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Abstract Climate warming is shifting the elevational
boundary between forests and tundra upwards, but the
related belowground responses are poorly understood. In
the pristine South and Polar Urals with shifts of the treeline
ecotone documented by historical photographs, we investigated fine root dynamics and production of extramatrical
mycorrhizal mycelia (EMM) along four elevational transects reaching from the closed forest to the treeless tundra.
In addition, we analysed elevational differences in climate
and vegetation structure, and excavated trees to estimate
related changes in the partitioning between below- and
aboveground biomass. Fine root biomass of trees (<2 mm)
increased by 13–79% with elevation, paralleled by a
35–72% increase in ground vegetation fine roots from the
closed forest to the tundra. During the first year of decomposition, mass loss of fine root litter from different vegetation types was greater at lower elevations in the forest–tundra ecotone. The ratio between fine roots of trees and stem
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biomass largely increased with elevation in both regions,
but these increases were not accompanied by a distinct production of EMM. Production of EMM, however, increased
with the presence of ectomycorrhizal trees at the transition
from the tundra to the forest. Our results imply that the
recorded upward expansion of forest into former tundra
in the Ural Mountains by 4–8 m per decade is decreasing
the partitioning of plant biomass to fine roots. They further
suggest that climate-driven forest advances will alter EMM
production rates with potential feedbacks on soil carbon
and nutrient cycling in these ecosystems.
Keywords Treeline shifts · Ural Mountains · Fine roots ·
Extramatrical mycorrhizal mycelia · Global change

Introduction
During the last century, global temperatures have risen,
with the most rapid increases occurring in high elevation and high latitude ecosystems (Arctic Climate Impact
Assessment 2005; IPCC 2013). Global warming has substantial impacts on vegetation and alters the spatial distribution of ecosystems influencing carbon (C) turnover
times (Gonzalez et al. 2010; Carvalhais et al. 2014). These
effects are particularly marked in boundary ecosystems,
with a steep transition between vegetation types over short
distances (Sturm et al. 2001; Grace et al. 2002; Stow et al.
2004; Hartley et al. 2012; Parker et al. 2015). The upper
treeline is globally one of the most evident boundary ecosystems, separating forest and tundra vegetation dominated by shrubs and herbaceous plants (grasses, sedges and
herbs) (Körner 2012). At the treeline ecotone, low growing season temperatures impose a limit to tree growth and
reproduction (Körner 2003). Advances of woody vegetation
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towards higher elevations and latitudes have been recorded
in several regions worldwide over the last century in North
America, Scandinavia, Siberia, and the Ural Mountains
(Kullman 2002; Moiseev and Shiyatov 2003; Esper and
Schweingruber 2004; Lloyd 2005). Upward shifts of forests have been mainly associated with continuous rises
of regional temperatures and ameliorated winter conditions (Harsch et al. 2009; Holtmeier 2009; Hagedorn et al.
2014). Within a few metres in elevation, there are abrupt
shifts in vegetation composition and biomass, microbial
communities, soil development, albedo, as well as C and
nutrient dynamics (Holtmeier 2009; Kammer et al. 2009;
Körner 2012; Grafius and Malanson 2015). As a result, forest advances into the tundra will likely alter the amount of
C stored in these ecosystems through changes in plant biomass partitioning and decomposition rates.
Fine roots sustain plant water and nutrient acquisition
and mediate a number of processes in soil C cycling, such
as inputs of C to soil organic matter through their decomposition, exudation, mycorrhizal associations, and influence
on the microbial activity (Grayston et al. 1997; Zhu and
Miller 2003; Solly et al. 2014). Nevertheless, most studies at the upper limit of trees focus on quantifying aboveground vegetation structure and composition to understand
the mechanisms underlying the position and formation of
the treeline ecotone. In contrast to the marked decrease in
tree height and aboveground biomass towards the upper
limit of trees, the few belowground studies in mountain
forests have observed particularly high fine root biomass of
trees at higher elevations (Leuschner et al. 2007; Hertel and
Schöling 2011a). The reasons are still uncertain, but results
from studies in Central Europe and tropical mountain forests suggest that a greater amount of fine roots at higher
elevations may be, at least in relative terms, related to an
adjustment to reduced nitrogen (N) availability (Hertel
and Schöling 2011b; Moser et al. 2011). Nitrogen-driven
responses may be particularly marked in cold regions characterized by N-poor soils (Chapin et al. 1995; Kammer
et al. 2009; Melillo et al. 2011; Bai et al. 2013; Dawes et al.
2016).
Across the forest–tundra ecotone, ground vegetation also
varies and climate change may affect the species composition as well as productivity of the ground vegetation either
directly by warmer temperatures (Anadon-Rosell et al.
2014) or indirectly by the protection from harsh environmental conditions by trees (Trubina 2006; Kirdyanov et al.
2012). In northern latitudes and high altitudes, there has
been an increase in shrub cover due to climate warming,
with potential impacts on snow accumulation, aboveground
biomass buildup and C inputs into soils (Olthof and Pouliot
2010; Myers-Smith et al. 2011). Shifts in plant functional
types associated with treeline advances are likely to alter
fine root biomass and turnover, but our current quantitative
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knowledge is very limited (Sloan et al. 2013; Iversen et al.
2015).
Decomposition of plant litter drives biogeochemical
cycling in terrestrial ecosystems (Hobbie 1992). The process of litter decomposition is mainly controlled by environmental conditions, litter quality, and soil organisms
(Berg 1984; Handa et al. 2014; Solly et al. 2014, 2015).
Observational investigations indicate that at higher elevations decomposition rates are slower mainly due to lower
soil temperatures (Chen et al. 2008). However, the effects
of climatic factors may be modified by different plant species across the forest–tundra ecotone, altering the quality
of litter inputs into soils (Handa et al. 2008). In the Tibetan
Plateau, for instance, Liu et al. (2016) showed that interspecific effects on the decomposition were larger than between
an alpine meadow and a coniferous forest at lower elevations, suggesting that species composition has a dominant
influence on decomposition. It is likely that changes in vegetation cover due to tree establishment in the tundra will
strongly impact decomposition rates at the treeline ecotone by both changes in microclimatic conditions and litter
quality.
Mycorrhizal fungi play a critical role in plant nutrition
and C balance, generally improving the foraging ability of
plants through a mutualistic relationship in exchange for
carbohydrates (Smith and Read 1996). The production of
extramatrical mycorrhizal mycelia (EMM) is responsive
to environmental conditions, such as nutrient availability
or temperature, as it is a dynamic component of mycorrhizal symbiosis (Clemmensen et al. 2006; Wallander 2006;
Leppälammi-Kujansuu et al. 2013) and provides efficient
routes of C and nutrient flows in the plant and soil system
(Simard et al. 2003). The production of EMM commonly
increases with a greater photosynthetic capacity of host
plants (Högberg et al. 2001; Hobbie 2006). At a subarctic
treeline in Northern Scandinavia, there was a lower hyphal
in-growth in tundra heath than at the edge of birch forest, which was related to an increasing abundance of host
trees (Parker et al. 2015). Also, the richness of ectomycorrhizal fungi species declined with elevation in two treeline
ecotones in the Canadian Rockies (Kernaghan and Harper
2001) and along elevational transects in Iran (Bahram et al.
2012). In addition to changes in plant biomass and vegetation composition, global warming is likely to influence
the production of EMM by accelerating N mineralization
(Dawes et al. 2016), for instance a greater N availability
may stimulate the production of EMM in N-poor ecosystems in cold regions (Clemmensen et al. 2006).
In pristine regions of the Ural Mountains, comparisons of recent and historical photos indicate that forests in
these regions have advanced upwards by 4–8 m per decade,
largely altering the position of the forest–tundra ecotone
(Fig. 1, Kammer et al. 2009; Hagedorn et al. 2014). In this
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Fig. 1  Forests are expanding
to higher elevations in the Ural
Mountains, as documented in
the comparison between historical and recent photographs
(example of the Mali Iremel,
South Urals, in 1929 and 2012)
(see also Kammer et al. 2009;
Hagedorn et al. 2014). The figure is available in colour in the
online version of the journal

study, we investigated changes in fine root biomass, fine root
litter decomposition, and the production of EMM along four
elevational transects reaching from the tundra to the closed
forest in the South and Polar Urals. Knowledge from field
studies about changes in belowground plant biomass with
elevation is often confined to fine roots <2 mm, especially
for trees, due to the destructive nature of major sampling
efforts in the soil. Here in our study, we also assessed the
biomass of entire root systems to determine the effect of
changing climatic factors with elevation for the partitioning
between above- and belowground biomass. Our hypotheses
are that (1) fine root biomass increases with elevation paralleled by a decrease of tree aboveground biomass and tree
height, (2) root litter decomposition is slower at higher elevations mainly due to a less favourable microclimate than at
low elevations, and (3) the production of EMM increases
from the tundra to the closed forest as a result of greater
abundance and faster growth of ectomycorrhizal trees.

Materials and methods
Study sites
We conducted our study in two different regions of the
Ural Mountain range: the South and the Polar Urals

(Fig. 1). The two regions are distinct by their soil parent material, climate, and vegetation composition. In the
South Urals, the soil parent material is quartzite, while in
the Polar Urals the dominant parent material is ultramafic
rock. The mean annual precipitation ranges between 600
and 900 mm in the South Urals, and 450 and 820 mm in
the Polar Urals. Both summer and winter air temperatures are higher in the South Urals than in the Polar Urals
(Table 1). The maximal snow depth is 80–150 cm in the
South Urals and 150–250 cm in the Polar Urals. Siberian
spruce (Picea obovata Ledeb.) is the dominant tree species
in the South Urals; Siberian larch (Larix sibirica Ledeb.) is
the main tree species found in the Polar Urals. In the South
Urals, the tundra is dominated by dwarf shrubs (Vaccinium uliginosum L., Vaccinium vitis-idaea L.), grasses,
and sedges (Carex vaginata Tausch, Festuca igoschiniae
Tzvelev). Below 1330 m a.s.l., Picea obovata trees alternate with open areas where productive herbs (Polygonum
bistorta L., Polygonum alpinum All.) grow to a height of
1.5 m. In the Polar Urals, the vegetation forming the tundra and dominating the open areas between groups of trees
consists of different shrubs (Betula nana L., Salix phylicifolia L., Vaccinium uliginosum L.) and herbs (e.g. Polygonum bistorta L., Thalictrum alpinum L., Solidago lapponica With). More information about the study regions can
be found in Table 1 and in Hagedorn et al. (2014).
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Table 1  Characteristics of
the study areas in the Ural
Mountains and elevational range
of the four transects
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South Urals

Polar Urals

54°30′–54°34′

66º47′–66º51′

Transects
(Elevational range, m a.s.l.)
Geology
Mean June air temperature, °C
Mean January air temperature, °C
Annual precipitationa, mm
Snow depth range, cm

58°49′–58°54′
Bolshoi Iremel (1291–1405)
Mali Iremel (1262–1400)
Quartzite, carbon-clay shale
+16 to +19
−15 to −17
600–900
80–150

65º26′–65º38′
Tschernaya North (200–320)
Tschernaya West (231–300)
Ultramafic rock
+12 to +14
−21 to −24
450–820
150–250

Dominant tree speciesb

Po, Bp

Ls

Geographical coordinates
N
E

a
Measured next to meteorological stations with altitudes of 457 and 1102 m a.s.l. in the South Urals, and
16 and 890 m in the Polar Urals
b

Po Picea obovata, Bp Betula pubescens ssp., Tortuosa. Ls Larix sibirica

Sampling design
We established two elevational transects across the treeline ecotone reaching from the tundra to the closed forest
in each of the two regions, namely the “Bolshoi Iremel”
(1291–1405 m a.s.l.) and the “Mali Iremel” (1262–1400 m
a.s.l.) transects on the Iremel massif in the South Urals and
the “Tchernaya North” (200–320 m a.s.l.) and “Tchernaya
West” (231–300 m a.s.l.) transects on the Tchernaya massif
in the Polar Urals. The two transects in each of the regions
are approximately 5 km apart from each other. They are
all characterized by gentle slopes (<10°). Soils are rather
homogenous showing similar pH values and parent material from the forest to the tundra (Kammer et al. (2009);
Hagedorn et al. (2014). Along the transects, we selected
four elevation levels: ‘tundra’(without trees, 0% tree
crown cover), dominated by shrubs and herbaceous plants
(grasses, sedges, and herbs), the ‘tree species line’ the
uppermost clusters of trees with adjacent tundra (with trees
>2 m; proportion of tree crown cover <10% and distances
between trees from 20 to 60 m), the ‘open forest’ (proportion of tree crown cover 20–30% and distances between
trees from 7 to 30 m), and the ‘closed forest’ (proportion
of tree crown cover of 38% or more and distances between
trees from 7–10 m). The proportion of tree crown cover for
all levels in the different transects is reported in Table 5S.
At each elevation level, we randomly set up three plots of
20 × 20 m spanning a horizontal distance of approximately
200 m. In each of the plots (from the tree species line to
the closed forest), we further randomly selected one subplot (1 × 1 m) ‘under a tree’ representing the typical age
class and height (>2 m) of the altitudinal level (Table 5S)
and an adjacent subplot (1 × 1 m) in the ‘open land’, a canopy free area with shrubs and herbaceous plants in between
tree clusters (distance to trunk 2.5–6 m). In the tundra
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dominated by shrubs and herbaceous plants, three plots in
the open land were further set up resulting in a total of 48
plots and 84 subplots.
Forest stand structure analysis and soil temperatures
In each of the plots (area of 20 × 20 m), all trees and saplings taller than 0.2 m were counted. The basic morphometric parameters such as tree height, diameter at base
and breast height, and stem density (number of trees per
hectare) were recorded. The age structure of the trees in
all plots was determined by dendrochronological methods as follows. From all trees with diameters exceeding
3–5 cm at their base, we took tree cores at heights from
0 to 30 cm, and from every second tree taller than 0.2 m
but less than 3–5 cm in diameter, we sampled stem disks at
the root collar. All cores were mounted on wooden strips.
After enhancing ring boundary contrasts with white powder, samples with narrow annual rings were measured on
the linear table LINTAB-V (F. Rinn S.A., Heidelberg) to a
precision of 0.01 mm and were cross-dated using the computer program TSAP-3.0 (Rinn 1998) and Cofecha (Holmes 1995). Samples with wide rings were visually crossdated, paying special attention to frost and light rings. The
dates of tree germination were estimated by correcting
for the number of years required to grow to the height of
sampling and for the number of years to the pith when the
core missed the inner ring. For cores hitting the pith, the
distance to the centre of the tree was estimated by fitting
a circular template to the innermost curved ring (Braeker
1981). The number of years it took for a stem to grow to
the core height was determined from a regression of tree
age with height established for all seedlings and saplings at
each study site (Hagedorn et al. 2014). At every elevation
level of each transect, we also estimated the proportion of
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tree crown cover of trees, as well as the cover abundance
of shrubs and herbaceous plants directly on the plot area
(20 × 20 m) using 1 × 1 m frames (n = 32). These values
were comparable to the cover values obtained by determining the average of the area covered by the different growth
forms in every cell of a grid (cell grid 20 × 20 mm), which
was overlaid over orthogonal photographs of each subplot.
The cover of larger stones at the surface was estimated in
the same way. Soil temperature was measured continuously
every hour with ground surface temperature dataloggers
(MaximiButton, DS1921G, Sunnyvale, CA, USA) placed
at 10 cm depth in both the open land and under the tree
canopy along the elevational transects of the Mali Iremel,
Tchernaya Nord, and Tchernaya West transects (Table 6S).
We calculated the soil temperature during the growing season based on the 3.2 °C soil temperature threshold adopted
by Körner and Paulsen (2004) to define the beginning and
the end of the growing season (Table 6S, data used in the
path analysis, see “Calculations and statistics” section).
Snow depths were measured in March. We assume the climatic conditions to be similar at the Mali Iremel and the
Bolschoi Iremel, due to the spatial proximity and almost
identical altitudes of these transects.
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forms is challenging in treeline ecotones (e.g. shrub fine
roots and rhizomes are not easily distinguished from fine
roots of trees due to their woody anatomy), especially for
small root fragments (<10 mm), and may result in a major
source of error. Therefore, to determine which plant species and growth forms contribute to the root biomass, we
anatomically investigated randomly selected fine roots with
different diameters at two altitudinal levels, the tree species
line and the closed forest, along the Mali Iremel and the
Tchernaya Nord transects (9–12 thin sections per subplot
per root diameter type at 0–5 and 5–10 cm soil depth). The
thin sections (approximately, 15–20 µm) were prepared
using a laboratory microtome (Gärtner and Schweingruber
2013), covered with glycerol and a cover glass, and analysed with a BX41 Olympus microscope. By observing the
anatomical characteristics of fine root thin sections, it was
possible to identify to which plant species or growth form a
root belonged to (Schweingruber 1978; Cutler et al. 1987)
and to create a morphology root reference collection based
on root anatomy checks. Fine root biomass of trees and of
the ground vegetation (shrubs, grasses, sedges, and herbs)
were then separated and weighed.
Above‑ and belowground plant biomass

Soil sampling, root collection, and analysis
Soil samples were collected in July and August 2013. In
each subplot we removed the litter (L) and a very shallow
fermentation (F) horizon and collected soil samples from
0 to 5 cm (F- and H-layer), 5 to 10 cm (Ah horizon) and
10 to 20 cm (AB horizon) depth by using a soil corer with
an inner diameter of 8 or 10 cm in the South Urals. In the
stone-rich Polar Urals, we excavated a quantitative soil pit
of an area of approximately 20 × 20 cm and collected the
total soil material from the same depth layers. The exact
volume for each depth layer was determined by measuring the dimension with a ruler and by filling the hole with
a known volume of sand. Root biomass and gravel/stones
were carefully manually picked out from the soil samples
and soils were sieved to 2 mm. We removed the mineral–
soil particles attached to the roots by carefully washing the
roots with deionized water in a 63 µm sieve. Samples were
dried at 40 °C to constant weight in a force air oven, then
separated into different diameter classes (1–2 mm—conductive roots, and <1 mm—including mycorrhizal root tips)
and weighed. Living (biomass) and dead fine roots (necromass) were distinguished under a stereo microscope based
on colour, cohesion of cortex, and viscosity (Persson 1980).
For the fine roots with a diameter <1 mm, a homogenous
subsample (1/4 of the sample) was subjected to a detailed
analysis under a stereo microscope and the total amount of
dead root material extrapolated by regression analysis. The
visual sorting of fine roots into different species or growth

The tree above- and belowground plant biomass was
determined by measuring the biomass of selected trees
representing different heights and diameters at different
elevational levels. We carefully excavated different compartments including the coarse root system (threshold
<1 cm), the stems and the needles of 39 trees at the tree
species line and 18 trees from the open forest to the closed
forest along the transects in the South Urals. In the Polar
Urals, we selected 28 trees from the tree species line to the
closed forest of the elevational transects. The dry masses of
the biomass fractions were used to fit allometric functions
between the biomass of the various compartments and tree
diameters as well as tree heights. These functions were then
used to estimate the tree biomass of each of the plots (area
of 20 × 20 m) along the elevational transects based on specific tree diameters and heights. The aboveground biomass
of shrubs (leaves, stems and twigs) and herbaceous plants
(stems) was collected on 24 subplots from the tundra to the
closed forest along the elevational transects of the South
Urals and 16 subplots in the elevational transects of the
Polar Urals, dried at 70 °C, and weighed. The subplots had
a size of 0.25 × 0.25 m if dominated by herbaceous plants,
or a size of 0.5 × 0.5 m if dominated by shrubs.
Fine root decomposition
Mass loss of fine root litter was studied during a 1 year
litterbag experiment. Living fine roots of different plant
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growth forms (Polygonum spp., Picea obovata in the South
Urals, and Larix sibirica, a mixture of shrubs and a mixture
of herbs in the Polar Urals) were collected at the tree species line and in the closed forest of the Mali Iremel (South
Urals) and Tchernaya North (Polar Urals) transects. The
biomass of fine roots was weighed after drying the root
samples at 40 °C. One gram of belowground litter was
added to 1 mm mesh size enclosure (10 cm × 10 cm, propylene). Ten litterbags of fine roots of each of the different
plant growth forms were placed vertically into the topsoil at
0–10 cm depth at the beginning of the growing season and
kept in the soil for 1 year. The litterbags were distributed in
one plot at the tree species line and in the closed forest, in
the Mali Iremel and the Tchernaya North transects. After
collection, the decomposed root litter was dried at 40 °C
and we calculated the fine root mass loss in %.
Extramatrical mycorrhizal mycelia production
The extramatrical mycorrhizal mycelia (EMM) production was measured with ingrowth mesh bags (Wallander
et al. 2001). In summer 2013, EMM mesh bags (with a
mesh size of 0.50 µm and filled with organic matter free
0.06 to 0.25 mm quarz sand) were placed at 0–5 cm soil
depth in both the open land and under the tree canopy and
were incubated for 1 year along all of the four studied transects (4 replicates per subplot). After the collection, the
bags were kept at +4 °C, brought to the laboratory, and
stored at −20° until analysis. When adopting the ingrowth
bag approach, some artefacts need to be considered, such
as microclimate alterations and differences in the substrate
quality between quartz sand and native soil (Wallander
2006). Nevertheless, this approach represents a relative
measure and enables the comparison of mycelia production among ecosystems. Each mycorrhizal ingrowth bag
was then analysed for ergosterol (Nylund and Wallander
1992). Lipids were extracted from a subsample of 5 g of
sand with 5 ml 10% KOH–methanol solution and 2 ml
cyclohexane, which was vortexed for 1 min and centrifuged
for 5 min at 1000×g (phase separation was repeated after
the addition of 2 ml cyclohexane). The chromatographic
system we adopted was a C 18 reverse-phase column
(LiChrospher 100 (125–44 mm), Lichrocart RP-18 (5 μm),
Merck). Extracts were eluted with methanol at a flow rate
of 1 ml min−1 and detected using a UV detector at 282 nm.
Chemical analysis of roots and soils
After soil sampling, soils were kept cool in a soil pit
(<10 °C). The samples were transported in cooling boxes
to the laboratory where the inorganic N concentrations
were extracted with 1 M KCl in a 1:5 ratio for 1 h (1:10
for soil samples collected at 0–5 cm depth). In the extracts,
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NH4+ was measured by automatic flow injection analysis (PE FIAS-300, Perkin-Elmer, Norwalk, CT, USA) and
NO3− concentrations by ion chromatography (DX-120,
Dionex, Sunnyvale, CA, USA). For C and N analysis in
the soil, subsamples were dried to 40 °C and ground with
a ball mill. In soils and total fine root samples (representing the combined fine root biomass of trees and of shrubs
and herbaceous plants), C and N concentrations and δ15N
values were measured using a CN-analyser (Euro EA Hekatech GmbH) interfaced with a continuous flow isotope
ratio mass spectrometer (Delta-V Advanced IRMS, Thermo
GmbH, Germany).
Calculations and statistics
Root biomass, soil C stocks, and the soil-extractable inorganic N (NH4+ + NO3−) pool size were converted using
soil bulk density measurements and corrected on an areal
basis by considering the amount of stones in each plot
measured by the stone volume in quantitative soil pits
(Tamminen and Starr 1994) as well as by the areal cover
of larger stones (see above). The amount of total living fine
root biomass (all plant growth forms combined) at the ecosystem level was also calculated by considering the cover of
tree crown, which varies along the transects. We used linear
mixed effect models fitted with restricted maximum likelihood (REML) to investigate the effects of regions (South
and Polar Urals) and elevation on fine root biomass of trees
and of the ground vegetation. The effects of regions, elevation, and vegetation (under tree and open land) on the production of EMM, soil C stocks, soil C/N ratio, extractable
inorganic N pool size, and chemical properties of fine root
biomass of all plant growth forms combined (C and N concentrations, and δ15N values) were also assessed with linear mixed effect models. To account for the design of the
field experiment, we included the transect, the elevational
level, and the plot as random effects. We tested the significance of all of the fixed effect variables and their interactions with conditional F tests. Using the diagnostic plot
function in R, we checked the model assumptions (Crawley 2012). The influence of tree stand properties across the
elevational transects on tree root biomass was assessed by
calculating Pearson’s correlation values and assessing their
significance in R using the chart. Correlation function was
implemented in the Performance Analytics package. Path
analysis was used to explore the potential causal relationships between climate (growing period soil T), vegetation
structure, the total root biomass, and soil organic C stocks.
To parameterize the vegetation structure in the path analyses, we selected changes of the cover of shrubs and trees
in all plots. Path analysis was performed using the Lavaan
package in R. The adequacy of the hypothesized structural relationships was verified using χ2 test and AIC. All
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Table 2  (a) Results of linear regression between elevation and mean
soil temperatures, aboveground tree stand parameters, soil C stocks,
extractable soil inorganic nitrogen pools, and soil C/N ratios in the
South Urals and Polar Urals. (b) Output of the linear mixed effects
(a)

(b)

Elevation (m a.s.l.) South Urals

Elevation (m a.s.l.) Polar Urals

Tree fine roots <2 mm
(g m−2)

R2

R2

Pearson’s correlation

Soil annual mean temperature (°C)
Soil growing season mean temperature
(°C)

0.98
0.75

Mean tree height (cm)
Mean tree age (years)
Stem biomass of the stands (t ha−1)
Proportion of tree crown cover (%)
Extractable N mg NH4+ NO3− N
0.2 m−1 m−2
Soil organic C stock (kg Cm−2)
Soil C/N ratio

0.89
0.08
0.88
0.96
0.28
0.01
0.29

Fixed effect

Region
Elevation
Region × elevation

models to study the effect of region and elevation on fine root biomass of trees as well as of the ground vegetation (shrubs and herbaceous plants, GV)

Direction
of slope

P

↘
↘

Direction of
slope

P

South Urals Polar Urals

↘
↘

↘
↘
↘
↘
↘

<0.01
<0.01

0.88
0.78

<0.01
<0.01

<0.01
n.s.
<0.01
<0.01
<0.05

0.72
0.512
0.80
0.66
0.48

↘
↘
↘
↘
↘

<0.05
<0.05
<0.01
<0.05
<0.01

None
None

n.s.
n.s.

0.12
0.09

None
None

n.s
n.s.

−0.59
−0.57
−0.51
−0.66
−0.48

−0.64
−0.75
−0.55
−0.38
−0.36

0.34
0.33

0.27
0.44

Tree fine roots <1 mm (g m−2)

Tree fine roots 1–2 mm (g m−2)

Total tree fine roots <2 mm
(g m−2)

Dfn

Dfd

F

P

Dfn

Dfd

F

P

Dfn

Dfd

F

P

1
1
1

2
14
14

48.733
5.598
0.121

0.182
0.033
0.733

1
1
1

2
14
14

4.646
0.001
4.837

0.164
0.988
0.045

1
1
1

2
18
18

10.595
7.431
1.074

0.083
0.014
0.314

GV fine roots <1 mm (g m−2)

GV fine roots 1–2 mm (g m−2)

GV fine roots <2 mm (g m−2)

Dfn

Dfd

F

P

Dfn

Dfd

F

P

Dfn

Dfd

F

P

Region
Elevation

1
1

2
28

5.364
13.423

0.147
0.001

1
1

2
26

0.265
2.798

0.909
0.107

1
1

2
27

2.328
9.516

0.266
0.005

Region × elevation

1

28

0.901

0.351

1

26

0.425

0.519

1

27

1.938

0.175

Fixed effect

Pearson’s correlation analysis between aboveground stand parameters, soil C stocks, extractable soil inorganic nitrogen stocks, and soil C/N
ratio with fine root biomass of trees
Numbers in bold represent significant effects (P < 0.05)

variables were standardized to (0, 1). Statistical analyses
were conducted with R (version 3.1.2, R Core Team 2014).
Prior to analysis, we transformed data if necessary to meet
assumptions of normality. The chosen p value for detecting
statistical differences was P < 0.05.

Results
Forest stand properties and site characteristics
Along all four elevational transects, there was a significant
linear decrease of mean annual temperatures of soils at
10 cm depth as well as mean growing season temperatures

with elevation (Table 2a, Table 6S). In parallel, the number
of living trees per hectare showed a threefold decrease in
the South Urals and a sevenfold decrease in the Polar Urals.
The height and age of trees also decreased significantly
(Table 2a, Table 5S). The soil-extractable inorganic N pool
showed a marked decrease with elevation in both regions
(Table 1S). It was more than ten times smaller in the Polar
Urals than in the South Urals. In the South Urals, the soil
organic C stocks of the main rooting zone down to 20 cm
depth did not show a significant change with elevation,
while in the Polar Urals they decreased from 3.0 ± 0.3 to
2.0 ± 0.3 kg C m−2 in the open land subplots, and from
4.0 ± 0.1 to 0.9 ± 0.1 kg C m−2 in subplots under trees
(mean ± SE, n = 6) (Table 1S).
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Fine root biomass, C N concentrations, and root
isotopic composition
Fine root biomass of trees was only present in the subplots under trees and not in the subplots of the open land,
and it was greater in the South Urals than in the Polar
Urals although this difference was overall not significant
(Table 2b). Along all four elevational transects in the forest–tundra ecotones of the Ural Mountains, fine root biomass of trees was higher at the tree species line than in
the closed forest (Fig. 2, PElevation < 0.033 for the <1 mm
diameter classes, PElevation not significant for roots with a
diameter of 1–2 mm, Table 2b). The highest fine root biomass of trees was observed in the open forest in all transects (Fig. 2), and it was larger at the tree species line
than in the closed forest by 41% on the Bolshoi Iremel,
79% on the Mali Iremel, 13% on the Tchernaya North,
and 39% on the Tchernaya West (Fig. 2). The fine root
biomass of shrubs and herbaceous plants in the subplots
of the open land was disproportionally higher than that of
trees throughout all elevational transects (PVegetation < 0.001,
Fig. 2). Moreover, it was greater in the Polar Urals than in
the South Urals, although this difference appeared not to
be significant (Fig. 2, Fig. 1S, Table 2b). The biomass of
fine roots of shrubs and herbaceous plants with a diameter of <1 mm (and also <2 mm) increased with elevation
(PElevation = 0.001, Fig. 2; Table 2b). The amount of fine
root biomass of trees at 0–5 cm soil depth (43 ± 6 g m−2,
n = 36, average of all elevations and transects ±SE) was
greater than at 5–10 cm (27 ± 3 g m−2) and 10–20 cm
(2 ± 1 g m−2). The same pattern was observed for the fine
roots of shrubs and herbaceous plants (Fig. 2). Significant
negative correlations were found between fine root biomass
of trees and several aboveground forest stand parameters
as well as the extractable inorganic N pools in the soil, but
no relationships were observed between the fine roots of
trees and soil organic C stocks (Table 2a). At the ecosystem
level, calculated by considering the crown cover of trees
of each altitudinal level, the total living fine root biomass
also markedly increased with elevation (Table 3S). The
amount of fine root necromass (total mass of dead roots) of
the 1–2 mm in diameter fine roots was higher in the tundra
than in the closed forest along all of the studied transects
(PElevation = 0.036, Table 4S), and the necromass of fine
roots with a diameter smaller 1 mm increased with elevation in the South Urals, but did not show a consistent pattern in the Polar Urals (PRegion × Elevation = 0.030, Table 4S).
Total fine root N concentrations were significantly
higher in the South Urals than in the Polar Urals and were
higher in tundra than in closed forest (Table 2S). Total
fine root δ15N values were also found to be more positive in the South Urals, but this difference was only marginally significant (PRegion = 0.071, Table 2S). The δ15N
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values in fine roots were pronouncedly more negative in
the tundra than in the closed forest, both in the subplots
of the open land and under tree (Table 2S). This difference was not significant when including all four transects
in a linear mixed effect model (Table 2S); however, when
considering the two regions separately, the δ15N values in
roots were significantly more negative at higher elevations
(PElevation < 0.05).
Belowground vs aboveground biomass in the forest–
tundra ecotone
Along all four transects, the tree fine root/stem biomass
ratio showed a significant exponential increase with elevation (Fig. 3). Considering the amount of biomass stored in
both trees and the ground vegetation, the amount of aboveground biomass was larger in the closed forest than at the
tree species line by about 17 and 18 times in the South
Urals and the Polar Urals, respectively (Fig. 4). Fine and
coarse root biomass showed opposite patterns with elevation: while total fine roots (fine roots of trees, shrubs, and
herbaceous plant combined) were greater at the tree species line, coarse root biomass was greater in the closed forest. The total amount of root biomass (fine + coarse roots)
was seven times smaller at the tree species line than in the
closed forest in the South Urals and three times smaller
at the tree species line in the Polar Urals (Fig. 4). As a
result, the ratio between below- and aboveground biomass
decreased from 0.9 at the tree species line to 0.37 in the
closed forest of the South Urals and from 2.4 at the tree
species line to 0.5 in the closed forest of the Polar Urals.
Root dynamics and extramatrical mycorrhizal mycelia
production in the forest–tundra ecotone
After 1 year of decomposition, mass losses of fine roots
were 2.2–18% greater in the closed forest than at the tree
species line for all of the investigated root litter types of
different plant growth forms (Fig. 5). The largest effect of
elevation on decomposition was observed in the Tchernaya
North transect in the Polar Urals. Here, the mass loss of
herbaceous roots amounted to 36.8 ± 1.8% (mean ± SE
n = 10) in the closed forest and 18.8 ± 0.7% at the tree
species line. In each of the four elevational levels, the mass
loss of fine roots of trees was significantly lower (P < 0.05)
than that of shrubs and herbs (including Polygonum spp.).
The rate of EMM production ranged from 0.7 to
24.5 g m−2 year−1 and did not vary significantly with elevation, although an increase was observed at the transition
between the tundra and the open forest (Table 3). The difference between vegetation types was larger in the South
Urals with a dense tree canopy of Picea obovata than in
the Polar Urals with an open canopy structure under Larix
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Fig. 2  Fine root biomass
(diameter <2 mm) of trees under
the tree canopy (a–d) and of
ground vegetation (shrubs/herbaceous plants) in the open land
(e–h) at different soil depths
along the elevational gradients
of the Bolshoi Iremel and Mali
Iremel transects in the South
Urals, and along the Tchernaya
North and Tchernaya West
transects in the Polar Urals.
Data presented as mean ± SE
(n = 3). Tu tundra, SL tree species line, OF open forest, CF
closed forest

sibirica and a dense ground vegetation under trees (PRegion × Vegetation = 0.044, Table 3). The production of EMM
was positively correlated to the extractable inorganic N
pool in the South Urals (R2 = 0.35, P < 0.05), but not in the
Polar Urals.

Disentangling climate and vegetation effects on fine root
biomass and carbon stocks at the treeline
The path analysis approach confirms the assumption that
the total fine root biomass at the treeline ecotone is strongly
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Fig. 3  Dependence of the mean
fine root/stem biomass ratio
with elevation along the Bolshoi
Iremel (circle), Mali Iremel
(triangle) transects in the South
Urals (a), and the Tchernaya
North (square) and Tchernaya
West (diamond) transects in
the Polar Urals (b) (n = 3).
***P < 0.001

Fig. 4  Comparison between
belowground vs aboveground
biomass at the tree species
line and in the closed forest of
South Urals (a) and Polar Urals
(b). The aboveground biomass
of shrubs represents needles,
stems, and twigs. The aboveground biomass of herbaceous
plants is represented by their
stems

Fig. 5  Fine root litter (<2 mm
diameter) mass loss (%) of different plant species at the tree
species line and in the closed
forest elevational levels along
the Mali Iremel transect (South
Urals) and the Tchernaya North
transect (Polar Urals). Data presented as mean ± SE (n = 10)

13

Oecologia (2017) 183:571–586

Oecologia (2017) 183:571–586
Table 3  Production of
extramatrical mycorrhizal
mycelia (EMM) production,
along the elevational gradients
of the South Urals (mean
across the Mali Iremel and
Bolschoi Iremel transects) and
Polar Urals (mean across the
Tchernaya North and Tchernaya
West transects)

581
EMM (g m−2 year−1)
Open land
South Urals
Tundra
Species line
Open forest
Polar Urals
Tundra
Species line
Open forest

3.33 ± 0.93
4.29 ± 1.14
7.75 ± 1.60
5.74 ± 1.49
9.29 ± 3.43
4.21 ± 0.77

Fixed effect

Dfn Dfd F

P

1
1
1
1
1
1
1

0.555
0.506
0.045
0.299
0.044
0.577
0.619

Under tree
Region
–
Elevation
4.98 ± 1.21 Vegetation
5.10 ± 1.04 Region × elevation
Region × vegetation
–
Elevation × vegetation
6.01 ± 1.59 Region × elevation × vegetation
5.97 ± 2.01

2
25
25
29
25
25
25

0.493
0.454
4.434
1.114
4.479
3.958
0.253

Closed forest 5.67 ± 0.81 5.67 ± 0.81

Data presented as mean ± SE for each combination of vegetation type (under tree and open land), elevation, and region (n = 6). On the right side of the table, the output of the linear mixed effects models to
study the effect of region, elevation, and vegetation on the production of EMM is presented
Numbers in bold represent significant effects (P < 0.05)

Fig. 6  Path analysis models of (a) soil growing season temperature
effects (exogenous variable, light blue rectangle with dotted lines) on
vegetation cover, total fine root biomass (of trees, shrubs, and herbaceous plants), and soil organic C stocks (endogenous variables, white
rectangles with solid lines) in the South Urals (n = 48, χ22 = 0.565
, P = 0.754) and (b) in the Polar Urals (n = 39, χ22 = 3.971,
P = 0.137). Numbers on arrows represent standardized path coef-

ficients. The thick line arrows represent significant relationships
(P < 0.05) and the fine line arrows represent not significant relationships. Orange continuous arrows positive relationship, white dotted arrows negative relationship. Percentages indicate the variance
explained by the models. Background pictures: Bolshoi Iremel in the
South Urals and the Tchernaya North in the Polar Urals. The figure is
available in colour in the online version of the journal

related to changes in the local tree and shrub cover along the
elevational transect and is only indirectly related to climatic
conditions (Fig. 6). Including vegetation cover as endogenous variable considerably improved the model performance for both regions. In both regions, the best model of
the path analysis also suggested that increases in the growing season temperature significantly increased the tree and
shrub cover and that the fine root biomass was positively

influenced by a larger shrub cover. The soil organic C
stocks were not found to be influenced by the amount of
fine root biomass, although they were significantly related
to the shrub cover in both regions (Fig. 6). The χ2 test indicated that our hypothesized path analysis models cannot be
rejected as a potential explanation of the observed covariance matrix (South Urals: n = 48, χ22 = 0.565, P = 0.754;
Polar Urals: n = 39, χ32 = 3.971, P = 0.137).
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Discussion
Along the Ural Mountain range, forests have advanced into
the tundra during the last century, very likely as a result
of higher summer temperatures and more snowfall during
winter (Fig. 1) (Devi et al. 2008; Hagedorn et al. 2014).
Our finding of a 13–79% greater fine root biomass of trees
and an increased ratio between tree fine root/stem biomass
with elevation (Figs. 2, 3), from the closed forest to the
tree species line, indicate that both in relative and absolute
terms, forest upward advances are associated with a decline
in fine root biomass of both trees and ground vegetation.
This is consistent with the observed elevational increases
in fine root biomass of trees and corresponding declines
in stem biomass towards the upper limit of trees in boreal,
temperate, and tropical zones (Luo et al. 2005; Leuschner et al. 2007; Hertel and Schöling 2011a). Hertel and
Schöling (2011a) suggested that the increasing fine root
biomass in pure Norway spruce stands towards the upper
limit of trees could be related to an unfavourable availability of soil nutrients at higher elevations. Here, we observed
a significant negative relationship between the extractable
inorganic N pool in the soil and fine root biomass of trees
(Table 2a). This indicates that a larger fine root biomass of
trees towards the upper limit of trees could indeed result
from a greater mass partitioning into the fine root system
to acquire nutrients in the less developed, N-poor soils at
higher elevations with a colder climate. This is in agreement with the finding of Dawes et al. (2015), who observed
a considerable (ca. 40%) decline in fine root mass during
a 6-year soil warming experiment at an alpine treeline in
Switzerland, where warming led to increased inorganic N
availability in the soil. In both the South and Polar Urals,
also the roots of shrubs and herbaceous plants increased
with elevation and, in relative terms, they made up a
higher fine root biomass than trees at all elevational levels
in both the South and Polar Urals (Fig. 2). This strongly
suggests that at higher elevations a greater amount of fine
root biomass may be related to a co-occurring competition
for nutrients between trees and ground vegetation growing amid trees (i.e. shrubs and herbaceous plants) and the
tundra vegetation. The competition might be particularly
pronounced in the topsoil where most of the fine root biomass of trees as well as of the ground vegetation is present
−
and most soil inorganic N (NH+
4 + NO3 ) is concentrated
(Kammer et al. 2009). Our assumption is supported by
studies in forest ecosystems in south-western France and
in the subtropics which have already suggested that ground
vegetation species cannot be ignored with regard to competition with trees for mineral nutrients and water (Bakker
et al. 2006; Fu et al. 2015). Moreover, in the Tibetan Plateau, Liang et al. (2016) indicated that the densification of
shrubs just above the upper limit of trees suppressed tree
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establishment and slowed down the upward movement of
forests on a time scale of decades. Overall, these findings
indicate that interspecific interactions are major processes
controlling the dynamics of treeline ecotones; we suggest
that belowground competition is particularly important.
The disproportionately larger fine root biomass of
ground vegetation than fine root biomass of trees at each
of the investigated elevational levels in all four transects
is consistent with the results of an afforestation study on
subalpine grasslands (Hiltbrunner et al. 2013), where
grasslands had a 40% higher fine root biomass than spruce
stands. Moreover, radiocarbon measurements suggest that
fine roots from herbaceous plants turn over more rapidly
than those of trees (Solly et al. 2013). In conjunction with
the greater biomass in the open land, this may imply a
higher root productivity under low stature plants than under
trees, which can possibly be attributed to the investment of
assimilates in woody structure by trees leaving less C to be
allocated belowground. This indicates the importance of
considering the ground vegetation to understand changes
in the total variation of fine root biomass along elevational
gradients with different forest stand characteristics. In our
study, if we account for the expanding canopy cover from
the tundra towards the forest, the total fine root biomass
clearly decreased by 43% in the South Urals and 46% in
the Polar Urals.
The path analysis approach supports the idea that root
biomass of trees is primarily related to changes in the local
tree and shrub cover, and hence in plant functional types
along the elevational transects in the Ural Mountains, and
only indirectly related to microclimatic conditions. The
strong relationship between shrub cover and the total fine
root biomass in both regions is likely related to the high
amount of fine roots of shrubs and herbaceous plants as
compared to tree roots at each elevational level. In Finnish forests, Helmisaari et al. (2007) showed that fine root
biomass of the ground vegetation increases with an increasing aboveground cover of shrub cover towards northern
latitudes. The dominant influence of ground vegetation on
fine root biomass existed despite the opposing relationship
of tree cover and shrub cover in the South and Polar Ural
(Fig. 6). In the South Urals, the increasing crown cover
of Picea obovata with perennial needles towards lower
altitudes leads to a suppression of dwarf shrubs (see path
analysis; Fig. 6a) and an increasing abundance of tall herbs
(i.e. Polygonum spp.) in between tree clusters (Trubina
2006). Instead, in the Polar Urals, shrubs grow and produce
the greatest aboveground biomass in the larch forest with
a ‘light’ canopy towards the treeline (Andreyashkina and
Peshkova 2005).
Along the elevational transects, the decomposition of
fine root litter of trees, shrubs, and herbs was greater in
the closed forest than at the tree species line (Fig. 5). This
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is in accordance with the findings of Chen et al. (2008),
who observed a faster decomposition of roots at warmer
and lower elevation sites, as compared to higher elevation sites in a Douglas-fit old-growth forest. In the Ural
Mountains, not only the warmer soil growing season temperatures, but also the observed increases in snow height
at lower elevations likely stimulate the activity of the soil
microbial decomposer community through higher soil
temperatures during winter (Kammer et al. 2009). Hagedorn et al. (2014) recently suggested that forest advances
in these regions are primarily related to an increased
winter precipitation during the twentieth century, which
together with the effect of trees on snow accumulation
created more favourable conditions for growth and the
establishment of new trees. Our results further show that
within one elevation level, the mass loss of fine root litter
of trees was smaller than that of herbaceous plants. This is
in line with the results of Liu et al. (2016), indicating that
changes in decomposition of foliar litter with elevation can
be species specific and depend on the chemistry of litter,
as well as on the observation that tree roots in temperate
forests decompose more slowly than grass roots in temperate grasslands with similar soils and climates (Solly
et al. 2014). Taking these findings together suggests that
while the closed forest had more favourable microclimatic
conditions promoting decomposition, it also had a greater
contribution of tree roots with a smaller decomposability.
Moreover, an apparently greater fine root biomass in the
tundra than in the closed forest (and under the assumption
of a similar turnover rate (Sloan et al. 2013), also a greater
C input from roots) might have been ‘compensated’ by
greater inputs from aboveground litter at lower elevations.
We, therefore, speculate that changes in root dynamics due
to treeline advances will have rather small net effects on
total soil C storage, but soil C cycling rates might be faster
in the closed forest as a result of warmer temperatures in
conjunction with a greater input from aboveground biomass (Kammer et al. 2009).
The marked change between total plant below and
aboveground biomass with increasing forest cover at lower
elevations (Figs. 2, 4) was not paralleled by changes in
the production of EMM, except at the transition between
the tundra and the occurrence of clusters of trees in the
open forest (Table 3). The observed increase of the production of EMM is likely related to an increased proportion of photosynthetically fixed C allocated to mycorrhizal
fungi by ectomycorrhizal trees (Högberg et al. 2001). The
increasing production of EMM at the transition between
the tundra and the occurrence of trees was likely related
to an increasing total host biomass. Moreover, increasing soil temperatures from the tundra towards the closed
forest might have influenced EMM production rates indirectly by stimulating N mineralization at lower elevations
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(Kammer et al. 2009), which may stimulate EMM production in N-poor ecosystems (Clemmensen et al. 2006). In
agreement with our results, EMM production was found
to increase from a heath tundra towards the forest edge
in a subarctic treeline ecotone with birch trees in northern Scandinavia (Parker et al. 2015). At the same time,
the authors observed the higher rates of C cycling and
the lower soil C stocks with increasing shrub cover, suggesting that ectomycorrhizal scavenging for nutrients is a
mechanism by which organic C is lost from the soil. The
impact of ectomycorrhizal fungi on soil C storage is, however, controversial (Clemmensen et al. 2013; Ekblad et al.
2013) and in the Ural Mountains there was no obvious
linkage between the production of EMM and soil organic
C stocks (Kammer et al. 2009; Table 1S). The production
of EMM observed in the Ural Mountains was, however,
quite low, especially in the Polar Urals, with a magnitude
smaller rate as compared to boreal forests quantified with
similar methods (Wallander et al. 2011; Table 3). Whether
a higher production of EMM with tree establishment into
the tundra alters the supply of plants with N or affects soil
organic C stocks ultimately depends on mycelia turnover
and EMM species composition (Ekblad et al. 2013).

Conclusion
In conclusion, our study along elevational transects in pristine regions of the Ural Mountains indicates that climate
change-driven forest expansions into the tundra will lead
to a substantial decline in fine root biomass in contrast to
aboveground biomass. This decline is primarily attributed
to associated changes in the tree and ground vegetation
cover and probably also to increases in N availability. Our
results further suggest that warmer temperatures and ameliorated winter conditions at higher elevations will enhance
the decomposition of fine root litter, although the magnitude of the responses will differ among plant growth forms.
Moreover, the production of EMM is likely to increase with
tree establishment into the tundra.
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