Kola Peninsula
(KOL) and the Putorana Plateau (PUT) in the years 1913-2020.

For the Khibiny Mountains, we observed a high positive correlation between tree
recruitment (birch and pine) and precipitation in July and during the beginning of the cold
period (November-December), as well as with the snow depth at the beginning of the
cold period [44]. Correlation analysis also showed that on the Putorana Plateau there were
positive relations between the number of larches recruiting between 1910 and 2010 and the
temperature indicators for the warm period, total precipitation at the beginning of the cold
period (October—December), and snow depth at the end of December [44].

Previous investigations in the Polar Urals [9] showed that more than 90% of the
living larches and spruces appeared after 1900 at the upper part of the treeline ecotone.
During this period, the stands became denser and the treeline moved 50 m upward. In
the last decades of the 20th century, the trees grew faster and the recruitment rate was
at maximum. It was revealed that the upward shift coincided with a slight increase of
May-August precipitation and a near doubling of September—April precipitation, while the
growth enhancement matched an early growing season warming. This increase in radial
growth, combined with stand densification, led to a 6 to 90 times increase of stand biomass
since 1950.

In agreement with the Russian investigations, studies at alpine treeline ecotones in
the Canadian Rocky Mountains [17] revealed that a widespread increase in radial growth,
establishment frequency, and stand density started in the mid-20th century, coinciding
with a period of rising summer temperatures and favorable moisture availability. However,
relationships with seasonal climate variables varied between species and the rates of
treeline movement lagged behind those of temperature warming in most cases. Thus,
the establishment of Abies lasiocarpa (Hook.) Nutt. and Larix lyallii Parl. was favored by
periods of higher than average winter snowfall and by warm summers with adequate
moisture. Picea engelmannii Parry establishment was positively related to mean summer
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temperatures and to the interaction between summer temperatures and precipitation, but
Pinus albicaulis Engelm. dynamics was driven only by summer temperatures.

Studies in other subarctic regions provide evidence for a climate-induced increase in
forest productivity in the second half of the 20th century and, on the other hand, for a drop
in the rates of biomass accumulation in the early 21st century [45-47]. The results of our
research are indicative of a consistent increase in the rates of stand biomass accumulation
(Table 3, Figure 6), which is particularly noticeable in the upper part of the current treeline
ecotone. Kirdyanov et al. [46] showed that current climate changes led to upslope advances
of larch forests in the northern part of the Putorana Plateau (Bolishoy Avam River) and
that tree regeneration in the upper and middle parts of the treeline ecotone was most
abundant in the second half of the 20th century, i.e., in the same period as our altitudinal
transects in the western part of this region. The aforementioned authors attribute the
observed dynamics and increase in tree stand productivity at the upper treeline with
climatic warming in the subarctic.

Our findings indicate that even a relatively minor warming (0.6-0.9 °C) in the last
century, a shift of the onset of the growing season (by 8-10 days), and increasing precip-
itation in the winter could contribute to the considerable acceleration of the growth and
establishment of trees. Overall, this results in an exponential increase of stand biomass at
the forest—tundra transition in the Russian subarctic regions during the past centuries.

4.5. Consequences for C Sequestration

Our results show that stand biomass on the Kola Peninsula is 1.4 to 2.5 times smaller
than on the Putorana Plateau. However, because the transition between historical closed for-
est lines and sparse tree stand lines is wider on the Kola Peninsula (500 vs. 341 horizontal m),
the total increment of stand biomass since the beginning of the 20th century is similar and
amounts to 621 vs. 748 tons per kilometer of treeline length. Based on these data and the
length of the upper closed forest boundaries shown on historical topographic maps (created
in the 1950s-1960s) on the entire Kola Peninsula and in the northwestern and western parts
of the Putorana Plateau (11’602 and 11’203 km accordingly), we calculated that the total
increment of stand biomass that has accumulated from 1910 until 2017 above the historical
closed forest line amounted to 7,204,842 and 8,379,844 tons, respectively.

5. Conclusions

Our study is one of the first assessments of stand biomass changes at multiple subarctic
treeline sites that may serve as the basis to estimate carbon accumulation in forests at their
upper growth limit. Our results showed that the growth and establishment of trees has
strongly accelerated in the 340-500 m wide forest-mountain tundra transition, resulting
in an exponential increase of aboveground stand biomass in the three subarctic mountain
ranges. Per each km of treeline length, a total of 621748 tons of biomass accumulated from
1910 until 2017. In agreement with our hypothesis, data from weather stations located in
the three subarctic regions of Eurasia reveal that the biomass increase was likely caused by
climatic changes since the beginning of the 20th century in an analogous manner. Namely,
vegetation periods became longer (8-10 days) and warmer (0.6-0.9 °C) and the cold periods
received more snowfall (by 10%—-30%). Our results also demonstrate that the substantial
differences of aboveground stand biomass in the forest-tundra ecotone among the three
subarctic regions was primarily driven by species composition, as well as by the ages and
morphometric structure of stands. The species composition at the mountain treelines in
subarctic regions is related to the regional climates driven by continentality, snowpack
depth, and growing season duration. Therefore, the obtained ground data provided here
could facilitate large-scale estimations of stand biomass changes on regional levels using
novel remote sensing and spatial upscaling techniques.
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