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Abstract

Due to climate warming, forests are expanding to higher elevations and latitudes at the expense of tundra vegetation. While

the subsequent increase in aboveground biomass is well-documented, there is much speculation regarding the effects on soil

organic carbon (SOC) stocks. To provide insight into the consequences of tree encroachment into treeless tundra, we sampled

SOC stocks across 36 forest-tundra ecotones along a 1100 km latitudinal gradient in Norway. Our results show that SOC stocks

vary greatly within, as well as among treeline ecotones, and that tree biomass and tree species are not correlated with this

variability. Instead, SOC stocks increase with temperature, and vary with slope steepness, slope aspect, and soil parent material.

Applying a ‘space-for-time substitution’ perspective, our findings suggest that tree encroachment into tundra is unlikely to have

immediate consequences for SOC stocks.
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Abstract 

Due to climate warming, forests are expanding to higher elevations and latitudes at the 

expense of tundra vegetation. While the subsequent increase in aboveground biomass is well-

documented, there is much speculation regarding the effects on soil organic carbon (SOC) 

stocks. To provide insight into the consequences of tree encroachment into treeless tundra, we 

sampled SOC stocks across 36 forest-tundra ecotones along a 1100 km latitudinal gradient in 

Norway. Our results show that SOC stocks vary greatly within, as well as among treeline 

ecotones, and that tree biomass and tree species are not correlated with this variability. Instead, 

SOC stocks increase with temperature, and vary with slope steepness, slope aspect, and soil 

parent material. Applying a ‘space-for-time substitution’ perspective, our findings suggest that 

tree encroachment into tundra is unlikely to have immediate consequences for SOC stocks. 
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Introduction 

One of the most striking ecotones is the treeline, which denotes the transition from 

forests to alpine or arctic tundra in temperate and boreal regions1. Elevational and latitudinal 

treeline shifts are well-studied and ecologically highly important examples of climate change-

driven shifts in species distributions2–4, which have the potential to proceed rapidly. In the 

Swedish Scandes, for instance, mountain birch (Betula pubescens ssp. czerepanovii), Scots 

pine (Pinus sylvestris), and Norway spruce (Picea abies) forests have shown elevational range 

expansions up to 200 meters over the last century5. In Alaska, white spruce (Picea glauca) 

populations have been invading Artic tundra at a speed >4 km per decade6.  

Trees substantially modify abiotic soil conditions, and have a major impact on the 

composition and productivity of co-occurring biotic communities. As such, tree encroachment 

into tundra is likely to have profound implications for numerous ecosystem processes4. At 

present, there is great concern regarding the consequences for the global carbon (C) cycle. 

Despite having a relatively low plant productivity, and thus, small aboveground C stocks, 

tundra communities are important in terms of C storage due to their soil organic carbon (SOC)7–

10. As a result of tree colonization, a portion of this SOC could get released into the atmosphere 

as CO2 or CH4, thereby providing a positive feedback to climate change3,4. It remains, however, 

unclear to what extent a shift from tundra to forest impacts SOC stocks.  

Given the complex interactions between the numerous biotic and abiotic drivers of SOC 

dynamics11, it is plausible that study sites exhibit varying responses to treeline shifts. Overall, 

three main scenarios may occur3,7: (1) the increase in aboveground biomass can result in larger 

SOC stocks due to increased litter deposition; (2) forest expansion can cause a reduction in 

SOC stocks due to increased decomposition rates, and; (3) changes in litter input and 

decomposition rates can balance each other out. In some study sites, field studies found that 

the replacement of heath tundra with deciduous shrubs and trees accelerates decomposition by 

increasing the abundance of ectomycorrhizal and saprotrophic fungi12–14. Moreover, shrubs and 

trees seem to stimulate winter decomposition through increased snow accumulation and 

insulation of the soil15. During the growing season, however, an increased vegetation cover 

may slow down decomposition by providing shade and cooling the soil16. Moreover, forest 
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expansion could affect SOC turnover differently depending on the type of tundra vegetation 

that is being replaced7,17, and the tree species that is invading the tundra. Tree species affect 

soil properties in numerous ways, for instance due to differences regarding litter quantity, litter 

quality, root activity, and light transmittance through the tree crown18,19. Additionally, the 

effects of forest expansion on SOC may in some localities be limited due to a relatively greater 

importance of physicochemical constraints on decomposer activity (e.g. anoxia in waterlogged 

soils)12. Unsurprisingly, the literature reports diverging results. Across some treeline ecotones, 

forest soils seem to store less SOC compared to adjacent tundra soils12,13,17,20–23, while other 

treeline ecotones store similar amounts of SOC above- and below the treeline23,24. 

Currently, only few studies have sampled SOC stocks across the forest-tundra ecotone, 

and their measurements apply to a small number of study sites17,23. To make meaningful 

generalizations about the implications of treeline shifts, it is crucial to consider data from a 

wide diversity and geographic range of study sites. We therefore quantified SOC stocks in 36 

forest-tundra ecotones spread along a 1100 km long latitudinal gradient in the Norwegian 

mountain range. The study sites represent a broad range of regional climates, topography, and 

vegetation communities, and include three different tundra-invading tree species, i.e., mountain 

birch (Betula pubescens ssp. czerepanovii), Norway spruce (Picea abies), and Scots pine 

(Pinus sylvestris). Our main goal is to disentangle the role of trees (i.e., variability in tree 

biomass and tree species) from abiotic factors as drivers of SOC stocks in the present-day 

treeline ecotone. By focusing on SOC stocks in soil surface horizons (i.e., O and A horizon) 

right above and below the tree species line (i.e. the upper limit to which trees are capable of 

growing), our study provides insight into the short-term consequences of tree encroachment. 
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Methods 

Study sites 

This study was carried out in 36 study sites (~ 50 m × 200 m) located along a 1100 km 

long latitudinal gradient stretching from southern (60ºN) to northern (69ºN) Norway (Fig. 3, 

Supplementary Table S1). The gradient was first described by Thieme et al.25, and originally 

established to study the capability of airborne laser scanning to detect small, individual trees in 

the forest-tundra ecotone. The study sites were selected for their proximity to sample plots used 

in Norway’s National Forest Inventory (NFI). Note that the definition of forest-tundra ecotone 

varies throughout the literature. Our study sites consist of transition zones from sparse forests 

(< 20% canopy cover) right below the tree species line (i.e., the upper limit to which trees are 

capable of growing), hereafter referred to as ‘forest’, to treeless tundra above the tree species 

line, hereafter referred to as ‘tundra’. During a field campaign in 2020 (August-September), 

we sampled 16 study sites along the gradient. The remaining 20 sites were sampled in 2021 

(July-August). Due to the wide gradients in latitude and continentality, the study sites vary 

considerably in terms of climate, topography, and vegetation. The sites range from 1200 m 

above sea level in southern Norway to 300 m above sea level in northern Norway. The 

dominating tree species are mountain birch (Betula pubescens ssp czerepanovii), Norway 

spruce (Picea abies) and Scots pine (Pinus sylvestris). Common understory vegetation includes 

shrubs (e.g., Betula nana, Vaccinium spp., Empetrum nigrum, Calluna vulgaris), mosses (e.g. 

Hylocomium splendens, Pleurozium schreberi, Sphagnum spp.), lichens (e.g. Cladonia spp., 

and Flavocetraria spp.) and grasses (e.g. Avenella flexuosa, Nardus stricta). More information 

on vegetation communities at our study sites can be found in Mienna et al.26. 
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Soil sampling and quantification of SOC stocks 

In all study sites, we set up three soil sample transects (Fig. 1), each consisting of 10 

soil sample points located 0.5, 1.2, 1.6, 2.4 and 4 m northward and southward from a center 

point. In the tundra, we set up one soil sample transect, and centered this transect around a 

point on the western border of the rectangle, 10 m in downhill direction from the upper border. 

To encompass variation in forest structure, we established two soil sample transects in the 

forest, and centered these transects around trees of different sizes (one short tree: 1-2 m, one 

tall tree: > 2 m). The center point trees were located outside the rectangle, as close as possible 

to the downhill border. The distance between the two center point trees was at least 10 m. At 

each sample point, we collected a soil core of the entire surface soil (i.e., O and A horizons) 

using a cylindrical soil sampler (Ø = 6.35 cm). The samples were stored at -20°C until analysis. 

In the laboratory, the soil samples were defrosted. Plant litter, such as leaves and twigs, 

was removed. The soil samples were dried to constant mass at 40°C in drying cabinets. Bulk 

densities were determined based on the dry matter mass and sample volume. As there was 

typically no clear border between the O-and A horizon, we did not attempt to separate the soil 

horizons. Instead, the dried samples were milled and homogenized to ensure thorough mixing. 

Afterwards, SOC concentrations were determined by dry combustion using a vario MICRO 

cube element analyser (Elementar, Hanau, Germany). Finally, volume-based SOC stocks were 

calculated as follows: 

SOC stock (kg m-2) = bulk density (kg m-3) × soil depth (m) × SOC concentration (%) × 0.01                    

        

 



6 

 

 
Figure 1. Soil sample design. In all 36 study sites, we established one soil sample transect in 

the tundra above the tree species line, and two soil sample transects in the forest below the tree 

species line. Each soil sample transect consisted of 10 soil sample points (marked with black 

dots). The tundra soil transect was centered around a treeless center point (marked with a black 

cross), while the forest soil sample transects were centered around a tree (marked with green 

dots or tree symbols). Soil core samples included the entire surface soil (i.e., O-and A horizons).  
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Climate, topography and soil parent material  

Soil sample point coordinates were obtained using a HiPer SR receiver in real-time 

kinetic mode, receiving differential corrections of the Global Navigation Satellite System and 

the Global Positioning System. Climatic variables were constructed on the study site-level 

based on daily weather predictions interpolated from Norway’s official weather stations by the 

Norwegian Meteorological Institute27. We calculated summer temperature, summer 

precipitation, and summer solar radiation as the mean of daily observations from June 1st to 

September 30th between 1970 and 2020. For each soil sample point, topographic attributes 

(slope aspect and slope steepness) were derived from digital elevation models (DEMs) with a 

resolution of 1 m provided by the Norwegian Mapping Authority (www.norgeskart.no). The 

aspect values were cosine transformed to obtain a variable that represents south-north 

orientation. To avoid 0 values, we added the value of 2 to each observation, thus obtaining 

values ranging between 1 (south) and 3 (north). For each soil sample point, we also obtained 

information on soil parent material based on a map by the Geological Survey of Norway. The 

map is publicly accessible through Norway’s national map data portal (www.geonorge.no). 
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Forest structure 

In each study site, we registered characteristics (species, height, stem circumference, 

and coordinates) of trees in proximity to our soil sample points. Since it was not possible to 

map all trees due to time constraints, we made the following assumptions: 1) a tree can at most 

exert influence on SOC dynamics over a distance equal to its height, 2) the influence of a tree 

is symmetrically distributed around the stem center, and 3) the influence of a tree is independent 

from that of others (e.g., no competition). Thus, we registered trees if their distance to a soil 

sample point ≤ tree height. Only trees with a height ≥ 50 cm were registered. To measure tree 

height, we used a surveyor’s tape or Vertex III hypsometer. Stem circumference was 

determined using a surveyor’s tape at breast height (1.3 m above the ground) whenever 

possible. For smaller trees, we measured stem circumference at its widest point. Height and 

stem circumference measurements were used to estimate the aboveground biomass of each tree 

according to the species-specific allometric models by Marklund28. Finally, to be able to 

include the registered tree characteristics in regression analyses, we constructed three different 

continuous tree biomass (TB) indices, and one categorical tree species variable for each soil 

sample point. Tree biomass indices account for the distances from a soil sample point to its 

surrounding trees (i.e., trees within a distance ≤  tree height from the soil sample point), and/or 

the aboveground biomass of these trees. TBU assumes that the influence of a tree does not 

decrease with distance, TBL assumes that the influence of a tree decreases linearly, and TBE 

assumes that the influence decreases exponentially (Table 1). The tree species variable 

indicates by which tree species a soil sample point is surrounded (either “treeless”, “mountain 

birch”, “Norway spruce”, “Scots pine”, or “mixture of mountain birch and Norway spruce”). 

 

Table 1. Tree biomass (TB) indices assuming that the influence of a trees does not decrease 

(TBU), decreases linearly (TBL), or decreases exponentially (TBE) with increasing distance. i = 

tree, j = soil sample point, dij = distance between tree i and soil sample point j (cm), hi = tree 

height (cm), ABi = aboveground tree biomass (kg). 

Name Formula 

TBU TBU = ∑  ABii,dij <hi
 

TBL TBL = ∑ (ABii,dij <hi
∗ (1 −

dij

hi
))  

TBE TBE = ∑  (ABii,dij <hi
∗  e

−
dij

hi ) 
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Statistical analyses 

All statistical analyses were carried out using R (R Core Team, 2021). First, we applied 

basic descriptive statistics to report soil depths, bulk densities, SOC concentrations, and SOC 

stocks. Due to the non-normal distributions of the variables, we used Mann-Whitney U tests to 

examine whether these soil characteristics differed between forest and tundra soils across the 

entire dataset (forest: n = 669, tundra: n =335), as well as within study sites.    

Second, we studied how SOC stocks related to biotic and abiotic factors. To do so, we 

fitted linear mixed-effects models using the R package lme429. Since some soil samples could 

not be included due to missing coordinates (n = 85), this analysis was carried out on a slightly 

smaller dataset (n = 919) than the Mann-Whitney U tests. As we wanted to test which tree 

biomass index explained our data the best, we fitted three initial models. As fixed effects, the 

three initial models each included one of the tree biomass indices, as well as tree species, 

summer temperature, summer precipitation, summer solar radiation, slope steepness, south-

north slope aspect, and soil parent material. To check for multicollinearity between these 

variables, we calculated generalized variation inflation factors (GVIF) with the car package30. 

All GVIF values < 2.5, indicating low multicollinearity. Study site was included as a random 

effect. The response variable, SOC stock, was log-transformed to normalize the residuals. 

Variables that did not significantly improve the model fit, as measured by chi-squared tests (p 

> 0.05), were removed one by one, starting with the predictor variable of least significance. 

After elimination of a predictor variable, the model was re-fit and the process was repeated 

until all predictor variables remained statistically significant. To eliminate non-significant 

fixed effect variables, models were fit using maximum likelihood estimation (ML). The three 

initial models all resulted in the same final, reduced model. The model parameters of the final 

model were derived using restricted maximum likelihood estimation (REML). To quantify the 

explained variation in the response variable, we calculated marginal and conditional R2 values 

with the MuMIn package31. Marginal R2 (R2m) values indicate the variation explained by the 

fixed effects, whereas conditional R2 (R2c) values indicate the variation explained by both the 

fixed and random effects. To test for differences between soil parent material, we used the 

emmeans package32 and carried out least square mean comparisons with Bonferroni correction. 
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Results 

Soil properties across the forest-tundra ecotone 

Across the dataset, forests had significantly (p < 0.001) thicker surface soils (median: 

3.5 cm) than treeless tundra (median: 3.0 cm) (Fig. 2a). SOC concentrations did not differ (p = 

0.15) between the forest (median: 43.22 %) and the tundra (median: 41.65 %) (Supplementary 

Fig. S1b). Since forest soils had lower (p < 0.001) bulk densities (median: 0.16 g cm-3) than 

tundra soils (median: 0.18 g cm-3) (Supplementary Fig. S2a), they stored similar (p = 0.05) 

SOC stocks (forest median: 2.02 kg m-2, tundra median: 1.98 kg m-2) (Fig. 2b).  

Figure 2. Soil depths (a) and soil organic carbon (SOC) stocks (b) of surface soils (i.e., O and A 

horizon) in forests (n = 669) and tundra (n = 335) across 36 forest-tundra ecotones in Norway. 
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Soil characteristics varied substantially within and among study sites. Among the 36 

study sites, eight sites stored significantly higher (p < 0.05) SOC stocks in the forest than in 

the tundra. With the exception of one site, these study sites were situated in the northern half 

of the latitudinal gradient. Six sites, mostly situated in the southern half of the country, stored 

significantly less (p < 0.05) SOC in the forest than in the tundra (Fig. 3). A detailed overview 

of soil characteristics at each study site can be found in Supplementary Table S2. 

 
Figure 3. Location of the 36 studied forest-tundra ecotones located along an 1100 km long 

latitudinal gradient in Norway. Symbols indicate whether SOC stocks differ significantly (Mann-

Whitney U tests, p < 0.05) between the forest and tundra at each site. 
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SOC stocks in relation to biotic and abiotic factors 

Linear mixed-effects models showed that variability in SOC stocks could not be 

explained by tree characteristics. No matter which tree biomass index was included in the initial 

model, the tree biomass index and tree species variable were always eliminated during the 

backwards variable selection process (Supplementary Table S3 a-c). Our final, reduced model 

(R2m: 0.18, R2c: 0.47) consisted of four fixed effects in addition to the random effects. SOC 

stocks significantly increased with increasing summer air temperature and north orientation, 

while they significantly decreased with increasing slope steepness. Covers of peat or moraine 

material over bedrock stored significantly more SOC than exposed bedrock (Table 2). 

Table 2. Final linear mixed-effects model explaining the variability in soil organic carbon (SOC) 

stocks found in soil samples (n = 919) collected across 36 forest-tundra ecotones in Norway. The 

selection of significant fixed effects (chi-squared tests, p < 0.05) was carried out through backwards 

elimination. To test for differences between soil parent material, we carried out a least square mean 

comparison with the reference group. The reference group was exposed bedrock.  

Random effects Variance Std. deviation  

Study site (intercept) 0.37 0.61  

Residual 0.70 0.83  

    

Fixed effects Estimate Std. error p-value 

Intercept -4.16 1.47  

South-north slope aspect 0.24 0.06 < 0.001 

Summer air temperature 0.48 0.17 0.004 

Slope steepness -0.01 0.004 0.04 

Soil parent material    < 0.001 

Weathered material 0.46 0.65 1 

Till with high clay content 0.29 0.29 1 

Moraine material, thin cover over bedrock 0.61 0.13 < 0.001 

Peat and bog -0.27 0.65 1 

Thin peat cover over bedrock 1.07 0.22 < 0.001 
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Discussion 

Tree biomass and tree species do not control SOC stocks 

As many forests are currently advancing into tundra2,3, it is crucial to understand the 

implications of tree establishment for SOC stocks. The establishment of trees on treeless tundra 

soils may result in two distinctive patterns. First, there may be differences in SOC stocks along 

the transition from forest to treeless tundra, and second, SOC stocks may vary locally in relation 

to variability in tree biomass and tree species. Our results indicate, however, that the surface 

soils of forests and tundra generally store similar SOC stocks. There are individual study sites 

that do show a significant increase or decrease in SOC stocks across the treeline, but such 

variability in SOC stocks cannot be explained by aboveground tree biomass or tree species. 

Applying a ‘space-for-time substitution’ perspective, our findings suggest that tree 

encroachment into tundra may not have immediate consequences for SOC stocks. Our findings 

contrast with those of previous studies in the Scandes mountains, who found an inverse 

relationship between forest cover and SOC stocks12,13,17,20,22. We propose two explanations that 

could explain why tree biomass and tree species do not explain SOC stocks in our study sites. 

First, trees may have little impact on surrounding SOC stocks if the balance between 

SOC gains and SOC losses remains unaffected. An increase in plant productivity not only 

increases the input of organic matter through litter fall and root turnover, but it could also 

stimulate decomposition rates12,22,33. For instance, recent studies suggest that the soil biota of 

mountain birch forests are characterized by higher proportions of ectomycorrhizal and 

saprotrophic fungi than those of nearby heath tundra, which may promote higher SOC turnover 

rates13,14. Moreover, forest soils tend to accumulate deeper snowpacks, which insulates the soil, 

and stimulates soil biological activity22,24. Similarly, different tree species may store similar 

SOC stocks. For instance, a study on adjacent 50-year-old stands of Norway spruce, Scots pine, 

and silver birch (Betula pendula) reported that differences in the SOC stocks of mineral soil 

layers were small and non-significant despite variation in litter fall and decomposition rates18,19.  

Second, we propose that the forests we examined may have been too young to induce 

substantial changes in SOC stocks. While afforestation of Scottish heather moorland has been 

shown to impact SOC sequestration on decadal timescales34, these dynamics may occur on a 
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different temporal scale in the Arctic and subarctic17. In the Ural mountains, for instance, SOC 

stocks in the organic layers underneath 50-year-old Siberian spruce (Picea obovate) and 

treeless tundra were found to be similar, while soils underneath 150-year-old spruce stored 

significantly greater SOC stocks than nearby tundra24. As our forest soil sample transects were 

situated relatively close (~200 m) to the tundra, we may have sampled relatively young forests 

in comparison with previous studies. Unfortunately, we were unable able to conduct 

dendrochronological analyses or radiocarbon dating.  

Abiotic controls on SOC stocks 

Temperature is a well-known driver of SOC, as both plant productivity and microbial 

activity have a high temperature sensitivity11,35. Interestingly, we found SOC stocks to be 

positively related to summer air temperature, which is inconsistent with commonly reported 

global trends11,36. At a more regional scale, however, previous studies in Scandinavia did 

observe a positive correlation37–39. Callesen et al.37 proposed that the commonly reported 

negative relation between SOC and temperature may be due to the inclusion of high frequencies 

of hydromorphic soils for boreal forests and tundra, where decomposition is hampered by low 

oxygen levels. When only well-drained soils are included, the trend seems to reverse, 

presumably due to an increase in net primary production with increasing temperature. 

In addition, topographic features can further drive SOC stocks by controlling 

microclimatic conditions11,40. In our study, we found SOC stocks to be the highest on north-

facing, gentle slopes. By determining the angle of incident solar radiation, slope aspect and 

steepness affect local temperature and moisture conditions. In the northern hemisphere, a 

combination of south-facing aspects and steep slopes results in dry and warm soil conditions. 

North-facing aspects are colder and moister, with longer-lasting and deeper snowpacks41,42. 

Despite shortening the growing season, this snow cover may provide favorable conditions for 

plant growth by offering protection from winter desiccation and wind abrasion, as well as by 

providing soil moisture in spring43. Moreover, lower summer soil temperatures may cause soils 

on north-facing slopes to have lower decomposition rates44. Slope steepness also controls water 
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flow paths, and thereby plays a key role in erosion and sediment redistribution. Steep slopes 

tend to have more surface runoff, and are therefore bound to lose more organic matter40.  

Lastly, our results point to soil parent material as a driver of SOC stocks. Due to its 

glacial history, extensive parts of Norway consist of exposed bedrock, or bedrock covered with 

a thin layer of deposited sediments45. Unsurprisingly, we found that soil sample points located 

on thin layers of peat or moraine material had larger SOC stocks than soil sample points on 

exposed bedrock. Exposed bedrock is an inhospitable substrate for most organisms as it has a 

very low porosity, and as a result, does not provide structural support for roots, or access to 

water and nutrients. To support vegetation, bedrock first has to develop porosity through 

biological, chemical, and physical weathering processes46. With peat or moraine deposits as 

parent material, vegetation establishment and soil formation can occur more readily. 

SOC stocks along the latitudinal gradient 

Although we were able to identify several drivers of SOC stocks, much remains 

unexplained. For instance, we cannot pinpoint why study sites with larger SOC stocks in the 

tundra than in the forest are mainly situated in the southern half of Norway, while sites with 

larger SOC stocks in the forest than in the tundra are mostly found in the northern half of the 

country. Since our study sites are located along a gradient in both latitude and continentality, 

we suspect that this pattern reflects complex interactions between climate, plant succession, 

and soil development. In recently deglaciated areas, time and climate are major determinants 

of weathering-, and plant succession rates, which are strongly linked to SOC dynamics47,48. 

Since the timing of glacial retreats varies considerably across the country49, it is likely that our 

latitudinal gradient captures some of that variation. Also, previous studies have shown that 

elevation and continentality gradients are important drivers of compositional variation in 

pioneer communities50,51. At present, however, our understanding of the degree to which the 

ground-, field-and understory vegetation controls SOC stocks in the forest-tundra ecotone is 

constrained by the low number of studies on above-belowground linkages17. 
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Conclusion and outlook 

Current measurements of SOC stocks in the forest-tundra ecotone apply to a limited 

diversity and geographical range of study sites. We therefore sampled 36 study sites with highly 

variable climates, topography, and vegetation communities. Our measurements indicate that a 

majority of study sites stores similar SOC stocks in nearby forest and tundra soils. Moreover, 

SOC stocks are not related to tree species and tree biomass. Since aboveground tree biomass 

and tree species do not explain SOC stocks in the present-day treeline ecotone, our results 

suggest that future tree encroachment into currently treeless tundra is unlikely to have short-

term consequences for SOC stocks. That being said, we want to emphasize that SOC dynamics 

may vary considerably with time. By focusing on trees that have recently colonized tundra 

communities, our study provides insight into a small part of a successional trajectory. To gain 

a better understanding of SOC responses over both short (years to decennia) and long (centuries 

to millennia) time scales, we highly recommend future studies to establish soil sample lines 

extending from moss and lichen dominated tundra into the old-growth forest.  

  



17 

 

References 

 

1. Körner, C. & Paulsen, J. A world-wide study of high altitude treeline temperatures. J. 

Biogeogr. 31, 713–732 (2004). 

2. Harsch, M. A., Hulme, P. E., McGlone, M. S. & Duncan, R. P. Are treelines 

advancing? A global meta-analysis of treeline response to climate warming. Ecol. Lett. 

12, 1040–1049 (2009). 

3. Hansson, A., Dargusch, P. & Shulmeister, J. A review of modern treeline migration, 

the factors controlling it and the implications for carbon storage. J. Mt. Sci. 18, 291–

306 (2021). 

4. Greenwood, S. & Jump, A. S. Consequences of treeline shifts for the diversity and 

function of high altitude ecosystems. Arctic, Antarct. Alp. Res. 46, 829–840 (2014). 

5. Kullman, L. & Öberg, L. Post-Little Ice Age tree line rise and climate warming in the 

Swedish Scandes: A landscape ecological perspective. J. Ecol. 97, 415–429 (2009). 

6. Dial, R. J., Maher, C. T., Hewitt, R. E. & Sullivan, P. F. Sufficient conditions for rapid 

range expansion of a boreal conifer. Nature 608, 546–551 (2022). 

7. Sørensen, M. V. et al. Draining the Pool ? Carbon Storage and Fluxes in Three Alpine 

Plant Communities. Ecosystems 21, 316–330 (2018). 

8. Sistla, S. A. et al. Long-term warming restructures Arctic tundra without changing net 

soil carbon storage. Nature 497, 615–617 (2013). 

9. Mack, M. C., Schuur, E. A. G., Bret-Harte, M. S., Shaver, G. R. & Chapin, F. S. 

Ecosystem carbon storage in arctic tundra reduce by long-term nutrient fertilization. 

Nature 431, 440–443 (2004). 

10. Demarco, J., MacK, M. C., Bret-Harte, M. S., Burton, M. & Shaver, G. R. Long-term 

experimental warming and nutrient additions increase productivity in tall deciduous 

shrub tundra. Ecosphere 5, 1–22 (2014). 

11. Wiesmeier, M. et al. Soil organic carbon storage as a key function of soils - A review 

of drivers and indicators at various scales. Geoderma 333, 149–162 (2019). 

12. Parker, T. C., Subke, J. A. & Wookey, P. A. Rapid carbon turnover beneath shrub and 

tree vegetation is associated with low soil carbon stocks at a subarctic treeline. Glob. 

Chang. Biol. 21, 2070–2081 (2015). 

13. Clemmensen, K. E. et al. A tipping point in carbon storage when forest expands into 

tundra is related to mycorrhizal recycling of nitrogen. Ecol. Lett. (2021) 

doi:10.1111/ele.13735. 



18 

 

14. Tonjer, L. R. et al. Fungal community dynamics across a forest–alpine ecotone. Mol. 

Ecol. 30, 4926–4938 (2021). 

15. Sturm, M., Racine, C. & Tape, K. Increasing shrub abundance in the Arctic. Nature 

411, 546–547 (2001). 

16. Myers-smith, I. H. & Hik, D. S. Shrub canopies influence soil temperatures but not 

nutrient dynamics : An experimental test of tundra snow – shrub interactions. 3683–

3700 (2013) doi:10.1002/ece3.710. 

17. Parker, T. C., Thurston, A. M., Subke, J., Wookey, P. A. & Hartley, I. P. Shrub 

expansion in the Arctic may induce large ‐ scale carbon losses due to changes in plant ‐ 

soil interactions. 643–651 (2021). 

18. Hansson, K., Olsson, B. A., Olsson, M., Johansson, U. & Berggren, D. Differences in 

soil properties in adjacent stands of Scots pine , Norway spruce and silver birch in SW 

Sweden. For. Ecol. Manage. 262, 522–530 (2011). 

19. Hansson, K. et al. Carbon and nitrogen pools and fluxes above and below ground in 

spruce, pine and birch stands in southern Sweden. For. Ecol. Manage. 309, 28–35 

(2013). 

20. Hartley, I. P. et al. A potential loss of carbon associated with greater plant growth in 

the European Arctic. Nat. Clim. Chang. 2, 875–879 (2012). 

21. Wilmking, M., Harden, J. & Tape, K. Effect of tree line advance on carbon storage in 

NW Alaska. J. Geophys. Res. Biogeosciences 111, 1–10 (2006). 

22. Sjögersten, S. & Wookey, P. A. The impact of climate change on ecosystem carbon 

dynamics at the Scandinavian mountain birch forest-tundra heath ecotone. Ambio 38, 

2–10 (2009). 

23. Devos, C. C., Ohlson, M., Næsset, E. & Bollandås, O. M. Soil carbon stocks in forest-

tundra ecotones along a 500 km latitudinal gradient in northern Norway. Sci. Rep. 12, 

1–10 (2022). 

24. Kammer, A. et al. Treeline shifts in the Ural mountains affect soil organic matter 

dynamics. Glob. Chang. Biol. 15, 1570–1583 (2009). 

25. Thieme, N., Bollandsås, O. M., Gobakken, T. & Næsset, E. Detection of small single 

trees in the forest-tundra ecotone using height values from airborne laser scanning. 

Can. J. Remote Sens. 37, 264–274 (2011). 

26. Mienna, I. M., Klanderud, K., Ørka, H. O., Bryn, A. & Bollandsås, O. M.  Land cover 

classification of treeline ecotones along a 1100 km latitudinal transect using spectral‐ 

and three‐dimensional information from UAV ‐based aerial imagery . Remote Sens. 



19 

 

Ecol. Conserv. 1–15 (2022) doi:10.1002/rse2.260. 

27. Tveito, O. E., Bjørdal, I., Skjelvåg, A. O. & Aune, B. A GIS-based agro-ecological 

decision system based on gridded climatology. Meteorol. Appl. 12, 57–68 (2005). 

28. Marklund, L. G. Biomass functions for pine, spruce and birch in Sweden. Swedish 

University of Agricultural Sciences, Department of Forest Survey (1988). 

29. Bates, D., Mächler, M., Bolker, B. M. & Walker, S. C. Fitting linear mixed-effects 

models using lme4. J. Stat. Softw. 67, (2015). 

30. Fox, J. & Weisberg, S. An R companion to applied regression. (Sage, 2019). 

31. Barton, K. MuMIn: multi-model inference. R package version 1.46.0. (2022). 

32. Lenth, R., Singmann, H., Love, J. & Buerkner, P. H. M. emmeans: Estimated Marginal 

Means, aka LeastSquares Mean. R package version 1.8. 1-1. (2022). 

33. Sjögersten, S. & Wookey, P. A. Climatic and resource quality controls on soil 

respiration across a forest-tundra ecotone in Swedish Lapland. Soil Biol. Biochem. 34, 

1633–1646 (2002). 

34. Friggens, N. L. et al. Tree planting in organic soils does not result in net carbon 

sequestration on decadal timescales. Glob. Chang. Biol. 26, 5178–5188 (2020). 

35. Davidson, E. A. & Janssens, I. A. Temperature sensitivity of soil carbon 

decomposition and feedbacks to climate change. Nature 440, 165–173 (2006). 

36. Hartley, I. P., Hill, T. C., Chadburn, S. E. & Hugelius, G. Temperature effects on 

carbon storage are controlled by soil stabilisation capacities. Nat. Commun. 12, 1–7 

(2021). 

37. Callesen, I. et al. Soil carbon stores in Nordic well-drained forest soils-relationships 

with climate and texture class. Glob. Chang. Biol. 9, 358–370 (2003). 

38. Strand, L. T., Callesen, I., Dalsgaard, L. & de Wit, H. A. Carbon and nitrogen stocks in 

Norwegian forest soils — The importance of soil formation, climate, and vegetation 

type for organic matter accumulation. Can. J. For. Res. 46, 1459–1473 (2016). 

39. Liski, J. & Westman, C. J. Carbon storage in forest soil of Finland. Biogeochemistry 

36, 239–260 (1997). 

40. Birkeland, P. W. Soils and Geomorphology. Oxford university press (1985). 

doi:10.1017/S0016756800031617. 

41. Singh, S. Understanding the role of slope aspect in shaping the vegetation attributes 

and soil properties in Montane ecosystems. Trop. Ecol. 59, 417–430 (2018). 

42. Saydi, M. & Ding, J. li. Impacts of topographic factors on regional snow cover 

characteristics. Water Sci. Eng. 13, 171–180 (2020). 



20 

 

43. Sturm, M. et al. Snow – Shrub Interactions in Arctic Tundra : A Hypothesis with 

Climatic Implications. J. Clim. 14, 336–344 (2001). 

44. Zhu, M. et al. Soil organic carbon as functions of slope aspects and soil depths in a 

semiarid alpine region of Northwest China. Catena 152, 94–102 (2017). 

45. Olsen, L., Fredin, O. & Olesen, O. Quaternary Geology of Norway. Geological Survey 

of Norway Special Publication vol. 13 (2013). 

46. Graham, R. C., Rossi, A. M. & Hubbert, K. R. Rock to regolith conversion: Producing 

hospitable substrates for terrestrial ecosystems. GSA Today 20, 4–9 (2010). 

47. Burga, C. A. et al. Plant succession and soil development on the foreland of the 

Morteratsch glacier (Pontresina, Switzerland): Straight forward or chaotic? Flora 

Morphol. Distrib. Funct. Ecol. Plants 205, 561–576 (2010). 

48. Vilmundardóttir, O. K., Gísladóttir, G. & Lal, R. Soil carbon accretion along an age 

chronosequence formed by the retreat of the Skaftafellsjökull glacier, SE-Iceland. 

Geomorphology 228, 124–133 (2014). 

49. Nesje, A., Bakke, J., Dahl, S. O., Lie, Ø. & Matthews, J. A. Norwegian mountain 

glaciers in the past, present and future. Glob. Planet. Change 60, 10–27 (2008). 

50. Robbins, J. A. & Matthews, J. A. Pioneer vegetation on glacier forelands in southern 

Norway: Emerging communities? J. Veg. Sci. 20, 889–902 (2009). 

51. Robbins, J. A. & Matthews, J. A. Regional variation in successional trajectories and 

rates of vegetation change on glacier forelands in south-central Norway. Arctic, 

Antarct. Alp. Res. 42, 351–361 (2010). 

 

 


