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1  |  INTRODUC TION

Treelines are one of the most striking natural vegetation boundar-
ies, where low stature plants, dwarf shrubs, or grasses transition 
into areas of upright growing trees. In unmanaged regions, the 

position of the treeline is mainly determined by low temperatures 
during the vegetation period constraining tree growth (e.g., Körner 
& Paulsen, 2004). The strong climatic warming at high latitudes and 
elevations (Pepin et al., 2015) has relieved some of the temperature 
constraints, inducing an upward shift of treeline in most mountain 
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Abstract
Treelines advance due to climate warming. The impacts of this vegetation shift on 
plant–soil nutrient cycling are still uncertain, yet highly relevant as nutrient availabil-
ity stimulates tree growth. Here, we investigated nitrogen (N) and phosphorus (P) 
in plant and soil pools along two tundra–forest transects on Kola Peninsula, Russia, 
with a documented elevation shift of birch-dominated treeline by 70 m during the last 
50 years. Results show that although total N and P stocks in the soil–plant system did 
not change with elevation, their distribution was significantly altered. With the transi-
tion from high-elevation tundra to low-elevation forest, P stocks in stones decreased, 
possibly reflecting enhanced weathering. In contrast, N and P stocks in plant biomass 
approximately tripled and available P and N in the soil increased fivefold toward the 
forest. This was paralleled by decreasing carbon (C)-to-nutrient ratios in foliage and 
litter, smaller C:N:P ratios in microbial biomass, and lower enzymatic activities related 
to N and P acquisition in forest soils. An incubation experiment further demonstrated 
manifold higher N and P net mineralization rates in litter and soil in forest compared to 
tundra, likely due to smaller C:N:P ratios in decomposing organic matter. Overall, our 
results show that forest expansion increases the mobilization of available nutrients 
through enhanced weathering and positive plant–soil feedback, with nutrient-rich for-
est litter releasing greater amounts of N and P upon decomposition. While the low N 
and P availability in tundra may retard treeline advances, its improvement toward the 
forest likely promotes tree growth and forest development.
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ranges (Harsch et al., 2009). However, treeline advances lag behind 
temperature increases on mountains due to other factors controlling 
tree growth such as plant competition, forest demography, and nu-
trient availability (Hagedorn et al., 2019; Liang et al., 2016; Sullivan 
et al., 2015). Fertilization experiments at treelines and in tundra eco-
system show pronounced responses of plant growth to low doses of 
nutrient additions (Möhl et al., 2018), indicating that nutrient avail-
ability can play an important role for treeline dynamics in a warm-
ing climate. Due to small mineralization rates at low temperatures 
and the primary storage of nitrogen (N) in soil organic matter (SOM), 
cold ecosystems are assumed to be predominantly nitrogen limited 
(Augusto et  al., 2017; Hagedorn et  al.,  2019). Increasing tempera-
tures may, however, lead to higher N availability due to faster N 
mineralization as observed in a 6-year long soil warming experiment 
at treeline (Dawes, Schleppi, Hättenschwiler, et  al., 2017). Less is 
known about phosphorus (P) dynamics at treeline, but the availabil-
ity of P might also be important in biologically inactive and poorly 
weathered soils (Celi et al., 2013; Welc et al., 2014).

In addition to the nutrient supply from parent material, nutri-
ent cycling and soil nutrient availabilities in a given or changing 
vegetation are shaped by plant–soil interactions operating at var-
ious timescales (Bowman et al., 2004; Hagedorn et al., 2019; Van 
Breemen & Finzi, 1998). These interactions may encompass (1) litter 
feedbacks due to a distinct plant-specific litter chemistry and stoi-
chiometry (Elser et al., 2010), which in turn control net nutrient min-
eralization and microbial immobilization (Mooshammer et al., 2014); 
(2) the influence of canopy structures on microclimatic conditions 
driving biogeochemical processes (Kammer et  al., 2009; Seastedt 
& Adams, 2001); and (3) nutrient uptake by plants and storage of 
“available” nutrients in biomass (Lovett et  al.,  2018; Vitousek & 
Reiners,  1975). Longer term plant–soil feedbacks include (4) the 
formation of SOM characteristic for a vegetation type (i.e., accu-
mulation of an organic layer); (5) the mining by roots and associated 
mycorrhizal fungi for nutrients (Clemmensen et  al., 2021); and (6) 
vegetation effects on weathering, either directly by rhizosphere 
activity or indirectly by soil abiotic conditions (Van Breemen & 
Finzi, 1998).

Despite the striking climate-related shift in plant life forms and 
species across treeline ecotones, plant–soil feedbacks therein have 
rarely been studied comprehensively. In seven disparate montane 
regions around the globe, concentrations of available N and P have 
been found to increase from tundra toward forests, which was pri-
marily attributed to elevational changes in soil C:N ratios (Mayor 
et al., 2017). In support, litter decomposition studies reveal faster de-
composition and higher nutrient mass loss from forest than from tun-
dra litter (Hagemann & Moroni, 2015; Wang et al., 2021), suggesting 
that litter feedbacks contribute to the improving nutrient availability 
from forest to tundra. However, in contrast to this notion, N avail-
ability was found to decrease from a heath tundra toward a birch 
forest at a sub-arctic treeline in Northern Sweden (Clemmensen 
et al., 2021; Parker et al., 2015). While these studies have measured 
specific aspects of nutrient cycling at treeline, a holistic assessment 
on the impacts of treeline shifts on nutrient dynamics is still lacking. 

For instance, results from process-based studies (e.g., litter decom-
position) have not been linked to assessments of soil nutrient avail-
ability based on soil extracts and nutrient contents in plant foliage. 
Moreover, gradient studies have determined nutrient concentrations 
in topsoil extracts as well as in plant foliage as indicators for nutrient 
availability instead of quantifying pool sizes of nutrients in entire soil 
profiles and plant biomass. To our knowledge, patterns in soil weath-
ering have not been studied across treelines although ectomycor-
rhizal fungi associated with trees have a high capability to solubilize 
elements from parent materials (Van Breemen & Finzi, 1998), which 
would be particularly relevant for P. While most studies are based on 
the “space-for-time substitution approach” to climate change, making 
use of either elevational gradients (e.g., Mayor et al., 2017) or paired 
plots (Clemmensen et al., 2021), in stark contrast to this study, they 
lack a documented forest expansion at the study sites, which limits 
mechanistic assessments of the feedback between treeline advances 
and soil nutrient cycling.

Our study aimed (1) to quantify how ecosystem pools and cy-
cling of N and P change across a subarctic forest–tundra ecotone, 
(2) to assess how they are affected by an upward shift in forest 
vegetation, and (3) how changes in nutrient cycling feedback on 
treeline dynamics. We sampled plants and soils along two tran-
sects spanning 200 m in elevation in the Khibiny mountains on Kola 
Peninsula, Russia (Moiseev et al., 2019), reaching from birch forests 
to tree-free mountain tundra. On the same transects, dendrochro-
nological analysis documented that the forest is expanding upward 
(Moiseev et al., 2019). Over the last 50–60 years, the upper bound-
ary of open forest shifted upward by 50–80 m and forests became 
significantly denser due to climate warming, representing an in-
crease in summer temperature by 0.9–1.3°C and a lengthening of 
the growing season by 5–10 days during the last century (Kononov 
et  al.,  2009; Moiseev et  al.,  2019). In other Eurasian mountains 
(Polar Urals), reconstructions of treeline dynamics based on fossil 
wood indicated that, during the last millennia, treelines have been 
shifting by about 80 m in elevation with the current treeline reach-
ing similar elevations as during the medieval warm period between 
the 11th and 13th centuries (Shiyatov & Mazepa, 2011). We are 
therefore confident that our elevational gradient comprised sites 
that have been tundra and forest for at least centuries, but also 
sites that experienced a shift from tundra to trees within the last 
decades. This unique experimental setup allowed us to study not 
only long-term plant–soil interactions but also short-term effects 
of vegetation shifts on soil nutrient dynamics in this subarctic for-
est–tundra ecotone.

We hypothesized treelines to represent a distinct boundary for 
nutrient cycling changing from tundra at high elevation toward for-
est at lower elevation by:

Hypothesis 1. A positive litter feedback, where trees 
and understory plants in forest produce more and 
higher quality foliage and litter with narrower C:N:P 
ratios than in tundra. In conjunction with a more fa-
vorable microclimate in the forest, this causes faster 

 13652486, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.17200 by C

ochrane C
zech R

epublic, W
iley O

nline L
ibrary on [15/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  3 of 18FETZER et al.

litter decomposition, as well as greater net N and P 
mineralization in forest soils.

Hypothesis 2. Positive plant–soil feedbacks with 
trees enhancing weathering and soil development, 
which shifts the P-pool distribution from parent mate-
rial into plant available pools with forest development.

Hypothesis 3. A negative plant–soil feedback by an 
increasing uptake of available soil N and P and their 
accumulation and immobilization in tree biomass from 
tundra toward the low elevation forest, which might 
counterbalance to some extent the improving N and P 
nutrition as hypothesized above.

To test our hypotheses, we analyzed a set of biogeochemical 
variables across the treeline ecotone allowing to comprehensively 
assess nutrient cycling. These measurements included (i) soil 
temperature, soil depths, contents, and mineralogy of stones to 
characterize weathering; (ii) N and P pools in the soil encompass-
ing stones, fine earth, as well plant-available N and P forms; (iii) 
biomass and elemental composition of plant components to es-
timate plant nutrient pool sizes and stoichiometry; and finally (iv) 
net N and P mineralization from litter and topsoils, microbial bio-
mass, and its C:N:P ratio, as well as extracellular enzyme activity 
to elucidate nutrient mobilization and immobilization by microbial 
communities.

2  |  MATERIAL S AND METHODS

2.1  |  Study site

The study area is located in a treeline ecotone in the Khibiny 
Mountains, Kola Peninsula, Northern Russia (67°35′ N, 34°04′ E, 
Figure 1). The Khibiny massif is a mafic pluton with high contents of 
apatite (Kogarko, 2018). Climate depends on the continuously ice-
free Northern Atlantic Ocean and Barents Sea with snow-rich winter 
and cool and cloudy summers. Mean annual temperature is −3.7°C, 
while average annual precipitation amounts to 928 mm and shows an 
even distribution with one-third falling in June until September. The 
region is snow covered from October to May (Mathisen et al., 2014; 
Moiseev et al., 2019).

Sampling took place on an elevational gradient covering eco-
system succession from mountain tundra to mature boreal birch 
forest. The tundra above treeline is a dwarf shrub lichen heath 
(Makarov et  al.,  2019; Ushakova et  al.,  2003) mainly consisting of 
dwarf shrubs, grasses, mosses, and lichens (for the species list, refer 
to Table S1). The dominant species at the treeline is Betula pubes-
cens ssp. czerepanovii. Toward the low-elevation forest, there is an 
increasing contribution of Siberian spruce (Picea obovata Ledeb.) 
growing in patches. Their coverage remains, however, below 15%. 
At the current treeline, trees are ~50 years old, and tree age doubles 
up to ~100 years at 60 m below the treeline (Moiseev et al., 2019). 
At the treeline and in forest areas, the understory is dominated by 
Vaccinium spp. intermixed with ferns and grasses.

F I G U R E  1 Design of the elevational transects in the Khibiny Massif, Kola Peninsula, Russia. Two transects from tundra to boreal forest 
dominated by birch were set up (~1 km apart from each other) with seven elevational levels each. Sampling was done at each elevational 
level below “tree canopies” triangle) and in “open areas” either in the tundra or in forest patches (circle). “Former treeline”: area in which the 
treeline advanced during the last 50–60 years, as estimated by Mathisen et al. (2014) and Moiseev et al. (2019). The map was extracted from 
the GADM database (www.​gadm.​org), map lines delineate study areas and do not necessarily depict accepted national boundaries.
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The soils in the study area developed from the same par-
ent material and are of similar age of ~8.5–7.5 thousand years 
(Pekala,  1998). Along the elevation gradient, they ranged from 
cryoturbated Gelic Leptosols in tundra above treeline to Haplic 
Podzols in the boreal forest at lower elevation (WRB,  2014, 
Figure S1).

2.2  |  Sampling

2.2.1  |  Sampling design

At the end of July 2017, we established two elevation transects rang-
ing from the tundra to the boreal forest. Transects were south-east 
facing and gently sloping (4–5°) and reached from 470 to 280 m a.s.l. 
The horizontal distance between transects was ~1000 m. Along each 
transect, seven elevational levels were defined for further sampling; 
spanning from the tundra being 50 vertical meter above the treeline, 
to the current treeline at ~400 m a.s.l. (canopy cover ~5%), the open 
forest with a canopy cover of 20%–50%, and the closed forest (canopy 
cover >50%) at the lowest elevational level, which was 140 m ver-
tically below the treeline. The treeline was defined as the elevation, 
where the highest upright growing trees (>2 m) were found growing 
in tree islands in the tundra vegetation. Below the treeline, samples 
were taken at five elevational levels with increasing stand densities 
(Figure 1). Sampling was carried out at three to five plots at each el-
evational level. Within each plot, we dug two soil pits, one under the 
canopy of birch trees, ~2–4 m away from stem (hereafter referred to as 
“tree canopy” plots) and one in the surrounding open land at a distance 
of at least 5 m from the tree canopy (hereafter referred to as “open 
area” plots). The open area plots comprised tundra-type vegetation at 
the highest three elevational levels and a mixture of dwarf shrubs and 
herbaceous species at the four lower levels, respectively.

2.2.2  |  Climate data

Soil temperature was monitored at four of the seven elevational lev-
els (tundra, treeline, 60 m and 95 m below treeline) with Maxim iBut-
tons (iButton DS1922L-F5; Maxim Integrated, San Jose, USA) from 
July 2017 to July 2018. Soil temperature sensors were installed in 
10 cm soil depth in the A horizon (average rooting zone). Using these 
data, we calculated length and mean soil temperature of the grow-
ing season for each elevation, adopting the 3.2°C soil temperature 
threshold for defining the beginning and the end of the growing sea-
son according to Körner and Paulsen (2004).

2.2.3  |  Plant biomass sampling

For biomass estimates, 20 plots of 320 m2 each were established 
along the two transects nearby the soil plots, on which all saplings 
taller than 20 cm and all trunks of single-  or multi-stemmed trees 

(n = 1545) were measured for their height, basal diameter of each 
trunk, and crown diameter (for details, see Moiseev et al., 2022). To 
estimate aboveground biomass of B. pubescens, 53 representative 
trees were felled and separated into stem, branches, and leaves, as 
described in Moiseev et  al.  (2022). After measuring fresh masses, 
representative subsamples were taken for further analysis; for ex-
ample, cross-cuts of stems including bark; transported to the labo-
ratory for determining dry masses by drying at 105°C. Allometric 
functions were then established based on the representative trees 
which were finally used to estimate the aboveground biomass of for-
est stands. For belowground biomass, we applied ratios of above-
 to belowground biomass of B. pubescens stands observed in the 
Northern Urals (Hagedorn et al., 2020). For chemical analysis, leaves 
from B. pubescens were sampled at each elevational level. In addi-
tion, leaves from Vaccinium myrtillus and V. uliginosum (n = 45) were 
sampled as they represented the most dominant plant species of the 
understory vegetation growing at all elevational levels. Leaf samples 
were dried at 40°C and an aliquot was milled for chemical analysis. 
In addition, bark and stem wood of B. pubescens for chemical analysis 
were sampled 60 m below treeline.

2.2.4  |  Soil sampling

Soil sampling was carried out in July 2017. Volume-based soil samples 
were taken from the litter horizon (L and F horizon together) and at 
soil depths of 0–5 cm, 5–10 cm, 10–20 cm, and 20 cm down to the bed-
rock. Litter layers and mineral topsoils were sampled with a frame of 
20 cm × 20 cm, while the depth increment >20 cm was sampled at four 
locations in each pit using a soil corer with an inner diameter of 2 cm. In 
addition to the pit depth, a soil auger was used to determine soil depth 
with 60–70 measurement points per elevational level. Soil and stone 
volume for each depth layer was determined by measuring the pit's di-
mensions with a ruler. Stone content of each soil layer was determined 
by weighing and 12 exemplary samples were taken to the laboratory 
for mineralogical analysis. The volume of the corer was used to deter-
mine bulk density for the four samples per pit in the depth increment 
>20 cm. In total, 274 soil samples were taken. Soil material was sieved 
to <4 mm in the field to remove stones and roots. After weighing the 
total mass of soils, subsamples were taken to the laboratory, where 
they were sieved to <2 mm; aliquots were freeze-dried for chemical 
analysis and to determine gravimetric soil water content. Field-moist 
soil samples were stored at 4°C prior to analysis.

2.3  |  Plant and soil analysis

2.3.1  |  Plants

Leaves and stem wood of B. pubescens and leaves of Vaccinium (V. 
myrtillus and V. uliginosum) were analyzed for N isotopic composi-
tion, and total C, N, and P concentrations. The concentrations of N 
and C and δ15N values were measured using an automated elemental 
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analyzer–continuous flow isotope ratio mass spectrometer (Euro 
EA 3000; HEKAtech, Wegberg, Germany, interfaced with Delta-S; 
Thermo Finnigan, Bremen, Germany). Isotopic compositions are 
given in delta (δ) notation, representing ‰ relative to atmospheric 
N2 for δ15N. Total P concentrations were determined via digestion 
in 8.3 mol L−1 HNO3 with 0.6 mol L

−1 HF in a microwave digestion unit 
(MW ultraCLAV MLS; Milestone, Inc., Shelton, CT, USA) and total 
P was subsequently measured using ICP-OES (Optima 7300 DV; 
Perkin Elmer, Waltham, MA, USA).

2.3.2  |  Soil

Total C, N, and P were determined for all soil depths. The C and N 
contents as well as δ15N were analyzed on freeze-dried soil sub-
samples as described above. Total P was determined by sequential 
wavelength-dispersive X-ray fluorescence spectroscopy (S8 Tiger 
Series 2; Bruker AXS, Karlsruhe, Germany) in fused beads of sample 
aliquots that were ashed at 1000°C. Fused beads were produced 
with borate fluxes using a XrFuse 6 electric fusion analyzer (XRF 
Technology Pty Ltd., Malaga, WA, Australia). The spectrometer's de-
fault calibration was used for initial data evaluation. Ten International 
Soil-analytical Exchange (ISE) reference soils from the Wageningen 
evaluating programs for analytical laboratories (WEPAL) were also 
analyzed the same way and the values were plotted against the cer-
tified P concentrations. The resulting regression was then used for 
correction of the sample values derived from the default calibration. 
Results were also corrected for loss of ignition. Due to little sampling 
material, samples from Tree and Open plots of each elevational level 
were pooled.

Soil nitrate and soil ammonium (NH+

4
-N) concentrations were 

measured on field-moist soil samples. Fresh soil was extracted with 
1 M KCl (soil-extractant ratio: 0–5 cm soil depth 1:10, 5–10 cm depth 
1:5) after shaking it overhead for 1.5 h. Suspensions were subse-
quently passed through filters that were pre-washed twice with 
ultrapure water. Ammonium was measured photometrically with a 
FIAS-400 (Perkin-Elmer, Waltham, MA, USA) using ammonium gas 
diffusion and photometric determination (UV/VIS Spectrometer 
Lambda 2S; Perkin-Elmer). Nitrate was measured photometrically 
as well as with ionic chromatography (ICS 3000; Dionex, Sunnyvale, 
CA, USA). In addition, the pH of the extracts was measured with a 
691 pH meter (Metrohm, Herisau, Switzerland) equipped with an 
LL electrode.

Phosphorus extraction with resin (PResin) (Hedley & Stewart, 1982; 
Moir & Tiessen, 2007) was carried out with 0.5 g dry equivalent of 
field-moist soil and 30 mL of ultra-pure water, followed by colorimet-
ric phosphate determination (UV-1800; Shimadzu, Canby, USA) with 
the malachite green method of Ohno and Zibilske (1991).

Clay, silt, and sand contents of a subset of samples from the soil 
depths 10–20 cm were measured by the sedimentation method ac-
cording to Gee and Bauder (1986).

Soil microbial biomass P was determined by means of the fumi-
gation extraction method (Hedley & Stewart, 1982). Two sets of 1-g 

sieved soil subsamples were used. One set was fumigated with liquid 
hexanol. From both sample sets, P was extracted with an anion ex-
change resin and phosphate was measured as described above. Soil 
microbial biomass P was determined as the difference in phosphate 
of fumigated and non-fumigated samples, respectively. To account 
for sorption, a third sample set was spiked with P and then extracted 
following the same procedure. The recovery of spiked P averaging 
90% was used to correct microbial P (Hedley & Stewart, 1982).

Soil microbial C and N were determined using two sets of 5-g 
sieved field-moist soil subsamples. One set was fumigated with 
~27 mL of CHCl3 for 24 h. Fumigated and non-fumigated samples 
were extracted with 0.5 M K2SO4 for 1.5 h (soil-extractant ratio: 
0–5 cm depth 1:10, 5–10 cm depth 1:5). After filtering, the extracts 
were analyzed for dissolved organic carbon (DOC) and total nitro-
gen (TN) using a Formacs HT/TN analyzer (Skalar, The Netherlands). 
Microbial biomass C and N were calculated as the difference in DOC 
and TN of fumigated and non-fumigated samples, respectively.

Potential activities of five hydrolytic extracellular enzymes 
(nmol g−1 dry soil h−1) involved in the degradation of SOM were 
estimated using the microplate fluorometric assay according to 
German et  al.  (2011) and Pritsch et  al.  (2011). As C cycle-related 
enzymes, we measured the activities of β-glucosidase, N-acetyl-
glucosaminidase, and xylosidase. As N and P cycle-related enzymes, 
we measured leucine-amino-peptidase and phosphomonoester-
ase, respectively. We added fluorometrically labelled substrates 
(4-methylumbelliferone and 7-amino-4-methyl coumarin) to water 
extracts of the soil (natural soil pH of 4.1) and measured absorbance 
(excitation: 368 nm; emission: 465 nm) after 1, 2.5, and 4 h with a 
Tecan plate reader (InfiniteM200; Tecan, Männedorf, Switzerland, 
with software Magellan 7.1 by Tecan). The enzyme activity was cal-
culated by measuring the linear increase in fluorescence with time.

2.3.3  |  Phosphorus in stones

The mineral composition of 12 exemplary stone samples was meas-
ured with an X-ray diffraction analysis (XRD, X-ray diffractometer 
D8 Advance; Bruker AXS, Germany) in ~2 g of ground stone material. 
The stones were collected directly from the pits in two soil depths 
of 5–10 cm and >20 cm.

2.3.4  |  Release of C, N, P

Litter material (10 g of fresh sample cut into 2 cm × 1 cm pieces) 
was incubated over 3 weeks at 15°C in microlysimeters (Millipore 
Stericup; 250 mL). They were leached weekly with 100 mL nutri-
ent solution (400 μmol L−1 CaCl2, 50 μmol L

−1 K2SO4, and 50 μmol L
−1 

MgSO4; Brödlin, Kaiser, & Hagedorn, 2019; Brödlin, Kaiser, Kessler, 
& Hagedorn, 2019). Following filtration, ammonium and phosphate 
concentrations were analyzed in the leachate. Carbon mineralization 
was determined by placing the microlysimeters into airtight contain-
ers (1000 mL) and trapping respired CO2 in 25 mL of 0.5 M NaOH for 
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1 week. The amount of CO2 trapped was determined by immediately 
measuring the reduction in electrical conductivity calibrated by ti-
tration with HCl following BaCl2 addition. For cumulative C miner-
alization rates, the concentrations of the three leaching cycles were 
summed up.

Potential C, N, and P mineralization rates from topsoils were 
determined from sieved fresh soils (0–5 cm depth) sampled from 
tundra at the highest elevation and at treeline from both open 
areas and below tree canopies. Soils were brought to 80% WHC 
with Milli-Q water and incubated in a dark climate chamber for 
21 days at 10°C. Samples the equivalent of 5 g dry weight were 
placed in 300 mL glass vials and capped with rubber septa. Their 
headspace was replaced with CO2-free synthetic air by flushing for 
3 min at a 1-L min−1 flow rate. At regular intervals (i.e., 2–3 days), 
the CO2 concentration in the vials was determined by recirculat-
ing the headspace volume for ~3 min at 250 mL min−1 through a 
gas spectrometer (Picarro G2131-I, Santa Clara, USA), after which 
the vials were flushed again. Following corrections for gas tem-
perature and pressure, the cumulative CO2 concentrations of eight 
measurement cycles were used to determine the overall soil C 
mineralization rates. Soil nitrate, ammonium, and phosphate con-
centrations at the end of the incubation period were determined 
as above and used thereby to calculate the respective net release 
rates with reference to the initial concentrations.

2.4  |  Data calculations and statistical analysis

Soil carbon and nutrient stocks of each horizon were calculated by 
multiplying their concentrations with the respective soil mass per 
m2 (volume-based soil sampling) and soil depth. For P, we included 
stones to estimate total “pedon P stocks” and excluded them to cal-
culate “soil fine earth P stocks”. The mafic parent material was as-
sumed not to contain N. Stocks of plant nutrients were calculated by 
multiplying their concentrations with the determined biomass per 
hectare for the transects according to Moiseev et al. (2019, 2022). 
Pool sizes and N concentration of fine roots were taken from obser-
vations at a treeline in the South and Polar Urals (Solly et al., 2017). 
Understory biomass estimations were also taken from measure-
ments at treeline in the Polar and South Urals and at another site 
in the Khibiny mountains (Solly et al., 2017; Ushakova et al., 2003). 
For N and P stocks in understory biomass, it was assumed under-
story vegetation comprises of 80% branches and 20% leaves (Dawes 
et al., 2015). Nitrogen and P concentration in branches were taken 
from Uri et al. (2007). References and assumptions made to estimate 
N and P stocks in biomass are given in Table S8. To calculate P con-
tents in stones, the measured average F-apatite concentration of 
1.1% was used for the whole transect.

Statistical analysis was conducted in R (version 3.6.3, R Core 
Team, 2020). We used linear mixed effects models to assess the ef-
fect of elevation and vegetation on response variables. For that, we 
used the lmer() function from the R package lme4 (Bates et al., 2015). 
According to the experimental design, we included elevation as a 

continuous variable, vegetation (Tree vs. Open), and soil depth as fixed 
effects with an interaction between elevation and soil depth. The ran-
dom effect structure was modeled as following: plots nested in the 
seven elevation levels, nested in the two transects. As the dataset was 
unbalanced, type 3 sum of squares was used with the Anova() function 
from the R package car (Fox et al., 2019). Due to non-normal distrib-
uted residuals, most tested parameters were (log + 0.1)-transformed 
for the statistical analysis. p-Values were obtained with the R package 
lmerTest (Kuznetsova et al., 2017) and fixed effects were considered 
significant at p < .05; p-values between .05 and .1 were considered as 
marginally significant. Elevation was estimated as the difference to 
treeline position, allowing to scale for slight differences between the 
two transects. To test the effects of tree establishment in the tundra 
at treeline, we conducted an additional analysis for the uppermost 
three elevation levels, where vegetation of open areas consisted of 
tundra plants and trees grew in tree clusters.

3  |  RESULTS

3.1  |  Climate

Daily soil temperatures ranged from 0.03°C in tundra in April 
to 14°C in July in the forest at the lowest elevation (Figure  2). 
Soil temperatures in the rooting zone were consistently higher 
in the forest than in tundra throughout the year. Largest differ-
ences existed early in spring due to an earlier snow melt in the 
forest. In the growing season, mean soil temperatures differed 
by 1.4°C between tundra and forest. The length of the growing 
season with daily temperatures >3.2°C in the study year was 
132 days in tundra and 155 days in the forest. At the treeline, the 
mean soil temperature was 7.7°C during the growing season. Soil 
moisture showed no systematic pattern along the elevation tran-
sect (pElevation = .34) and no differences between tree canopy and 
open areas (pVegetation = .94) at the time of sampling in July 2017 
(Table  S3). Highest values were observed in the middle of the 
transect 60 m below treeline with gravimetric soil water contents 
(0–20 cm depth) of 52 ± 5% of moist soils.

3.2  |  Plant biomass and litter

Total aboveground tree biomass (foliage, branches, stem, and coarse 
roots) increased from 2.7 t dry mass ha−1 at the treeline to 36 t dry 
mass ha−1 in the low elevation forest (95 m below the treeline). Tree 
biomass N and P stocks followed the same increasing pattern with 
decreasing elevation (Figure  3). Above treeline, the largest N and 
P stocks were found in fine roots. Below treeline, N and P stocks 
increased with decreasing elevation. In low elevation forests, foli-
age showed the highest N and P stocks among plant biomass pools. 
Belowground biomass P stocks of coarse and fine roots were rather 
similar along the gradient, ranging from 0.6 to 0.8 g P m−2. Understory 
P stocks ranged from 0.1 to 0.35 g P m−2 (Figure 3; Table S8). Trends 
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    |  7 of 18FETZER et al.

F I G U R E  2 Annual course (July 2017 to July 2018) of mean daily soil temperature (rooting zone) measured in high elevation tundra and 
boreal forest plots at an elevational gradient in the Khibiny Massif, Kola Peninsula, Russia. Mean growing season temperature and growing 
season length of the vegetation types are shown in red and blue. Shaded areas represent standard error of the mean (tundra: n = 4, forest: 
n = 10). The dashed line indicates the threshold temperature for growing season determination (according to Körner & Paulsen, 2004).

F I G U R E  3 (a) Reconstructed changes in aboveground tree biomass since 1800 along the elevational gradient in the Khibiny Massif, Kola 
Peninsula, Russia, based on dendrochronological data linked to measured tree allometries (Data from Moiseev et al., 2022). (b) Nitrogen and 
(c) phosphorus stocks in different above- and belowground plant biomass compartments along the same gradients. Further details can be 
found in Table S8.
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were similar for belowground biomass N stocks, with values about an 
order of magnitude higher compared to P stocks (Figure 3; Table S8).

Foliage N and P concentrations of B. pubescens increased with 
decreasing elevation from treeline to the forest at low elevation 
from 25 to 40 g N kg−1 and from 2.6 to 4.8 g P kg−1, respectively 
(pElevation < .06 and .01, Table S5). The foliar mass ratios averaged 17 
for C:N, 166 for C:P, and 10 for N:P at treeline. The ratios decreased 
toward the low elevation forest by a factor of 0.6 (pElevation = .02, 
<.01, <.01, Figure 4). Birch foliage δ15N decreased from 1.9‰ in the 
uppermost trees at the treeline to −4.1‰ at the lowest elevation 
(pElevation < .01), but no consistent pattern was found in shed birch lit-
ter (Figure 4h). In understory plants, foliar N and P concentrations of 
Vaccinium (V. myrtillus and V. uliginosum) increased significantly with 
decreasing elevation (pElevation < .01).

The dry mass of the litter layer (L and F horizon) increased slightly 
from 1.7 ± 0.3 kg m−2 in tundra to 2.0 ± 0.5 kg m−2 in the forest at low 
elevation. Litter N and P concentrations increased with decreasing el-
evation from tundra to forest (pElevation = .04), with concentrations of P 
increasing from 0.9 g kg−1 in tundra to 2.7 g kg−1 at the lowest elevation 

in the closed forest. Concentrations of N approximately doubled from 
the highest to the lowest elevation. Accordingly, C:P and C:N ratios 
in the litter layer decreased toward lower elevations (pElevation < .01, 
Figure 4; Table S5). Litter C:N and C:P ratios were consistently lower 
under tree canopies than in open areas (pVegetation < .01 and .03), with 
strongest differences at the treeline, where vegetation of open areas 
was composed of tundra plants. The difference between tree canopy 
and open areas converged toward lower elevations, especially the lit-
ter C:N ratio (pElevation × Vegetation < .01, Figure 4).

3.3  |  Mineral soil

Along the elevation gradient, soil depth measured with a soil auger 
showed a significant increase of 5 cm with decreasing elevation 
(Figure  S2; Table  S2). In soil pits, soil depth did not show an el-
evational pattern (Table  S2), averaging 26.4 ± 8 cm. Soil texture 
at 10–20 cm depth consisted of 83% sand, 9% silt, and 8% clay. 
Elevation did not affect soil texture (Table S3). Soil pH decreased 

F I G U R E  4 Mass ratios of carbon (C), nitrogen (N), and phosphorus (P) concentrations and δ15N values of Betula pubescens leaves [upper 
panel, (a–d)] and litter [lower panel (e–h)] sampled in tundra and forest along an elevational gradient in the Khibiny Massif, Kola Peninsula, 
Russia.
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    |  9 of 18FETZER et al.

from 4.0 in the tundra to 3.5 in the forest (pElevation = .08). With soil 
depth, pH increased (pSoilDepth < .01) from 3.8 at 0–5 cm soil depth 
to 4.5 at 10–20 cm soil depth. Among plots in open areas in forest 
patches and below tree canopies, there was no statistically signifi-
cant difference in soil depth, total nutrient stocks, and stone content.

3.4  |  Total C, N, and P contents

3.4.1  |  Stones

Major minerals in selected stone samples from all elevational levels 
were Na-plagioclase (28 weight-%), K-feldspar (24 weight-%), and 
quartz (22 weight-%). F-apatite contents ranged between 0 and 3 
weight-%. Mineral concentrations were similar along the transects. 
The stone content of soil profiles decreased significantly toward 
lower elevations (pElevation < .01, Table S7) from 53 ± 17 kg m−2 in tun-
dra to 22 ± 3 kg m−2 in the forest at the lowest elevations. Accordingly, 
P stocks in stones decreased from tundra (117 ± 36 g P m−2) to forest 
(49 ± 7 g P m−2) (Figure 7).

3.4.2  |  Fine earth

In contrast to the litter layer, total C, N, and P concentrations 
in fine earth did not follow a linear trend along the elevational 
gradient in any soil depth (pElevation × SoilDepth < .01). There was also 
no statistically significant difference in total C, N, and P concen-
trations for each elevational level between open area and below 
tree canopies in any of the soil horizons (pVegetation = .84, .18, .29, 
Table S6), but C, N, and P concentrations decreased strongly and 
continuously with soil depth (pSoilDepth < .01, Table S6). Soil C:N ra-
tios in top- and subsoil increased with decreasing elevation from 
tundra to the closed forest at low elevation. Soil C:P ratios did not 
follow a linear trend along the transect, but rather increased from 
tundra toward former treelines (60–95 m below treeline) and then 
decreased again toward the low elevation forest in all soil depths, 
with a decrease toward deeper horizons.

Total fine earth C and N stocks (from litter down to bedrock) 
showed the smallest stocks in tundra, and increased slightly with 
decreasing elevation to the closed forests; the increase was, how-
ever, not statistically significant (pElevation = .14 and .15, Table  1). 
Average C and N stocks measured in fine earth were 8.8 ± 4 kg C m−2 
and 0.4 ± 0.2 kg N m−2, respectively. Separating the topsoil (0–10 cm 
soil) from subsoil (10 cm soil depth until bedrock) showed a diver-
gent elevation pattern for C and N stocks in top- and subsoils. While 
in the topsoil C and N stocks declined with decreasing elevation 
from tundra to forest, they increased in the subsoil (Figures 5 and 6). 
Total fine earth P stocks increased with decreasing elevation from 
0.06 kg m−2 in tundra to 0.10 kg m−2 in forest, but this increase was 
not significant (pElevation = .2). Total fine earth P in the topsoil was 
highest at the treeline (Figure 6), while subsoil fine earth P stocks 
consistently increased toward lower elevations.

3.5  |  Available N and P contents

Concentrations of KCl-extractable NH+

4
-N, PResin, and PBray in-

creased with decreasing elevation from tundra to the closed for-
est at all soil depths, with the strongest increase at 0–5 cm soil 
depth (Figures 6 and 7; Table S6; pElevation < .01). In the forest, both 
NH

+

4
-N and PResin showed higher concentrations in soils sampled 

under tree canopies than in open areas (pVegetation < .01 and .03; 
Table S6). The NO−

3
 concentrations in soil extracts remained below 

detection limits of 0.035 mg L−1.
In contrast to total N and P stocks in the pedon (i.e., fine earth and 

stones), available nutrient stocks (PResin, PBray, and KCl-extractable NH4) 
increased strongly with decreasing elevation (Table 1; pElevation < .01). 
At 0–10 cm soil depth, stocks of NH4-N and PResin increased by a fac-
tor of 22 and 8 from tundra to the closed forest at low elevation, re-
spectively (Figures 5 and 6). Soils showed on average 3.8 times higher 
NH4-N stocks under tree canopies than in open areas (pVegetation < .01; 
Table 1). At the treeline, soils under the canopies of the uppermost 
trees had 1.7- and 0.8-time higher stocks of NH4 and of PResin as com-
pared to the adjacent open area of the tundra (Table 1), but this effect 
was only significant for KCl-extractable NH4 (pVegetation < .05).

3.6  |  Phosphorus stocks in biomass, 
soils, and stones

Phosphorus stocks in biomass accounted only for ~0.3% of fine earth 
P stocks at treeline and 1.4% of fine earth P stocks in the low eleva-
tion forest (Figure 7). Fine earth P stocks and P in stones were in 
the same order of magnitude, however, with opposing trends along 
the elevational transect: In tundra, P stocks were higher in stones 
than in fine earth, and decreased toward lower elevations, parallel-
ing the increase in soil P (Figure 7). The ratio of stone P stocks in the 
whole profile to total P stocks in plant and soil was highest in tundra 
and decreased strongly from 1.8 to 0.5 in the forest at low elevation 
(Figure 8). The distribution of soil P within the soil profile changed 
along the transect, decreasing from a ratio of subsoil to topsoil P 
stock of 1.6 in tundra to 4.1 in the low elevation forest (Figure 8).

3.7  |  Microbial biomass, enzymatic activity, and 
C–N–P-release

Microbial biomass pools of C, N, and P in the soil at 0–10 cm did not 
change with elevation (Table S4). In contrast, the ratios of microbial 
C:N, C:P, and N:P became significantly smaller with decreasing eleva-
tion from tundra to forest (Figures 5 and 6; Table S4). Potential ac-
tivities of extracellular enzymes related to the C cycle (β-glucosidase, 
N-acetyl-glucosaminidase, and xylosidase) upscaled to activity per m−2 
and soil depth (0–10 cm) was highest in tundra, declining significantly 
with decreasing elevation (pElevation <  .02; Table  S4). Phosphatase 
activity was also highest in tundra and decreased toward lower el-
evation forests (Figures  5 and 6; pElevation < .01). Similarly, potential 
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activity of peptidase declined with declining elevation, but this de-
cline was smaller than for phosphatase and was only marginally sig-
nificant (pElevation < .1). As a result, the ratio of peptidase:phosphatase 
increased significantly from 0.13 in tundra to 0.30 in the low elevation 
forest (pElevation < .05, pElevation × Vegetation < .05).

Carbon mineralization from litter and soil during 3 weeks at 
15°C showed relatively little differences between tundra and 
treeline (Figure 9). In contrast, release of NH+

4
 and PO3−

4
, reflecting 

net N and P mineralization, was substantially higher for the litter 
layer sampled below tree canopies at treeline than under tundra 
vegetation (NH+

4
: pVegetation = .02, PO

3−

4
: pVegetation = .05) either 50 m 

above treeline or adjacent to the trees at treeline (Figure 9). Similar 
patterns were observed for the incubation of topsoils for net N 
mineralization, while net P mineralization did not differ between 

vegetation types (Figure 9). There was no net NO−

3
 release from 

any sample.

4  |  DISCUSSION

4.1  |  Improving N and P availability with forest 
advances

The transects at the Khibiny mountains represent an ideal natural set-
ting to investigate ecosystem C and nutrient pools and cycling in for-
est–tundra ecotones and to assess how they are affected by climate 
change-induced vegetation shifts across the treeline. Slopes are even, 
parent material is similar; soils have identical texture and moisture 

F I G U R E  5 Total fine earth nitrogen stocks (a), fine earth nitrogen stocks at 0–10 cm soil depth (b), fine earth KCl-extractable ammonium 
stocks at 0–10 cm soil depth (c), soil leucine amino-peptidase (LEU) activity at 0–10 cm soil depth (d), and microbial carbon to nitrogen ratios 
at 0–10 cm soil depth (e) determined along an elevational gradient in the Khibiny Massif, Kola Peninsula, Russia. Sites encompass tundra 
above treeline, “open areas” and “tree canopy” at treeline and at various elevation in the forest (mean ± standard error of five plots).

F I G U R E  6 Total fine earth phosphorus stocks (a), fine earth phosphorus stocks at 0–10 cm soil depth (b), resin extractable fine earth 
phosphorus at 0–10 cm soil depth (c), soil phosphatase activity at 0–10 cm soil depth (d), and microbial carbon to phosphorus ratios at 
0–10 cm soil depth (e) determined along an elevational gradient in the Khibiny Massif, Kola Peninsula, Russia. Sites encompass tundra above 
treeline, “open areas” and “tree canopy” at treeline and at various elevation in the forest (mean ± standard error of five plots).
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contents along the gradient, and soil pH showed a subtle linear decline 
with decreasing elevation. Moreover, total P stocks in the ecosystem 
(parent material + fine earth + biomass) remained constant along with 
elevation. Considering that, during vegetation changes, P is redistrib-
uted within the different ecosystem pools and that no P is lost from 
the ecosystem (e.g., through runoff loss), it is plausible to speculate 
that inherent site conditions were identical along the entire elevation 
gradient. We are therefore confident that the observed elevation pat-
terns in N and P cycling are representative for the effects of forest and 
tundra on nutrient relations. Given that the forest–tundra ecotone has 
been shifting slowly during the last millennium, lagging behind climate 

changes (Hagedorn et al., 2014; Shiyatov & Mazepa, 2011) and that 
reconstructed temperature in the Khibiny mountains varied by less 
than 2.5°C during the last 400 years (Kononov et al., 2009), we are cer-
tain that the upper and lower end of the transects had been continu-
ously covered by tundra and forest vegetation for at least centuries. 
Dendrochronological assessment along the same site revealed that the 
treeline ecotone has shifted upward by about 70 m in elevation over 
the last 50–60 years and the open forests became denser (Figure 3; 
Moiseev et al., 2019, 2022). Consequently, the elevations in between 
the uppermost and lowest level represent earlier stages of forest ex-
pansion into tundra with the uppermost trees being the “leading edge” 
of forest expanding upward.

Our results reveal that, while total N and P stocks in the ecosys-
tem hardly changed from tundra to the boreal forest at low eleva-
tion, the distribution among ecosystem pools was strongly altered. 
While P pools in parent material decreased from tundra at high el-
evation to the low elevation forest, N and P pools in biomass and 
in plant-available form in the soil strongly increased along the same 
trajectory. This pattern already emerged at the treeline, where soils 
sampled under the canopies of the uppermost trees showed higher 
contents of ammonium and plant-available resin P than those sam-
pled in adjacent tundra. This finding at the same elevational level 
indicates that the Positive effects of forest on soil nutrient availabil-
ity can largely be attributed to the presence of trees and that it goes 
along with the establishment of trees.

The overall increase in available N and P from tundra toward for-
est soils is mirrored in increasing nutrient contents in foliage of birch 
trees and in the two dominant dwarf shrub species of the under-
story vegetation along the same direction. In agreement, phospha-
tase and peptidase activity in the soil significantly decreased from 
tundra to the forest (Figures  5 and 6), suggesting that plants and 
microbes have to invest less in the production of N and P-acquiring 
enzymes to meet their nutrient demand. Moreover, the C:N:P ratios 
in microbial biomass decreased from the tundra toward the forest 

F I G U R E  7 Phosphorus stocks (mean ± standard error) in plant 
biomass, mineral soil fine earth, and stones along an elevational 
gradient in the Khibiny Massif, Kola Peninsula, Russia. Stock 
changes along with elevation are highlighted by applying smoothing 
splines with shaded areas showing the corresponding 0.95 
confidence intervals. Details on plant biomass phosphorus can be 
found in Figure 3.

F I G U R E  8 Stock ratios of different phosphorus (P) pools along an elevational gradient in the Khibiny Massif, Kola Peninsula, Russia. Ratio 
of P in stones and P in soil and plant biomass (a); ratio of P in subsoil (>10 cm soil depth, fine earth) and topsoil (litter + 0–10 cm soil depth, 
fine earth) (b). Ratios of soil P to PResin and ratios of P in stones to PResin (Figure S3).
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(Figures 5 and 6), which may also be regarded as an adaption of mi-
crobial communities to an improving nutrient availability either by 
adjusting their cellular composition (Camenzind et al., 2021) or by 
species shifts toward a greater abundance of bacteria as compared 
to fungi (Strickland & Rousk, 2010).

The increased N availability with forest expansion is in agree-
ment with the observed increases in extractable N contents in 
the Polar and South Urals (Solly et  al.,  2017), at Niwot Ridge in 
the Colorado mountains (Seastedt & Adams,  2001), in Patagonia 
(Thébault et al., 2014) and in five of seven of the globally studied 
treelines by Mayor et  al.  (2017). However, these findings conflict 
with the results of Clemmensen et al. (2021) in sub-arctic Sweden, 
where mineral N contents strongly decreased from a heath tundra 
toward a birch forest. One explanation for the discrepancy could 
be the contrasting soils with extraordinary shallow mineral soils, 
but thick organic layers in the Swedish study. Due to the wide C:N 
ratios and comparatively low N availability in these organic layers, 
N uptake by trees might have a substantial impact on available N 
pools in the soils, which in turn requires additional mining for N by 
ectomycorrhizal fungi, leading to decreasing SOM stocks from heath 
to birch forests (Clemmensen et  al.,  2021; Parker et  al.,  2015). In 

comparison, in the Khibiny mountains but also in the Urals (Kammer 
et al., 2009), mineral soils were comparatively well developed and 
stored more than 80% of N and total SOM stocks showed even a 
small increase from tundra to the forest (Table 1).

4.2  |  Positive litter feedback

One main reason for the higher soil N and P availability in the low 
elevation forests than in tundra appears to be the greater N and P 
release from decomposing organic matter in the forest (Figure 9), 
which supports of our first hypothesis of a positive litter feedback 
improving nutrient availability with forest expansion. Trees and 
understory plants in forest produced foliage and litter with signifi-
cantly narrower C:N:P ratios than in tundra. Consistent with the 
concept of critical threshold element ratios (Heuck & Spohn, 2016; 
Mooshammer et al., 2012), the net release of N and P remained neg-
ligible in tundra, while it was substantial in the forest. In the min-
eral soil, C:N and C:P ratios in fine earth did not differ significantly 
along the elevational gradient and also not between plots below tree 
canopies and open areas. Soils still showed higher net N release in 

F I G U R E  9 Mineralization rate of carbon (C), net release of dissolved ammonium and dissolved inorganic phosphorus (DIP) in litter [upper 
panel, (a–c)] and 0–5 cm topsoil [lower panel, (d–f)] sampled in tundra and forest along an elevational gradient in the Khibiny Massif, Kola 
Peninsula, Russia. Forest samples were collected under tree canopies and open areas with tundra plants either in at the highest elevation at 
tundra or 50 m lower at treeline.
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the presence of trees. We presume that this apparent conflict arises 
from the fact that mineralized SOM primarily originates from par-
ticulate OM, whose stoichiometry resembles that of litter materials 
(Hagedorn et  al., 2003). Consequently, net N and P release in the 
soil showed the same pattern as in litter with a strong increase from 
tundra toward the forest.

What drives plant and litter stoichiometry and consequently, 
nutrient release from decomposing organic matter? The main rea-
son for the pronounced differences between tundra and forest is 
very likely a species-specific stoichiometric homeostasis of plant 
tissues (Elser et  al.,  2010) with lichens and mosses in the tundra 
having lower nutrient concentrations than vascular plants (Asplund 
& Wardle, 2013). Along the transects studied, B. pubescens foliage 
showed rather high nutrient concentrations (on average 33 mg N g−1 
and 3.8 mg P g−1), exceeding values for adequate nutrient supply in 
temperate forests (Hong et  al., 2022), which can be attributed to 
the adaptation of trees against cold conditions (Güsewell,  2004). 
The narrow N:P ratio of tree foliage (<10) suggests that the nutri-
tional status of trees was better for P than for N, possibly due to the 
phosphorus-rich parent material, a mafic pluton with high contents 
of apatite (Kogarko, 2018) and the low soil pH allowing for apatite 
solubilization. Despite the P-richness of the parent material along 
the entire gradient, tundra litter remained P poor, released little P 
upon decomposition, and thus P availability in the soil remained 
low. Due to the species-specific nature of nutrient dynamics in the 
plant–soil system (Bowman et al., 2004), we assume that the positive 
litter feedback as observed here is particularly strong at the studied 
treeline where a dwarf shrub tundra characterized by low nutrient 
availability in the soil (Makarov et al., 2019) transitions into a birch 
forest shedding nutrient-rich broadleaf litter. In contrast, treelines 
with coniferous trees produce litter with lower nutrient contents 
(Dawes, Schleppi, Hättenschwiler, et al., 2017), which potentially re-
lease little N and P during their decomposition, but further studies 
are needed to identify the impact of species identity on nutrient dy-
namics across treelines.

In addition to the positive litter feedback, the more favorable 
soil climate in the “sheltered” forest than in the “exposed” tundra 
might have promoted nutrient release and thus, contributed to the 
increased nutrient availability in the forest (Kammer et al., 2009). In 
support, a 4°C experimental soil warming at an Alpine treeline in-
duced a 60% increase in KCl-extractable mineral N contents (Dawes, 
Schleppi, & Hagedorn,  2017). In comparison, measured increases 
in temperature between tundra and closed forest of the studied 
treeline were only 1.3°C during the vegetation period and 0.3°C 
during winter. We therefore assume that direct temperature effects 
were too small to explain the observed 22- and 8-time increase in 
available mineral N and P stock in the soil, respectively. Soil moisture 
could be an additional abiotic driver of nutrient availability which 
can change across treelines as a result of an altered evapotranspira-
tion and/or the trapping of snow by the forest canopy (Seastedt & 
Adams, 2001). For the treeline ecotone studied, however, it seems 
unlikely that soil moisture was important as the Khibiny mountains 
receive rather high amounts of precipitation (on average 930 mm 

per year). In agreement, our measurements of gravimetric water 
contents revealed rather “optimal” water contents of about 50% 
(per moist soil at 0–20 cm depth), and at sampling, soil moisture 
did not vary significantly with elevation and vegetation across the 
treeline ecotone. In comparison to net N and P release and against 
our expectation, C mineralization in the litter layer and soil was only 
slightly higher (<30%) in the forest than in tundra. Possibly, the 
positive effects of narrower C:N:P ratios on decomposition were 
partly outbalanced by greater contents of structural components 
such as lignin in forest than in tundra litter, which suppresses de-
composition (unpublished data; for a general comparison between 
lichens, mosses, and vascular plants, see Asplund & Wardle, 2013; 
Hagemann & Moroni, 2015). Although C mineralization in the forest 
possibly increases with warmer temperatures along the 200 m gra-
dient in elevation from tundra toward forest (Figure 2), this increase 
appears too small to cause the manifold increase in nutrient release 
and available nutrients in the soil. This further supports the impor-
tance of organic matter stoichiometry for the increased release of 
mineral nutrients toward the forest.

4.3  |  Positive weathering feedback

One additional reason for the improving nutrient supply with for-
est development in the case of P could be enhanced P release and 
acquisition from bedrock in the forest (Hedin et al., 2003; Prietzel 
et al., 2013; Richardson et al., 2004). In accordance with our second 
hypothesis of an increased soil development and weathering from 
tundra toward forest, soils were about 5 cm deeper and less stony 
in the forest at lower elevation than in tundra. The increase in fine 
earth is accompanied by a transition in soil type from Leptosols in 
tundra—a soil type from early development stages, although the 
area became deglaciated only about 8000 years ago—to Podzols in 
the boreal forest at lower elevation. The advanced weathering in the 
boreal forest might partly be ascribed to the more favorable soil cli-
mate (Hartmann et al., 2014; White et al., 1999) with higher soil tem-
peratures in summer and winter and a 20-day longer growing season 
in the forest than in tundra (Figure  2). Freeze–thaw cycles might 
have additionally contributed to weathering (Augusto et al., 2017), 
although in the year of measurement, soil temperature never 
dropped below zero along the entire transect (Figure 2). However, 
it seems likely that trees have additionally promoted weather-
ing as well as nutrient acquisition by their deeper rooting system 
and their association with ectomycorrhizal fungi. Ectomycorrhizal 
fungi are regarded as rock-weathering fungi, potentially enhancing 
the dissolution of P-containing minerals, primarily by the release 
of low-molecular weight organic acids (Landeweert et  al.,  2001; 
Van Breemen, Finlay, et  al.,  2000; Van Breemen, Lundström, & 
Jongmans, 2000; Wallander & Hagerberg, 2004). In our study, an 
increasing activity of ectomycorrhizal fungi with forest densification 
is supported by decreasing δ15N values in tree foliage from treeline 
toward the boreal forest, which can be attributed to the isotopic 
fractionation during N transfer from mycorrhizal fungi to host plants 
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(Hobbie & Högberg, 2012). An additional reason for the enhanced 
weathering could be a stronger SOM mineralization, promoting the 
release of protons and soil acidification, which in turn increases the 
release of P from solubilized apatite and hence, P availability.

Independent on the relative importance of microclimate, rhizo-
sphere mining, or acidification on weathering and soil development, 
our results strongly suggest that the advanced soil development af-
fected the distribution of P pools. Phosphorus stocks in stones as 
compared to those in plants and soil fine earth—reflecting P release 
upon weathering—were almost 50% smaller in forest than in tun-
dra (Figure 8a). The advanced soil development in the low elevation 
forest is supported by the comparison between sub- and topsoil P 
(Figure 8b): In the tundra, the ratio is smallest and triples toward the 
forest at lower elevation. The increase of subsoil P is likely related 
to the weathering of the parent material, while the decrease of P 
in the topsoil is likely due to the uptake by plants or to a stronger 
vertical translocation in the podzolized soil of the boreal forest. The 
latter is supported by the changing depth distribution of SOM along 
the elevational gradient. Tundra topsoils (down to 10 cm depth) had 
significantly greater SOC contents than those in the low elevation 
forest, while subsoils exhibited the opposite trend.

4.4  |  Nutrient accumulation in biomass

In support of our third hypothesis, our study documents a strong 
increase in the binding of N and P in living tree biomass from tundra 
toward the low elevation forest. Nevertheless, pool sizes of avail-
able N and P showed a strong increase with the presence of trees, 
indicating that positive effects on nutrient availability—by an en-
hanced nutrient release during organic matter decomposition and 
from weathering—were quantitatively more important than binding 
of N and P in tree biomass. Forest biomass P stocks equaled approxi-
mately the amount of P extracted by resin in the uppermost 10 cm 
of soil. However, these nutrient amounts accumulated in increas-
ing tree biomass during 120 years (when forests started to estab-
lish 70 m below treeline; Moiseev et al., 2022). Therefore, P binding 
rates in forest biomass were small as compared to the available P 
pool in the soil, despite the striking increase of tree biomass P from 
tundra toward forest. In comparison to P, binding of N in biomass 
was quantitatively more important. The N storage in forest biomass 
exceeded the KCl-extractable NH4 pool in the soil by a factor of 20. 
Although extractable N represents only a snapshot in time, the pool 
distribution strongly suggests that binding of N can reduce the avail-
able N pool in the soils, thereby tightening N cycling. Ultimately, this 
may induce a shortage in N, as it has been observed with affores-
tation and during forest succession in temperate regions, where N 
accumulation rates in biomass are about a magnitude greater than at 
treelines (Compton et al., 2007; Lovett et al., 2018; Uri et al., 2007; 
Vitousek & Reiners, 1975). The comparison of N and P pools in soils 
and plants strongly suggests that nutrient accumulation in biomass 
is quantitatively more important for N than for P, which is supported 
by the decrease of N:P ratios in foliage of birch trees from 9.7 ± 0.2 

(mass ratio) at the treeline to 8.1 ± 0.3 in the boreal forest. This sug-
gests that nutrient cycling improves slower with proceeding forest 
development for N than for P.

4.5  |  Summary and implications

Taken together, our results document that treelines represent 
a natural boundary for N and P cycling in ecosystems with N and 
P availabilities in the soil showing strong increases from tundra, 
through the uppermost tree islands emerging at the treeline, to the 
birch-dominated boreal forest. We presume that the slight tempera-
ture changes across the treeline only make a minor direct contri-
bution to the enhanced N and P cycling. Instead, the increased soil 
N and P availability possibly results from the combined effects of 
a positive litter feedback with the establishment of trees, a more 
efficient exploitation of soils by trees, and an enhanced weather-
ing releasing P from stones. These effects apparently outbalance 
an increased accumulation of nutrients in above- and belowground 
biomass—hypothesized to “tighten” nutrient cycling with forest suc-
cession (Odum, 1969). One reason might be that even in the lowest 
forest stand 140 m below the treeline, tree growth is still slow, and 
the forest canopy is not closed yet, and therefore, nutrient accu-
mulation in biomass remains relatively low. We can therefore not 
exclude that the observed improved nutrient availability toward the 
forest represents only a transient stage; and N and P availabilities ul-
timately decline with a further accumulation of nutrients in biomass, 
as observed in forest successions or afforestation on former grass- 
and cropland under more favorable climatic conditions with faster 
growing trees (Compton et al., 2007; Lovett et al., 2018; Weber & 
Bardgett, 2011). The consideration of boreal forests as nutrient-poor 
ecosystems (Augusto et al., 2017) would support this notion.

The increase in soil N and P availability from tundra toward forest 
observed here and at other treelines (Mayor et  al., 2017) and the 
improved nutritional status of microbes and plants strongly suggest 
a shift from an organic to an inorganic nutrient economy (DeForest 
& Snell, 2020) from tundra toward forest. This potentially impacts 
treeline dynamics in a warming climate. Once trees are established, 
the positive effect on soil fertility might have contributed to the den-
sification of forests during the last decades (Moiseev et al., 2019) and 
the strong growth enhancement below treeline with a 5- to 10-fold 
increase in forest stand productivity within a 100-m decline in el-
evation (Hagedorn et  al., 2020). Conversely, the very low nutrient 
availability in tundra may impede the establishment of trees at the 
“leading edge,” thereby contributing to the retarded treeline ad-
vances in a changing climate.
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Figure S1: Representative photographs of the soil profiles and understory vegetation for each 

elevational level.  
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Table S1: Characterization of the vegetation within the elevational transect 

Tundra:  

Dwarf shrubs: 
Vaccinium uliginosum, Vaccinium myrtillus, Betula nana Empetrum 
hermaphroditum, Dryas octopetala, Arctostaphylos alpine, Arctostaphylos 
uva-ursi, Salix polaris, S. herbacea, Loiseleuria procumbens, Harrimanella 
hypnoides 

Grasses: 
Carex bigelowii, Festuca ovina, Cassiope tetragona, Ledum palustre, 
Diapensia lapponica, Luzula arcuate, Silene acaulis 

Mosses: 
Polytrichum piliferum, Racomitrium lanuginosum, Dicranum spp., 
Pleurozium schreberi, Ptilidium ciliare 

Lichens: 
Cetraria islandica, Cladonia stellaris, Flavocetraria nivalis, Nephroma 
arcticum, Alectoria ochroleuca 

Treeline dominant species:  

 
Betula pubescens ssp. czerepanovii 

Low elevation forest:  

 
Betula pubescens ssp. Czerepanovii and Picea obovata Ledeb 

 

Danilova A.D., Koroleva N.E., Novakovsky A.B. Differentiation of flora and vegetation of the 

tundra and fjell field in Khibiny and Lovozero massif (Kola Peninsula). Transactions of the Kola 

Science Centre of RAS. Series: Natural Sciences and Humanities. 2022. Vol. 1, No. 2. P. 129–

139. 
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 Soil depth along the transect 

 

Figure S2: Mean soil depth with standard error for each elevation level measured with a soil 

auger.  

 

 

Table S2: Mean soil depth with standard error for each elevation level, measured (A) with a 

soil auger and (B) in the soil pits. 

A 

Distance from 

treeline [m] 
50 0 -25 -60 -95 -120 -140 

Average [cm] 17.43 22.10 19.81 21.68 19.91 24.14 23.68 

STDEV 14.85 14.62 14.06 12.09 11.69 12.75 10.25 

SE 1.79 1.79 1.72 1.41 1.41 1.67 1.27 

n 69 67 67 73 69 58 65 

 

B 

Distance from 

treeline [m] 
50 0 -25 -60 -95 -120 -140 

Average [cm] 28.03 28.89 23.20 24.72 32.02 23.46 24.72 

STDEV 7.86 8.21 8.17 6.22 9.56 9.45 8.09 

SE 1.29 1.22 1.63 0.93 1.37 1.75 1.18 

n 37 45 25 45 49 29 47 
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Table S3: Soil texture, pH-values, and PBray in the soil of 0-10 cm depth and gravimetric water 

content (GWC) in the soil of 0-20 cm depth sampled under tree canopies or open areas along 

the gradient from tundra at high elevation to the boreal forest at low elevation. Means and 

standard errors are given. Statistical significances of the fixed effects Elevation, Vegetation 

(Open area vs. Tree canopy), and their interaction were estimated with linear mixed-effect 

model. 

Elevation 
from 

Eco-
system 

Vege-
tation 

Sand Silt Clay pH 
GWC (0-20 
cm, in %) 

PBray (0-10 cm) 

treeline   % % % Mean SE Mean SE mg P/(m2*0.1m)  

50 Tundra Open 86 6 8 3.98 ±0.11 43.9 3.8 138 ±43 

0 Treeline Open 84 8 9 4.03 ±0.15 45.5 2.3 147 ±72 

  Tree 88 6 6 4.10 ±0.11 42.7 2.9 274 ±120 

-25 New Open 86 6 8 3.80 ±0.14 41.1 6.8 325 ±172 

 Forest Tree 87 8 5 3.65 ±0.11 36.4 0.3 310 ±23 

-60 New Open 79 10 11 3.51 ±0.10 49.2 5.3 467 ±57 

 Forest Tree 77 10 13 3.75 ±0.16 52.4 6.5 630 ±75 

-95 Older Open 81 10 9 3.87 ±0.19 40.2 5.3 407 ±192 

 Forest Tree 83 11 6 3.89 ±0.06 39.2 2.3 480 ±81 

-120 Older Open 85 7 9 3.47 ±0.17 43.9 0.2 684 ±262 

 Forest Tree 83 10 7 3.71 ±0.11 42.9 3.7 380 ±22 

-140 Old Open 77 16 7 3.59 ±0.09 36.1 2.1 896 ±473 

 Forest Tree 81 13 6 3.99 ±0.09 37.0 0.3 700 ±171 

Statistics      F p F p F p 

Elevation   n.d. n.d. n.d. 3.41 0.09 0.99 0.34 26.2 0.002 

Vegetation   n.d. n.d. n.d. 0.01 0.94 0.01 0.94 1.3 0.35 

Elevation x Vegetation  n.d. n.d. n.d. 0.27 0.61 0.1 0.76 0.74 0.47 

bold indicate p-values<0.05 
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Table S4: Microbial biomass carbon, nitrogen, and phosphorus (stocks), ratios of microbial C:N:P, potential activity of carbon related enzymes as 

the sum of β-glucosidase, N-acetyl-glucosaminidase, and xylosidase, and the ratio of peptidase-to-phosphatase in the soil of 0-10 cm depth sampled 

under tree canopies or open areas along the gradient from tundra at high elevation to the boreal forest at low elevation. Means and standard errors 

are given. Statistical significances of the fixed effects Elevation, Vegetation (Tree vs.Open), and their interaction were estimated with linear mixed-

effect model.     

Elevation 
from  

Eco-
system 

Vege- 
tation 

MB-C MB-N MB-P Microbial Microbial Microbial 
C-related  
enzyme activity 

Peptidase-to- 
phosphatase  

treeline   gC/(m2*0.1m) gN/(m2*0.1m)    P/(m2*0.1m) C:N C:P N:P mmol/(m2*h) activity 

50 Tundra Open 2751 ±403 407 ±68 119 ±27 6.94 ±0.31 27.9 ±3.8 4.07 ±0.56 166.8 ±29.9 0.10 ±0.02 

0 Treeline Open 3666 ±687 626 ±143 141 ±38 6.17 ±0.53 29.2 ±5.8 5.18 ±1.57 112.2 ±13.4 0.14 ±0.03 
  Tree 2388 ±449 413 ±86 90 ±13 5.90 ±0.31 26.6 ±4.6 4.48 ±0.63 164.2 ±42.3 0.13 ±0.03 

-25 New Open 2468 ±496 359 ±48 108 ±14 6.79 ±0.54 23.2 ±4.4 3.36 ±0.39 154.0 ±24.1 0.15 ±0.05 
 Forest Tree 2085 ±9.7 462 ±103 99 ± 9 4.87 ±1.07 21.4 ±2.1 4.89 ±1.49 125.4 ±30.3 0.09 ±0.01 

-60 New Open 2614 ±394 495 ±57 217 ±35 5.26 ±0.47 12.7 ±2.1 2.39 ±0.30 120.3 ±22.4 0.09 ±0.02 
 Forest Tree 3100 ±792 761 ±197 215 ±44 4.19 ±0.47 14.4 ±2.5 3.42 ±0.37 106.3 ±23.4 0.19 ±0.07 

-95 Older Open 2123 ±812 365 ±111 174 ±46 5.56 ±0.66 11.4 ±2.6 2.02 ±0.36 72.4 ±21.0 0.12 ±0.02 
 Forest Tree 1741 ±314 483 ±99 175 ±41 3.92 ±0.64 12.6 ±3.8 3.13 ±0.49 77.6 ±15.6 0.20 ±0.03 

-120 Older Open 2215 ±301 371 ±75 121 ±30 6.13 ±0.61 20.2 ±4.0 3.40 ±0.80 124.4 ±42.9 0.07 ±0.01 
 Forest Tree 2750 ±1006 582 ±258 163 ±79 5.10 ±0.43 18.8 ±2.3 4.18 ±0.25 90.7 ±30.3 0.17 ±0.05 

-140 Old Open 961 ±197 255 ±119 86 ±25 6.13 ±2.55 12.1 ±1.7 2.80 ±0.77 66.9 ±33.6 0.17 ±0.05 
 Forest Tree 2234 ±971 485 ±204 118 ±32 5.87 ±2.45 20.5 ±6.7 3.96 ±1.04 46.2 ±52.8 0.41 ±0.06 

Statistics   
F p F p F p F p F p F p F p F p 

Elevation   
4.3 0.047 0.17 0.69 1.14 0.29 8.1 0.008 13.87 0.0008 5.66 0.024 10.6 0.017 6.1 0.048 

Vegetation   
0.74 0.4 4.8 0.04 0.01 0.94 4.97 0.038 0.57 0.46 6.31 0.021 0.07 0.78 10.4 0.004 

Elevation x Vegetation  
3.53 0.075 2.15 0.16 1.6 0.22 0 0.94 0.79 0.38 0.49 0.49 0.86 0.36 8.6 0.008 

bold indicate p-values<0.05 
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Table S5: Foliage and litter data and results of linear-mixed effect models (model <- lmer(SoilC.N ~ Elevation * Vegetation + (1|Transect/ ElevLevel), 

REML = T, data = logS_D1) of element contents of foliage of Betula pubescens and of the litter layer sampled under tree canopies or open areas 

along the gradient from tundra at high elevation to the boreal forest at low elevation.   

Elevation 
from treeline  

Eco-
system 

Vege- 
tation 

Betula 
Foliage 

N 

Betula 
Foliage 

P 

Betula 
Foliage 

C:N 

Betula 
Foliage 
   C:P 

Betula 
Foliage 

N:P 

Betula 
Foliage 
δ15N 

Litter 
layer  

 N 

Litter  
layer 

 P 

Litter 
layer  
C:N 

Litter 
layer 
C:P 

Litter 
layer 
N:P 

Litter 
layer 
δ15N 

   mg N kg-1 mg P kg-1 - - - ‰ g N kg-1 g P kg-1  -  -  - ‰ 

50 Tundra Open       11.78 1.07 37.97 412.07 10.96 -3.89 

0 Treeline Open       11.58 1.10 38.82 404.35 10.54 -3.11 

  Tree 28272.50 2853.49 16.81 166.33 9.90 0.54 19.60 1.55 24.28 316.17 12.89 -1.15 

-25 New Open       13.96 NA 33.56 NA NA -2.58 

 Forest Tree 31515.00 3431.16 15.11 138.60 9.18 0.32 21.22 NA 22.00 NA NA -0.95 

-60 New Open       18.37 1.60 25.93 298.48 11.51 -3.02 

 Forest Tree 34972.50 4192.45 13.49 113.51 8.39 -1.84 21.56 1.99 21.72 236.01 10.87 -1.82 

-95 Older Open       16.86 1.81 29.08 274.54 9.41 -1.80 

 Forest Tree 36125.00 4137.08 13.19 118.26 8.87 -1.05 22.84 2.10 20.02 219.58 10.95 -0.43 

-120 Older Open       19.42 NA 23.29 NA NA -1.81 

 Forest Tree 32390.00 3966.85 14.46 120.50 8.27 -2.55 20.31 NA 22.12 NA NA -1.56 

-140 Old Open       18.75 2.41 22.44 175.78 7.85 -1.56 

 Forest Tree 32996.67 4140.05 13.98 111.46 8.00 -2.17 19.67 2.32 22.87 193.54 8.54 -1.62 

   
F-value F-value 

F-
value 

F-
value F-value 

F-
value F-value 

F-
value F-value F-value 

F-
value F-value 

Elevation   4.04† 10.31** 13.2** 0.69 1.14 0.29 7.24* 77.0*** 11.0** 54.52***  2.44 

Vegetation   n.d. n.d. n.d. n.d. n.d. n.d. 55.84*** 11.0** 46.54*** 5.36*  35.06*** 
Elevation x 
Vegetation 

 n.d n.d n.d n.d n.d n.d 18.5** 2.0 14.81** 0.237  12.22** 

Significance levels †p<0.10; *p<0.05; **p<0.01; ***p<0.001; bold indicate p-values<0.05 
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Table S6: Results of linear mixed effect model of soil nutrient concentrations for all soil layers. 

  SoilC_log SoilN_log SoilP_log 

  DF F value p value  DF F value p value  DF F value p value  

Elevation 1 0.421 0.53   1 0.881 0.37   1 0.973 0.35   

Soil depth 4 88.986 <0.01 ** 4 76.017 <0.01 ** 4 36.441 <0.01 ** 

Vegetation 1 0.042 0.84   1 1.835 0.18   1 1.146 0.29   

Elevation x  
Soil depth 

4 8.238 <0.01 ** 4 11.617 <0.01 ** 4 39.065 <0.01 ** 

Elevation x 
Vegetation 

1 0.088 0.77   1 1.04 0.31   1 0.29 0.59   

Soil depth: 
Vegetation 

4 0.687 0.60   4 1.86 0.12   4 1.968 0.10   

Elevation x Soil 
depth x Vegetation 

4 0.367 0.83   4 0.71 0.59   4 1.846 0.12   

  NH4.N_log ResinP_log Soil15N 

  DF F value p value  DF F value p value  DF F value p value  

Elevation 1 8.112 0.01 * 1 10.407 <0.01 ** 1 0.196 0.66   

Soil depth 2 3.011 0.05 + 1 109.439 <0.01 ** 4 404.66 <0.01 ** 

Vegetation 1 12.146 <0.01 ** 1 4.803 0.03 * 1 2.836 0.10   
Elevation x  
Soil depth 

2 11.534 <0.01 ** 1 0.873 0.35   4 3.645 <0.01 ** 

Elevation x 
Vegetation 

1 0.056 0.81   1 1.29 0.26   1 1.526 0.22   

Soil depth: 
Vegetation 

2 7.825 <0.01 ** 1 1.859 0.18   4 7.699 <0.01 ** 

Elevation x Soil 
depth x Vegetation 

2 3.438 0.04 * 1 0.744 0.39   4 2.662 0.03 * 

  MBC_log MBN_log MBP_log 

  DF F value p value  DF F value p value  DF F value p value  

Elevation 1 2.572 0.13   1 0.605 0.45   1 1.291 0.28   

Soil depth 1 55.934 <0.01 ** 1 100.18 <0.01 ** 1 52.976 <0.01 *** 

Vegetation 1 0.134 0.72   1 0.425 0.52   1 0.208 0.65   

Elevation x  
Soil depth 

1 0.138 0.71   1 0.755 0.39   1 0.759 0.39   

Elevation x 
Vegetation 

1 1.359 0.25   1 0.787 0.38   1 0.053 0.82   

Soil depth: 
Vegetation 

1 0.351 0.56   1 0.008 0.93   1 0.053 0.82   

Elevation x Soil 
depth x Vegetation 

1 1.993 0.16   1 1.31 0.26   1 0.267 0.61   

Significance levels †p<0.10; *p<0.05; **p<0.01; bold indicate p-values<0.05 

 

  



N and P dynamics in a treeline ecotone - Supplementary material 

9 

Table S7: Results of linear mixed effect models of soil properties and carbon and nutrient 

stocks.  

  SoilDepth SoilMass logStones 

  
DF 

F 
value 

p 
value 

. DF 
F 

value 
p value . DF F value p value  

Elevation 1 0.14 0.71   1 7.30 0.02 * 1 9.29 <0.01 ** 

Vegetation 1 0.15 0.70   1 1.11 0.30   1 0.22 0.64   

Elevation x 
Vegetation 

1 0.23 0.63   1 0.50 0.48   1 0.15 0.70   

                          

  logSoilC SoilN logSoilP 

  
DF 

F 
value 

p 
value 

 DF 
F 

value 
p value  DF F value p value Sign. 

Elevation 1 2.30 0.14   1 2.13 0.15   1 1.87 0.20   

Vegetation 1 0.31 0.58   1 0.04 0.83   1 0.19 0.66   

Elevation x 
Vegetation 

1 0.07 0.79   1 0.06 0.81   1 0.07 0.79   

                          

  log_ResinP log_NH4.N         

  
DF 

F 
value 

p 
value 

 DF 
F 

value 
p value  

        

Elevation 1 16.89 <0.01 *** 1 8.78 0.01 **         

Vegetation 1 4.86 0.03 * 1 2.84 0.10 +         
Elevation x 
Vegetation 

1 3.00 0.09 + 1 1.30 0.26   
        

                          

  log_Ptase log_LEU   

  
DF 

F 
value 

p 
value 

 DF 
F 

value 
p value          

Elevation 1 15.33 <0.01 *** 1 2.17 0.16           

Vegetation 1 0.07 0.79   1 0.14 0.71           

Elevation x 
Vegetation 

1 0.19 0.67   1 0.90 0.35           

Significance levels †p<0.10; *p<0.05; **p<0.01; ***p<0.001; bold indicate p-values<0.05 
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Phosphorus and nitrogen stocks in different biomass and soil pools 

Table S8: Nitrogen (N) and phosphorus (P) concentrations and stocks in different above- and 

belowground compartments along the elevational transect 

 Nitrogen  Tundra 
sparse 
treeline 

open 
forest 

current 
closed 
forest 

past 
closed 
forest Data Source Reference 

 Level  0 1 3 5 7   
Tree 
Biomass Total g/m2 0 160 760 1530 2750 this site Moiseev et al. (2022) 

 Foliage g/m2  31.9 148.7 302.9 544.5 this site Moiseev et al. (2022) 

 Branches g/m2  7.0 31.5 127.2 228.6 this site Moiseev et al. (2022) 

 Stem g/m2  121.1 579.8 1099.9 1976.9 this site Moiseev et al. (2022) 

 Coarse roots g/m2  108.2 291.8 469.7 844.3 

Ratio above/below 
for Betula forest at 
treeline in 
Northern Ural 

Hagedorn et al. 
(2020) 

 Fine roots g/m2 661 491 424.5 400 300 
Average South and 
Polar Ural Solly et al. (2017) 

 

Understory-
foliage g/m2 100 100 100 100 80 

Average South and 
Polar Ural Solly et al. 2017 

 

Understory-
branches g/m2 400 400 400 400 300 

Ratio between 
foliage and 
branches Dawes et al. (2015) 

N conc. N-foliage mgN/g  28.27 31.52 36.13 33.00 This study  

 N-branches mgN/g  6.06 6.06 6.06 6.06  Uri (2007) 

 N-Stem mgN/g  1.85 1.85 1.85 1.85 This study  

 

N-coarse 
roots mgN/g  1.85 1.85 1.85 1.85 

Assumed to 
correspond to 
wood  

 N-Fine roots mgN/g 11.50 11.50 13.95 14.33 17.00 
Average South and 
Polar Ural Solly et al. (2017) 

 

N-Understory 
Foliage mgN/g 11.06 24.20 27.41 32.97 33.27 This study  

 

N-
Understory-
branches mgN/g 5 5 5 5 5 

estimated from 
Dawes et al. (2015)  

N Pools N-foliage gN/m2 0.00 0.90 4.69 10.94 17.97     

  N-branches gN/m2 0.00 0.04 0.19 0.77 1.38     

  N-Stem gN/m2 0.00 0.22 1.07 2.03 3.65     

  
N-Coarse 
Roots gN/m2 0.00 0.20 0.54 0.87 1.56     

  N-Fine Roots gN/m2 7.60 5.65 5.92 5.73 5.10     

  N Understory gN/m2 3.11 4.42 4.74 5.30 4.16     

  
Total N-
Biomass gN/m2 10.71 11.43 17.15 25.64 33.82     

P conc. P-Foliage mgP/kg  2853.5 3431.2 4137.1 4140.1 This study  

 P-branches mgP/kg  493.0 493.0 493.0 493.0  Uri (2007) 

 P-stem mgP/kg  196.3 196.3 196.3 196.3 This study  

 

P-coarse 
roots mgP/kg  196.3 196.3 196.3 196.3 

based on N 
concentrations 
and N:P ratio of 
foliage  

 P-fine roots mgP/g  1150.0 1160.7 1518.8 1640.5 2133.0 
based on N concentrations assuming the 
N:P ratio of foliage 
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P-Understory 
Foliage mgP/kg 1052.4 2588.7 3421.6 4731.4 4433.2 This study  

 

P-Understory 
Branches mgP/kg 500 500 500 500 500 

based on N concentrations assuming the 
N:P ratio of foliage 

P Pools P-Foliage gP/m2 0.000 0.091 0.510 1.253 2.254     

  P-branches gP/m2 0.000 0.003 0.016 0.063 0.113     

  P-stem gP/m2 0.000 0.024 0.114 0.216 0.388     

  
P-coarse 
roots gP/m2 0.000 0.021 0.057 0.092 0.166     

  P-fine roots gP/m2 0.760 0.570 0.645 0.656 0.640     

  P-understory gP/m2 0.105 0.259 0.342 0.473 0.355     

  
Total P 
Biomass gP/m2 0.865 0.968 1.684 2.753 3.915     

 Tree-biomass  0.000 0.118 0.640 1.532 2.755   

 

Below-ground 
biomass  0.760 0.591 0.702 0.748 0.806   

           

 

Total N:P 
ratio  12.37 11.81 10.18 9.31 8.64   
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Ratio of different phosphorus pools along the transect 
(a) (b) 

 

[-] 

 

[-] 

Figure S3: Ratios of phosphorus (P) stocks of different P pools along the elevational transect. 

(a) Ratio of total soil P to resin extractable soil P (PResin); (b) Ratio of skeleton P to resin 

extractable P. 
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