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of J. sibirica with a decrease in its area. The primary limit-
ing factors for the distribution of J. sibirica were the removal 
of snow cover by strong winter winds and competition with 
trees. As a consequence of climatic changes, the tree line 
and forest limit have shifted upward, further restricting the 
distribution of J. sibirica to higher elevations where com-
petition for light with trees is reduced and snow cover is 
sufficiently deep.

Keywords Juniperaceae · Juniperus sibirica · Snowpack 
cover · Shrubline · Shrub-tree competition · Southern 
Urals · Tree line

Introduction

Shrub vegetation has expanded into the tundra and alpine 
ecosystems including mountainous regions and throughout 
the tundra biome of the circumpolar Arctic in recent dec-
ades as a result of climate change (Myers-Smith et al 2015; 
Myers-Smith and Hik 2018; Wang et al 2021). Shrub bound-
aries have shifted in Greenland (Myers-Smith et al 2015), 
Sweden (Hallinger et al 2010), Alaska (Dial 2007, 2016), the 
Alps (Wipf et al 2009), the Rocky Mountains (Formica et al 
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the past 9 years revealed an upward shift in the distribution 

Project funding: This study was supported by the RSF (Grant 
number: 24-27-00338).

The online version is available at http:// www. sprin gerli nk. com

Corresponding editor: Tao Xu.

Supplementary Information The online version contains 
supplementary material available at https:// doi. org/ 10. 1007/ 
s11676- 024- 01745-3.

 * Yulia V. Shalaumova 
 jvshalaumova@gmail.com

 Andrey A. Grigoriev 
 grigoriev.a.a@ipae.uran.ru

 Vladimir S. Mikryukov 
 vmikryukov@gmail.com

 Pavel A. Moiseev 
 moiseev@ipae.uran.ru

 Sergey O. Vuykhin 
 sergey.vyuhin@mail.ru

 Jesús J. Camarero 
 jjcamarero@ipe.csic.es
1 Institute of Plant and Animal Ecology, Ural Branch, Russian 

Academy of Sciences, St. 8 Marta 202, Ekaterinburg, 
Russia 620144

2 Institute of Ecology and Earth Sciences, University of Tartu, 
St. Liivi 2, 50409 Tartu, Estonia

3 Pyrenean Ecology Institute, St. Montañana 1005, 
50059 Saragossa, Spain

http://crossmark.crossref.org/dialog/?doi=10.1007/s11676-024-01745-3&domain=pdf
http://www.springerlink.com
https://doi.org/10.1007/s11676-024-01745-3
https://doi.org/10.1007/s11676-024-01745-3


 A. A. Grigoriev et al.

1 3

   97  Page 2 of 12

2014), the Russian Arctic (Forbes et al 2010), and the Ural 
Mountains (Grigoriev et al 2020). As alpine and arctic trees 
and shrubs have responded to environmental changes (Bret-
Harte et al 2002; Tape et al 2006; Myers-Smith et al 2015), 
upper forest limits, treelines, and shrublines have become 
sensitivity indicators of climate warming (Gorchakovskiy 
and Shiyatov 1985; Chapin et al 2005; Shiyatov et al 2020).

Changes in climate transforms habitat conditions, affect-
ing shrub growth and the expansion of shrub populations 
(Forbes et al 2010; Hallinger et al 2010; Blok et al 2011; 
Büntgen et al 2015), primarily driven by alterations in win-
ter temperatures and in precipitation (Hallinger et al 2010; 
Hollesen et al 2015; Carrer et al 2019), but in other cases 
by summer temperatures (Forbes et  al 2010; Blok et al 
2011; Wang et al 2023). Despite the links found between 
the distribution and growth of alpine shrubs and climate 
change (Campioli et al 2012; Tape et al 2012; Boscutti et al 
2018; Frost et al 2018), we still lack a good mechanistic 
understanding of these interactions (but see Mod and Luoto 
2016). Changes in the width and structure of vegetation belts 
(not only in the upper boundary) also need more research 
attention.

This study focuses on Juniperus sibirica Burgsd. 
(Juniperaceae), the most common evergreen shrub in the 
Southern Urals, where it can be long-lived (Hantemirov 
et al 2011). The idea of the present research was triggered 
when color photographs from different times but the same 

perspective in the mountains showed that the shrubline and 
the treeline had shifted upward in certain areas (Fig. 1a), 
but in other areas, the density of the shrub cover had 
decreased (Fig. 1b). These dissimilarities imply that the 
dynamics of different vegetation types are not ubiquitously 
similar, and the mechanisms underlying these dynamics 
in changing environments need further research. We thus 
characterized the distribution of the species along altitu-
dinal and slope gradients on the three highest peaks of the 
Southern Urals over 10 years in relation to habitat fac-
tors (tree cover, snow depth, and soil temperatures). Our 
aims were (1) to characterize the distribution of J. sibirica 
and the main tree species at the treeline on these peaks, 
(2) to estimate tree cover, snow depth, soil temperature, 
and wind speed at key sites that varied in percentage of 
J. sibirica cover, (3) to assess temporal changes in the 
species composition, morphometric and areal charac-
teristics of J. sibirica and trees on a constant altitudinal 
transect. Based on the properties of J. sibirica, we tested 
four hypotheses. (1) J. sibirica is not uniformly distrib-
uted along mountain slopes but rather is concentrated at 
a specific altitudinal range, forming a distinct vegetation 
belt. (2) The lower limit of species distribution depends 
on the location of the upper forest limit in the region. (3) 
The upper distributional limit of J. sibirica depends on 
the snow cover depth related to changes in wind speed. 
(4) The distribution of J. sibirica has shifted upward in 

Fig. 1  Successive photos of Mt. Kruglitsa on the Bolshoy Taganay ridge (Southern Ural) showing changes in juniper cover over time (a, b). The 
arrows point to Juniper sibirica; the oval marks the area where J. sibirica had died
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the Southern Ural Mountains, and its occupied area has 
decreased due to the rising upper forest limit and treeline.

Materials and methods

Study area

Three mountains in the Southern Urals were selected: 
Mt. Maliy Iremel and Bolshoy Iremel, massif Iremel 
(58°49′–58°54′ E, 54°30′–54°34′ N); Mt. Poperechnaya, 
Zigalga ridge (58°39′ E, 54°39′ N); Mt. Bolshoy Nurgush, 
Nurgush ridge (59°00′ E, 54 45′ N) (Fig. 2). The Southern 
Urals is up to 120 km wide and characterized by large ridges 
up to 1200–1600 m above sea level. In tectonic terms, this 
area belongs to the upper proterase, consisting of quartz 
sandstones, quartzite-sandstones, and dark gray and black 
shales (Borisevich 1968). The climate is greatly influenced 
by air masses coming from the Atlantic Ocean (Atlantic), 
the Kara Sea, Eastern Siberia (Arctic continental), and the 
Barents Sea (Arctic marine). Scots pine (Pinus silvestris) 
is dominant in the flat foothill areas, and P. obovata and 
J. sibirica are usually dominant at higher altitudes. In this 
region, the average temperatures of January and July are 
–15.3 °C and 16.4 °C, respectively (Grigoriev et al 2022). 
The annual precipitation is 733 mm with soils covered by 
snow from mid-October to late April (Grigoriev et al 2022). 
Snow depth varies from 4 to 260 cm according to our meas-
urements during the period of maximum snow accumulation 
in early March.

Large-block stone fields occupy a significant part of 
individual peaks. There are thin mountain-tundra soils, 
soddy-meadow and soddy mountain-forest soils in the 
subalpine belt, and mountain-meadow podzolized soils in 
the upper part of the slopes (Pogodina and Rozov 1968). 
Along the altitudinal gradient in the study area, vegeta-
tion has a distinct zonality: mountain forest, subalpine and 
mountain tundra. The upper limit of tree growth (high-
est altitude of trees at least 2 m high) is formed by open 
spruce forests with an admixture of park-type birch, which 
is accompanied by a highly developed grass cover. The 
dominant shrub species is J. sibirica.

Field surveys of the Southern Ural Mountains

To study the localization and distribution of J. sibirica in 
the mountains of the Southern Urals we previously con-
ducted a broader survey of the upper treeline on all the 
main mountain peaks of this region in 2010–2020. We 
covered a distance of at least 500 km and examined 27 
peaks and ridges in total. The survey included ridges such 
as Nara, Zigalga, Mashak, Kumardak, Nurgush, Zyuratkul, 
Urenga, Taganay, Avalyak, Yagodny, Vorobyovy Gory, 
Bolshaya Suka, and such separate peaks as Bolshoy and 
Maliy Iremel, Uvan, Sinyak, Bolshoy and Maliy Yaman-
tau. In almost all peaks, which are completely uncovered 
with forest vegetation and where a treeline is present, we 
traversed from the foot of the mountains to the peaks, and 
along the ridge axes.

Fig. 2  Study sites in the South-
ern Urals. 1 Iremel massif; 2 
Zigalga ridge; 3 Nurgush ridge
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Vegetation mapping

We used aerial photographs, satellite images, large-scale 
topographic maps, and the description of 1281 study plots 
covering a total area of about 10,000 ha, to create maps that 
depict the degree of rockiness, tree layer height in the three 
mountain areas, and the distribution and morphometric char-
acteristics of J. sibirica.

Before we began fieldwork, we used aerial and satellite 
images to interpret the contours of the Iremel massif, Zigalga 
and Nurgush ridges to identify the most favorable J. sibirica 
habitats. We marked the boundaries of study plots with dif-
ferent types of vegetation cover (the species composition 
of the forest stand, crown density) on the satellite images. 
However, identifying J. sibirica patches on photographic 
archives is challenging, so we determined the configuration 
and area of shrub cover based on results from our fieldwork.

To construct a map of the current distribution of J. sibir-
ica, we used ArcGIS 10.8.1 (ESRI, Redlands, CA, USA). 
Topographic maps were digitized for Iremel massif, Zigalga 
and Nurgush ridges, and digital elevation models (10-m res-
olution) were built. The sections characterizing areas with 
different growing conditions were plotted. For each section, 
the ground soil, microclimatic conditions, and vegetation 
were described. First, height above sea level, exposure and 
steepness of the slope were determined by using a digital 
elevation model. Second, the degree of stoniness, soil mois-
ture regime, wind conditions, forest cover and tree density 
(living and dead individuals), and J. sibirica shrubs (com-
position, average height, crown density) were determined in 
the field. The data were collected from 2012 to 2020. The 
area in the mapped plots was calculated using the ArcGIS 
Spatial Statistics module. The location of the upper limit of 
open forest was estimated from the corresponding values of 
the cells in the digital elevation model.

Resurvey of permanent plots

In 2003, we established an altitudinal transect (Fig. S1) on 
the southwestern slope of Maliy Iremel Mountain within a 
treeline ecotone as part of the international INTAS project. 
We defined the treeline ecotone as a transitional belt in the 
mountains between the upper limits of the distribution of 
closed forests and individual trees in the tundra. According 
to Gorchakovskiy and Shiyatov (1985), the ecotone of the 
upper limit of woody vegetation includes several categories 
of areas covered with woody vegetation of various densities: 
closed forests (crown density 0.4–0.5), open forests (crown 
density 0.2–0.3), sparse forests (crown density 0.05–0.1), 
and individual trees (crown density less than 0.05). Cor-
respondingly, five altitudinal levels were considered along 
transects: level 1, at the upper border of individual trees; 
level 2, at upper border of sparse forests; level 3, at upper 

border of open forests; level 4, between the lower border of 
open forests and the upper border of closed forests; level 5, at 
the upper border of closed forests. At each level, from three 
to five permanent 20 × 20 m plots were established (Fig. S1). 
On each plot and for each tree, we measured the location, 
basal stem diameter, diameter at breast height (DBH), crown 
diameter in two mutually perpendicular directions, stem 
height (Hagedorn et al 2014; Grigoriev et al 2020). Tree 
age was estimated by taking radial wood cores at the base 
of the main stem using increment borers (Haglof, Sweden). 
Width of tree rings were measured with a 0.01-mm resolu-
tion using LINTAB (F. Rinn, Germany). Further processing 
of the cores was carried out using standard dendrochrono-
logical methods (Shiyatov et al 2000). Thereby, all trees and 
undergrowth were mapped on each plot. In 2012 and 2020, 
the surveys were repeated, and in addition, we mapped and 
described each J. sibirica plant. In total, we examined 1391 
trees and 250 J. sibirica individuals in an area of 0.72 ha.

Temperature loggers were placed in each plot for 2 years 
to measure soil temperature at 10-cm depth. At the begin-
ning of March (i.e., peak snow accumulation) in 2015 and 
2018, we measured snow cover thickness with an avalanche 
probe (at least 40 measurements per plot in each year of the 
study). To assess wind speed, air temperature, precipitation, 
and other weather variables during 2010–2011, we set up 18 
meteorological stations (Hobo, Onset, USA) along a transect 
on Mount Iremel between 1100 and 1450 m a.s.l.

Statistical analyses

To analyze the drivers of the distribution of J. sibirica, we 
used a generalized additive model (GAM; Wood 2017) after 
folded power transformation (Tukey 1977) of the cover of 
J. sibirica as the dependent variable. We used a weighted 
regression approach with area (in hectares) of each forest 
unit (a designated area characterizing localities with distinct 
growing conditions of vegetation) as a weight in the model 
(Table S1). We used thin-plate splines (bs = ’ts’) with basis 
dimension k = 4 as smooth functions for all the predictors 
except the slope exposure (measured in degrees), for which 
we used the cyclic spline (bs = ’cc’) function. All models 
were fitted in R v.4.2.2 (R Core Team 2022) using the brms 
package v.2.18.0 (Bürkner 2017) and Stan v.2.21.8 (Carpen-
ter et al 2017) with 12 Markov chains of Monte Carlo simu-
lations, 17,000 samplings and 3000 warmup iterations for 
each chain. Chain convergence was evaluated visually and 
using the R-hat statistic (Gelman-Rubin diagnostic test; Gel-
man 2013). To determine whether the influence of predictors 
varies across distinct mountain regions, we utilized Bayes 
factor analysis to compare models with and without inter-
action terms. This analysis was done using the R packages 
bridgesampling v.1.1–2 (Gronau et al 2020) and bayestestR 
v.0.13.0 (Makowski et al 2019).
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Results

Shrub vigor, distribution and size changes 
along the altitudinal transect

In the foothill with Scots pine forests, J. sibirica was found 
in small, sparse groups, whereas it is more abundant near 
peaks, above the upper tree line formed by P. obovata. In 
dense stands of this spruce species, J. sibirica is absent, 
except for a few growth-suppressed individuals on bare rock 
in open sites (Figs. 3 and 4).

According to the mapping analyses, J. sibirica was pre-
sent mainly between 1000 and 1400 m a.s.l., whereas the 
upper open forest limit was located at 1140 ± 56 m a.s.l. 
on Nurgush ridge, 1204 ± 50 m a.s.l. on Zigalga ridge and 
1233 ± 65 m a.s.l. on Iremel massif (mean ± SD) (Fig. 4).

The relationship between altitude and J. sibirica cover 
was bell-shaped, with the maximum species abundance 

at 1200, 1300 and 1400 m a.s.l. on Nurgush, Zigalga and 
Iremel, respectively (Fig. 5). The highest density of J. 
sibirica was usually detected in areas with shallow slopes 
and southern exposure, covered with silt and soil, in the 
transitional zone between the upper border of sparse for-
ests and mountain tundra. At the same time, the species 
grows in fragments on steep slopes and very stoney fields. 
The species is absent from high-density stands that exceed 
70% cover and from heavy-sod meadows, mountain tops, 
and swampy areas.

The altitudinal distribution of J. sibirica in the for-
est–tundra ecotone varied according to the characteristics 
of each studied massif. In general, the density and cover of 
J. sibirica decreased with rockiness values > 30–40%. The 
highest shrub cover was observed on the Zigalga ridge, 
with a coverage of 14.3% ± 1.16% (mean ± SE), while the 
covers in Iremel and Nurgush were 12.9% ± 1.16% and 
8.76% ± 1.21%, respectively.

Fig. 3  Damaged and dead Juni-
per sibirica shrubs on mountain 
tops (a, b) and in open forests 
(c, d) in the Southern Urals
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Relationships between forest dynamics and distribution 
of J. sibirica

Over the 9-a study, we observed changes in the stand struc-
ture of the upper forest line on the southwestern slope of 
the Maliy Iremel Mountain (Fig. 6). Tree data indicated a 
1.5-fold increase in the average DBH, crown diameter, and 
height of the studied stands at all altitudinal levels from 2012 
to 2020. The magnitude of the increase in tree size was less 
pronounced at higher altitudes. In addition, a trend toward an 
increase in tree cover (Fig. 6) and more dead trees (Fig. S2) 
and toward a decrease in tree regeneration (Fig. S3) were 
also observed.

Notably, the density of forest stands increased at the first, 
second, and third altitudes (tundra, single trees and treeline), 
while a decrease was observed at the lowermost fourth and 
fifth altitudes (open and closed forests) due to increased 

competition between trees caused by an increase in crown 
density. An increase in mortality and a reduction of under-
growth density and amount at lower levels can be attributed 
to this competition.

The results showed that over 9 a, the distribution of shrub 
vegetation in the studied area has changed significantly. In 
2012, J. sibirica was found in the open and the closed forest 
with densities of 200 and 19 ind.  ha–1, respectively. How-
ever, currently, J. sibirica is absent at these lower altitudes. 
Additionally, the average height of J. sibirica increased, 
while the average diameter of the crowns decreased. The 
number of individuals only increased at the uppermost alti-
tudine, the tundra.

Our observations indicate a positive correlation between 
J. sibirica height and snow cover depth (R2 = 0.54, Fig. 7). 
Shrubs of J. sibirica did not grow in areas without snow 
cover or in locations with snow cover deeper than 2.0 m, as 

Fig. 4  Distribution maps of Juniper sibirica cover on a Iremel massif, b Nurgush ridge, and c Zigalga ridge
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determined with winter inspections and snow measurements. 
The minimum soil temperature, which is logarithmically 
related to snow cover depth (Fig. S4), likely plays a role in 
this relationship.

The wind velocity on Iremel massif was not correlated 
with altitude or stand density (Fig. 8). However, in the open 
areas of alpine tundra, wind velocity increased from 1 to 
4 m  s–1, and in the highest mountain passes where woody 
vegetation and J. sibirica are absent, it reached a maximum 
of 5 m  s–1.

Discussion

The distribution of J. sibirica is limited by competition with 
trees for light at low altitudes, whereas the upper altitudinal 
limit seems to be more related to climatic constraints such 
as cold and wind. The changes in J. sibirica distribution 
and shape (increased height and reduced crown projection 

indicate a decline in light availability) between altitudinal 
zones and time periods are likely due to an increase in tree 
cover, leading to the competitive exclusion of J. sibirica 
by P. obovata. Presumably, J. sibirica as a shade intolerant 
species could not compete with P. obovata.

The density and condition of J. sibirica are influenced 
by various landscape features such as the degree of rocki-
ness, steepness of slopes, water regime, and stand density. 
We found that soil temperature is not a limiting factor for 
J. sibirica distribution because it is found in areas with soil 
temperatures below − 10 °C. In our opinion, the main limit-
ing factor for J. sibirica is the lack of snow cover caused by 
high wind speeds. The data from the portable weather sta-
tions showed that wind speed reaches its maximum values 
at the tops of watersheds and mountain passes where there 
is no J. sibirica. We think that the absence of J. sibirica in 
high-mountainous areas, subject to strong winds, is due to 
extreme conditions; the species depends on snow cover to 
protect it from harsh conditions caused by frost extrusion, 

Fig. 5  The relationships between Juniper sibirica cover with a alti-
tude, b slope angle, c rockiness of slopes, d slope exposure, and e tree 
cover on the three study mountains in the Southern Urals. Median 
and 95% credible intervals are shown. In (d) and (e) with only one 

curve, the interaction effect (mountain × predictor) was not statisti-
cally significant; hence, the curve represents the overall trend across 
all mountains
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cold air, snow abrasion, and drying frosts (Fig. 3a, b) (Gri-
goriev et al 2013, 2020; Hagedorn et al 2014). Snow cover 
strongly influences plant growth in arctic and alpine eco-
systems (Schmidt et al 2006; Rixen et al 2010). As Holt-
meier (2003) noted, the most crucial winter stress is not 

temperature but wind abrasion, snow and ice damage, and 
drying. Radial growth of J. communis in the Central and 
Eastern Alps also depends on the amount of winter pre-
cipitation (Pellizzari et al 2014). In previous studies on J. 
sibirica in the Urals, no shrub individuals were found with 
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signs of snow damage (abrasion of the bark and breaking-
off of branches under the weight of snow) on any mountain 
(Gorchakovskiy and Shiyatov 1985). In the study area, J. 
sibirica is always covered with snow during the winter and 
grows in localities where the snow cover depth ranges from 
0.01 to 2.0 m. Snow cover is, therefore, the most critical fac-
tor in forming J. sibirica thickets in the Ural Mountains, and 
short-term loss of snow cover during winter thaws can seri-
ously damage this shrubby vegetation (Bokhorst et al 2008).

Positive feedback between snow depth and plant growth 
rate has been identified as an essential mechanism for the 
large-scale increase in shrub abundance in northern Alaska 
and Siberia (e.g., Jia et al 2003; Sturm et al 2005; Frost and 
Epstein 2014). In these boreal regions, winter soil tempera-
tures rise with increased snowfall, leading to higher nutri-
ent availability, root growth, and greater snow retention by 

vegetation. The resultant increase in soil temperature also 
accelerates mineralization, which makes nitrogen more 
available for plants in tundra ecosystems with poor soils 
(Schimel et al 2004; Baptist et al 2010).

The obtained results and previous findings (Moiseev et al 
2016; Shiyatov et al 2020) show that upward migration of 
P. obovata trees in mountains regions may either facilitate 
or inhibit J. sibirica. The presence of individual trees and 
tree groups in the tundra creates favorable conditions for 
J. sibirica growth and distribution, particularly in winter, 
as trees enhance snow retention on slopes (Moiseev 2011; 
Hagedorn et al 2014). Conversely, the establishment of a 
dense spruce forest generates extremely unfavorable con-
ditions, such as heightened root competition, allelopathic 
effects, light deprivation, alterations in water relations, and 
dense snow accumulation, all of which inhibit the growth of 
J. sibirica (see Fig. 3c, d). In essence, J. sibirica is restricted 
to an altitudinal strip (Fig. 9), where it can struggle for exist-
ence with P. obovata trees, moving upslope where it is lim-
ited by harsh conditions including strong winds and lack of 
snow cover in winter.

Note that the study area has not been subjected in the past 
or present to livestock grazing; other human economic activ-
ity (including logging) is also absent here. Previous studies 
of trees have shown that there have been no fires in the area 
for at least 400 years (Hagedorn et al 2014).

Conclusion

Growth conditions of the shrub J. sibirica in the Southern 
Urals Mountains are closely linked to local environmental 
factors, including rockiness, slope steepness, water avail-
ability, and stand density. The altitude of the forest limit 
and treeline notably influences the distribution of J. sibirica. 
The primary limiting factor for J. sibirica upslope spread 
is the removal of snow cover due to high wind velocity in 
the highlands during winter. In contrast, downslope, dense 
stands of P. obovata outcompete J. sibirica, thereby defin-
ing the lower boundary of its distribution. This phenomenon 
suggests a potential reduction in the distribution range of J. 
sibirica due the upward shift of alpine treelines. Such range 
contractions of alpine shrubs are of significant concern for 
the conservation of alpine biodiversity.

These findings can serve as a foundation to develop mod-
els to forecast changes in the distributional range of J. sibir-
ica in mountainous regions under various climate change 
scenarios. These models should consider a comprehensive 
array of factors: climatic (primarily temperature and snow 
depth) and topographic and edaphic characteristics, and 
the presence of woody vegetation. By integrating these key 
groups of factors, the predictive models aim to provide to 
help formulate effective conservation strategies.
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