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Abstract  

Treelines in boreal regions migrate uphill as a consequence of global warming. The transition 

from previous open tundra to forest will likely influence alpine soil carbon stores, and there is 

considerable concern that increased carbon effluxes from the soil to the atmosphere will induce 

positive feedback on global warming. Thus, in order to predict what future climate change could 

mean for soil carbon stores in the forest-tundra ecotone, knowledge about the current carbon 

stores along the forest-tundra gradient is key. My objective was therefore to look at trees as 

determinants of soil carbon stock sizes across geographically different treelines. Specifically, I 

investigated whether there is a difference between carbon stocks in forest and tundra soils in 

treeline ecotones, and modeled the relationship between soil carbon stocks and tree biomass in 

treelines at different spatial scales.  

To achieve this, carbon stocks were calculated for surface soil samples, together constituting 

soil sample lines, collected in forest and tundra at 34 treelines along an extensive north-south 

gradient in Norway. Remote sensing data acquired by drone were supplemented by field 

collected tree data, and used to estimate tree biomass around soil sample lines. Statistical tests 

were performed, and mixed models incorporating soil carbon stocks and tree biomass as 

variables were developed for buffer zones of different sizes.  

The results showed that soil carbon stocks in forest and tundra were not significantly different. 

Moreover, there was not a clear relationship, positive or negative, between soil carbon stocks 

and tree biomass for any of the buffer zones. Tree biomass therefore seemed to be a weak 

determinant of soil carbon stock sizes irrespective of spatial scale. However, what study site 

soil sample lines originated from was important.  

A possible explanation for these findings is that increased litter inputs in forest soils are 

counterbalanced by increased microbial decomposition. In addition, potential implications of 

study design are discussed, as well as potential sources of error. Complex local interactions 

between various abiotic and biotic factors may explain the importance of study site in 

determining soil carbon stock sizes. This site-specificity makes it difficult to predict what 

consequences future changes in the treeline will have for the soil carbon stocks, but in general 

my results indicate that a transition from tundra to forest will not cause a net increase in soil 

carbon losses. More information is needed to get a deeper understanding of carbon dynamics at 

Norwegian forest-tundra ecotones, and to develop management strategies that maximize carbon 

storage at treelines and mitigate global warming.   
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Sammendrag  

Den boreale tregrensa forflytter seg oppover som følge av global oppvarming. Overgangen fra 

tidligere åpen tundra til skog vil trolig påvirke de alpine jordkarbonlagrene, og det fryktes at 

økt karbonutslipp fra jord til atmosfære vil forverre den globale oppvarmingen. For å kunne 

forutse virkningen fremtidige klimaendringer vil ha på jordkarbonlagrene i økotonen mellom 

skog og tundra, er kunnskap om de nåværende karbonlagrene langs denne gradienten 

avgjørende. Det overordnede målet for denne studien var derfor å se nærmere på hvilken rolle 

trær spiller for størrelsen på jordkarbonlagre i geografisk adskilte tregrenser. Mer konkret 

undersøkte jeg om det er en forskjell mellom jordkarbonlagre i skog og tundra i tregrensa, og 

modellerte forholdet mellom jordkarbonlagre og trebiomasse i tregrenser på ulik romlig skala.  

Dette ble gjort ved at karboninnhold ble beregnet for jordprøver fra øvre jordlag, som til 

sammen utgjorde jordprøvelinjer, samlet i skog og tundra ved 34 tregrenser langs en betydelig 

nord-sør gradient i Norge. Fjernmålingsdata fra drone i tillegg til tre-data samlet i felt, ble brukt 

til å estimere trebiomasse rundt jordprøvelinjene. Statistiske tester ble utført, og blandede 

modeller der jordkarboninnhold og trebiomasse inngikk som variabler ble utformet for 

buffersoner av ulik størrelse.  

Resultatene viste at lagrene av jordkarbon i skog og tundra ikke var signifikant forskjellige. 

Videre var det ikke et klart forhold, positivt eller negativt, mellom jordkarboninnhold og 

trebiomasse for noen av buffersonene. Trebiomasse virket derfor å ha liten betydning for 

mengden jordkarbon uavhengig av romlig skala. Derimot var hvilket studieområde 

jordprøvelinjene kom fra av viktighet.  

Funnene kan muligens forklares med at økt strøfall i skog er i mer eller mindre likevekt med 

økt mikrobiell nedbrytning i jorda. I tillegg diskuteres potensielle effekter av studiedesign, samt 

mulige feilkilder. Komplekse lokale samspill mellom ulike abiotiske og biotiske faktorer kan 

forklare viktigheten av studieområde for mengden jordkarbon. Denne stedegenheten gjør det 

vanskelig å forutse hvilke konsekvenser fremtidige endringer i tregrensa vil ha for 

jordkarbonlagrene, men generelt tyder resultatene mine på at en overgang fra tundra til skog 

ikke vil medføre økt tap av jordkarbon. Mer kunnskap trengs for å få en dypere forståelse av 

karbondynamikken i norske tregrense-økotoner, og på den måten kunne utforme 

forvaltningsstrategier som maksimerer karbonlagring i tregrensa og motvirker global 

oppvarming.  
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Introduction  

For a long time, the boreal zone's carbon storage was vastly underestimated (Tarnocai et al., 

2009). However, recent studies state that these regions hold more than 30 % of the total 

terrestrial organic carbon pool (Pan et al., 2011; Bradshaw & Warkentin, 2015). Although the 

boreal zone is made up of extensive forests, most of its carbon is not bound in trees and other 

vegetation, but can rather be found below-ground as soil organic carbon (Apps et al., 1993; Pan 

et al., 2011; Bradshaw & Warkentin, 2015). In fact, the boreal soil carbon pool is believed to 

be as much as eighteen times larger than the above-ground carbon pool (Tarnocai et al., 2009; 

DeLuca & Boisvenue, 2012), and by far exceeds soil carbon pools in temperate and tropical 

forests (Malhi et al., 1999; Pan et al., 2011).  

 

Whether an ecosystem is a net carbon sink or source depends on the balance between organic 

matter input, mainly from primary production, and organic matter decomposition by the soil 

microbial community (Post et al., 1982). The huge quantity of soil carbon in boreal regions is 

mainly explained by low temperatures inhibiting microbial activity (Post et al., 1982; DeLuca 

& Boisvenue, 2012), as well as boreal vegetation typically being recalcitrant against biological 

decomposition due to low nutrient quality (Wardle et al., 2003; Nilsson et al., 2008). Wet and 

anoxic soil conditions further promote carbon accumulation (DeLuca & Boisvenue, 2012). 

Therefore, the most carbon rich soils are those found in peatlands (Rapalee et al., 1998) and 

permafrost-affected mineral soils (Tarnocai et al., 2009). However, because other soil types are 

widespread, they also constitute a significant carbon store (DeLuca & Boisvenue, 2012).   

 

Soil carbon stores in the boreal forest-tundra heath ecotone (hereafter, forest-tundra ecotone) is 

a highly relevant topic of discussion. This ecotone is also known as the alpine treeline, and can 

be defined as the transition zone between mountain forest and treeless tundra at high elevation 

(Harper et al., 2011). Treeline structure varies considerably among sites, and the forest-tundra 

ecotone can be gradual spanning over several kilometers but typically span just a few dozen 

meters (e.g., Sjögersten & Wookey, 2009; Tiwari & Jha, 2018; Hansson et al., 2021). Such 

abrupt shifts between two distinct habitats can have significant impacts on a variety of 

ecosystem processes, including litter production, snow cover, and soil development, over 

relatively short distances (Hagedorn et al., 2014).  
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Temperature is thought to be the main driver of treeline altitudinal position (Körner & Paulsen, 

2004; Harsch et al., 2009), although moisture availability is another strong determinant 

(Tingstad et al., 2015; Tiwari & Jha, 2018). As trees in the treeline are growing at their thermal 

limit, they are expected to respond quickly to climate change (Kullman, 1998; Grace et al., 

2002). In fact, several studies have documented a treeline advance into previously treeless 

alpine areas as a consequence of elevated global temperatures. Harsch et al. (2009) found in 

their global meta-analysis that about half of the sites had experienced treeline advance since 

1900. Warmer winter temperatures were considered the most important factor. In a later review, 

Hansson et al. (2021) revealed that 66 % of the studied treelines had increased in elevation or 

latitude. For instance in Scandinavia, Kullman (2002) found that several tree species have 

moved to higher elevations in the southern Scandes mountains since the 1950s. Treeline 

densification is, however, an equally common response to elevated temperatures as treeline 

migration (Wang et al., 2016; Camarero et al., 2017). According to Liang et al. (2011), warming 

over the past two centuries did not cause an upward shift in the location of treelines comprised 

of Smith fir trees (Abies georgei var. smithii) in the Tibetan Plateau. Instead, the trees exhibited 

an increased population density.  

 

Treeline response to climate change may even differ within the same study site. For instance, 

Dial et al. (2007) reported treeline migration on northerly aspects but increased stand density 

in south-facing aspects at their study sites, as a response to recent warming. Furthermore, 

treeline stagnation or even retraction have also been reported (e.g., Wilmking et al., 2004; 

Harsch et al., 2009; Van Bogaert et al., 2011), potentially due to drought stress associated with 

increased temperatures (Wilmking et al., 2004; Wilmking & Juday, 2005; Lu et al., 2021). This 

demonstrates that treeline responses across and within sites are highly variable, and also depend 

on geography and topography, as well as species traits and biology. In addition, biotic 

interactions, including facilitation and competition among trees (Tingstad et al., 2015; Wang et 

al., 2016; Camarero et al., 2017), grazing by domestic and wild herbivores (Speed et al., 2010; 

Mienna et al., 2020), and human activities at the treeline (Olofsson et al., 2009; Speed et al., 

2010; Mienna et al., 2020) further contribute to shaping treeline position and structure.  

 

The transition from open tundra to forest may have substantial consequences by reducing the 

albedo of an area. As trees typically have a darker color than lichen-covered tundra heath, forest 

absorbs more heat resulting in warmer local conditions (Chapin et al., 2005; de Wit et al., 2014). 

Although shade from a denser tree canopy could potentially lead to cooler soil conditions during 
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summer (Sistla et al., 2013), winter soil temperatures generally increase (de Wit et al., 2014; 

Loranty et al., 2014). The lower albedo could therefore cause positive feedback in which 

warmer conditions created by the trees, may further contribute to the establishment of more 

trees (Chapin et al., 2005). This may again have consequences for the soil carbon dynamics (de 

Wit et al., 2014).   

 

Sjögersten & Wookey (2009) found that the organic horizon was shallower and soil respiration 

higher in forest compared to tundra soils, resulting in greater carbon stores in the tundra. 

Similarly, Parker et al. (2015) found that soil carbon stores in low-productivity tundra heath 

exceeded that of adjacent soils covered by deciduous shrubs and trees. The findings were 

attributed to increased carbon turnover rates caused by ectomycorrhizal symbionts in the tree 

and shrub covered areas. Later studies have corroborated these findings, concluding that roots 

may have a destabilizing effect on soil organic carbon (Dijkstra et al., 2021). In contrast, Devos 

et al. (2022) more often found that forest soils are richer in carbon than adjacent tundra soils. 

Despite these conflicting results, there is considerable concern that treeline expansion and 

densification as a consequence of global warming, may result in a net loss of soil carbon to the 

atmosphere (Parker et al., 2015; Hansson et al., 2021; Devos et al., 2022). Thus, to predict how 

soil carbon stores at the treeline may respond to future climate change, it is essential to gain 

knowledge about the current carbon stores along the forest-tundra gradient.   

 

The overall objective of my master’s thesis is therefore to investigate trees as determinants of 

soil carbon stock sizes across geographically different treeline ecotones. Specifically, I aim to 

explore the following research questions: I) Is there a difference between carbon stocks in 

forest and tundra soils in treeline ecotones? The conflicting findings in the literature make it 

difficult to predict the outcome, however, as most studies have found tundra to have the highest 

soil carbon stores, this is what I hypothesize. II) What is the relationship between soil carbon 

stocks and tree biomass in treeline ecotones across different spatial scales?  My 

expectations here depend on the outcome of the first research question. If soil carbon stocks are 

larger in tundra, I expect a negative relationship between soil carbons stocks and tree biomass. 

However, if soil carbon stocks are larger in forest, I expect to see a positive relationship between 

the two variables. I want to assess the effect of tree biomass on soil carbon stocks at different 

spatial scales, as I am not sure at what spatial scale one would expect to see a relationship 

between them.  
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The investigation was carried out using a “space-for-time” approach along an extensive north-

south gradient in Norway, assuming that current soil carbon stocks along the forest-tundra 

gradient are representative of future soil carbon stocks with a shift from tundra to forest. This 

may enable me to predict what future increases in tree biomass as a consequence of global 

warming could mean for treeline soils as a potential carbon sink or source.  

 

To conduct my research, I collected soil samples consisting of surface soils (O and A horizons), 

together constituting soil sample lines, at multiple treelines, in order to calculate average soil 

carbon stocks. Tree data were recorded in the field to supplement remote sensing data, to 

estimate tree biomass around soil sample lines for buffer zones of different sizes, representing 

different spatial scales.  

 

I wanted to apply data acquired from remote sensing, as such methods have the potential to 

become highly useful nature management tools for assessment of multiple treelines, on a larger 

scale than is practical through field measurements alone. Data obtained through airborne laser 

scanning have been shown to be a reliable and cost-efficient way to collect tree data in the 

forest-tundra ecotone (e.g., Næsset & Nelson, 2007; Thieme et al., 2011; Mienna et al., 2022), 

and can be employed to monitor the position and structure of treelines over time, even in remote 

areas (Holtmeier & Broll, 2005; Thieme et al., 2011; Mukhopadhyay et al., unpublished).   
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Materials and methods  

Study sites 

Initially, 36 study sites were collected in the field but two were omitted due to missing data, 

and so the final study included 34 study sites. These are distributed along a 1000 km north-

south gradient in the Scandes mountains of Norway, spanning 60 to 69 °N from Tinn in south 

to Senja in north (Fig. 1 A, see elaboration in Appendix A). The study sites were established in 

2008, and tree observations from these sites have been used as field reference data for the 

construction of models for detection of small single trees in the forest-tundra ecotone using 

airborne laser scanning (Thieme et al., 2011). Important criteria when selecting study sites were 

distribution evenness along the north-south gradient, accessibility from roads, and proximity to 

Norway’s National Forest Inventory study plots for potential comparison. 

 

Whereas the study sites in southern Norway have a more continental climate, the climatic 

conditions in central and northern Norway sites are more oceanic. Furthermore, forest-tundra 

ecotones varied from being abrupt to more gradual and continuous to patchy (Fig. 1 B), and 

were characterized by different slopes and aspects. The sites ranged in elevation from 309 to 

1193 m.a.s.l. depending on latitude, and mean annual air temperature for the sites based on 

records from 1970-2020 ranged from -1.2 to 3.5 °C (Appendix A). Three tree species dominated 

the focal treeline ecotones: the deciduous species mountain birch (Betula pubescens ssp. 

czerepanovii), and the conifers Norway spruce (Picea abies) and Scots pine (Pinus sylvestris). 

The sites ranged from nutrient poor dominated by lichens and dwarf shrubs to more productive 

dominated by graminoids and forbs. Common species were in most of the sites dwarf birch 

(Betula nana), crowberries (Empetrum nigrum), Cladonia lichens, Vaccinium spp., common 

heather (Calluna vulgaris), and the bryophytes Pleurozium schreberi and Hylocomium 

splendens (Mienna et al., 2022). In addition, willows (Salix spp.), Flavocetraria lichens, and 

the grass Avenella flexuosa appeared frequently.   
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Figure 1. A. Map showing the distribution of study sites included in my study along an extensive north-

south gradient in Norway. The map was created using QGIS v. 3.22.16 LTR (QGIS Development Team, 

2023). B. Picture illustrating what one of the treelines we studied looked like. This particular treeline is 

from Syningen in Nes municipality (Appendix A), and has a quite abrupt transition between forest and 

tundra. Photograph credits: Claire Devos.  
 

 

 

 

Data collection 

Data collection was carried out in August and September 2020 (15 study sites from 65 to 69 

°N), and in July and August 2021 (the remaining 19 study sites from 60 to 65 °N). The fieldwork 

included collection of surface soil samples (O and A horizons), as well as the acquisition of tree 

data. I focus on the surface soil layers as these are assumed to have a high content of organic 

matter, and are typically affected more by climatic conditions than deeper layers of mineral soil 

(Jobbágy & Jackson, 2000; Devos et al., 2022). The O and A horizons were bulked, as they 

were typically difficult to separate due to lack of a clear border between them.   
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The basis of our inquiry was a rectangular study area spanning the forest-tundra ecotone (Fig. 

2 A). The rectangle was identified for each study site by using a handheld GPS with preloaded 

coordinates. As the rectangles themselves are used for another scientific purpose, specifically 

monitoring the development of trees in the treeline over time, it was essential that our data 

collection did not disturb the natural development of the trees found within the rectangle. 

Therefore, we only collected data outside the rectangle borders.  

At each site, we first identified two trees: a small tree (1-2 m tall) and a big tree (> 2 m tall). 

The two selected trees were either mountain birch, Norway spruce, or Scots pine, depending on 

what tree species dominated in that specific treeline ecotone. Specifically, the two trees were 

selected using the following approach: we walked downhill from the lower elevational border 

of the rectangular study area, and chose the first small tree and big tree we encountered. The 

trees were required to be at least 10 m apart, to ensure they were not interacting. Tree height 

(cm) was measured using a folding ruler or a vertex hypsometer, and tree trunk circumference 

(cm) was measured with a measuring tape at breast height. In addition, a point (tundra point) 

was identified near the upper part of the study area with presumable lower tree density. 

Specifically, the tundra point was situated at the western border of the study area, 10 m downhill 

from the upper elevational border.  

The small tree, big tree, and tundra point constituted center points for the subsequent collection 

of soil samples, together making up forest and tundra soil sample lines (Fig. 2 A). Soil samples 

were collected at predefined distances 0.5 m, 1.2 m, 1.6 m, 2.4 m, and 4.0 m uphill and downhill 

from the respective center points (Fig. 2 B). If there were trees within the interaction zone of a 

soil sample line, i.e., if the distance to the soil sample line was less than the tree height, the 

species identity, height (cm), and trunk circumference (cm) at breast height were recorded. Of 

the total 328 trees recorded in the field, mountain birch was by far the most numerous and 

widespread (273 individuals compared to 42 and 13 individuals for Norway spruce and Scots 

pine, respectively), and was the only tree species recorded in northern Norway (Appendix 

A). The field recorded trees were later used as reference for developing height models to 

estimate tree biomass around soil sample lines based on LiDAR data. 



8 

 

Figure 2. A. Schematic illustration of a rectangular study area used as a basis for our data collection. 

The center point of the tundra sample line is situated on the western border of the rectangle, 10 m 

downhill from the upper elevational border. The center points of the forest sample lines (a small tree 

and a big tree, respectively) are found downhill of the rectangular study area, as close as possible to the 

lower elevational border. They were required to be separated by at least 10 m. B. Distances from the 

center point at which soil samples were collected, together constituting a soil sample line (tundra sample 

line or forest sample line).  

  

 

The soil samples were collected with a cylindrical metal soil corer (Ø = 6.35 cm, Fig. 3 A). If 

a soil sample could not be obtained, for instance due to lack of soil cover because of a big rock, 

the sample could be collected within 1 m in both directions perpendicular to the original soil 

sampling point. If this was not possible, the sample was omitted altogether. Thus, for each study 

site a maximum of 10 samples for each soil sample line, i.e., a total of 30 soil samples, were 

collected. Roots were considered part of the soil samples, and if it was possible to separate the 

surface soils (O and A horizons) from deeper mineral soil layers in the field, the deeper mineral 

soil was removed from the sample and placed back into its respective sampling hole. All 

collected soil samples were given a unique sample ID and stored in separate plastic bags 

awaiting further treatment (Fig. 3 B), and the depth of each sampling hole was measured using 

a folding ruler (Fig. 3 C). Coordinates for center points (small tree, big tree, and tundra point), 

soil sampling points, and nearby field recorded trees, were obtained with a Topcon HiPer SR 

real-time kinematic (RTK) GNSS receiver with centimeter accuracy (Fig. 3 D).  
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Figure 3. The fieldwork summarized. A. Collection of a soil sample using the metal soil corer. B. Soil 

samples placed in plastic bags labeled with correct sample ID lying on top of their respective sampling 

holes. The measuring sticks used to locate the soil sampling points are visible in the picture. C. Sampling 

hole depths are measured using a folding ruler. D. Coordinates of center points, soil sampling points, 

and nearby field recorded trees are retrieved using an RTK GNSS receiver. Photograph credits: A. 

Claire Devos, B. Olav W. Aasgård, C. Claire Devos, D. Hanne T. Petlund.  
 

 

 

Furthermore, LiDAR data were collected by drone (DJI Matrice 300 RTK with the sensor DJI 

Zenmuse L1) at all study sites during the summer of 2022, and the resulting laser point density 

was > 300 points/m2. All data points were classified as either “ground” or “vegetation”. 

Thereafter, a triangulated irregular network (TIN) model (Floriani & Magillo, 2009) was 

created based on the points classified as ground, to represent the terrain surface. This way, the 

remaining points (points classified as vegetation) could be assigned a height value relative to 

the TIN model, and tree biomass around the positioned soil sample line center points could be 

estimated at a later stage. 
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Processing of soil samples  

Soil samples were frozen at approximately -20 °C awaiting further treatment. Before 

processing, they were taken out of the freezer and thawed at least one day in advance. Any 

visible mineral soil from beneath the A horizon was removed from the samples and discarded. 

Similarly, living vegetation (photosynthetically active biomass) was removed from the samples. 

The remaining trimmed samples were measured and weighted using a ruler and a milligram 

scale, respectively. The samples were then placed into separate paper bags with correct soil 

sample ID. Samples were thereafter dried in drying cabinets at approximately 40 °C for several 

days (Fig. 4 A), until all samples were dried to constant mass. If there were still deeper mineral 

soil or living vegetation left on the dried samples (Fig. 4 B), these were cut off. The remaining 

surface soil samples were measured and weighted a final time, before being placed back into 

their respective paper bags.   

 

 

 
Figure 4. A. Soil samples placed in a drying cabinet to be dried at approximately 40 °C before further 

processing. B. Example of a dried soil sample. The transition between surface soils with high organic 

matter content (O and A horizons) and mineral soils from beneath the A horizon (marked with arrow), 

becomes more evident after drying. The deeper mineral soil layers can then be cut off and discarded, 

and the remaining surface soil sample measured and weighted a final time. Living vegetation was in this 

case successfully removed prior to the drying. Photograph credits: Claire Devos.  
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Next, the samples were milled to a homogenous powder using a soil grinder (Brabender Rotary 

mill, Duisburg, Germany). The pulverized soil samples were returned to their respective paper 

bags, and the soil grinder cleaned between every sample to avoid sample mixing. For each 

pulverized soil sample, 10 mg ± 2 mg powder were transferred to a small aluminum tray (4 x 4 

x 11 mm), that was folded into a package with the soil powder sealed within. Each package was 

stored in a separate Eppendorf tube marked with correct soil sample ID. Later, the soil packages 

were analyzed using an element analyzer (Elementar vario MICRO cube, Hanau, Germany), 

providing the carbon concentration (%) in each sample. The carbon concentrations, together 

with bulk densities and soil depths obtained by field measurements and in the lab, were used to 

calculate the carbon stock (kg/m2) for all soil samples according to the following formula:   

 

Soil organic carbon stock (kg/m2) =  

Bulk density (kg/m3) x Soil depth (m) x Soil organic carbon concentration (%) x 0.01      

 

 

 

Data analyses and statistics 

All soil sample data and field recorded tree data were organized into two separate Excel files. 

Using the R package “readxl” (Wickham & Bryan, 2023), the files were exported to RStudio 

(RStudio Team, 2015), and R v. 4.2.3 (R Core Team, 2023) was applied for data processing 

and analyses.   

 

Average soil carbon stocks 

Initially, 108 sample lines made up of a total of 1008 soil samples were collected in the field. 

However, after omitting samples with missing data (lacking coordinates) using the R package 

“tidyr” (Wickham et al., 2023A), the final dataset comprised a total of 92 sample lines made up 

of 863 soil samples. Average soil carbon stock (kg/m2) was calculated for each soil sample line 

as the carbon stock mean of all individual soil samples making up the sample line, and these 

mean values were used in all subsequent data analyses. The main reason why I calculated mean 

values for soil sample lines was to simplify my study by ignoring the difference in micro-terrain 

properties surrounding the individual soil sampling points.  
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Data sorting and exploration were conducted, followed by basic plotting of the data by applying 

the R package “ggplot2” (Wickham, 2016). Calculation of summary statistics for forest and 

tundra soil carbon stocks was carried out using the R package “dplyr” (Wickham et al., 

2023B). A Shapiro-Wilk test (Shapiro & Wilk, 1965) revealed that the average soil carbon stock 

data were not normally distributed (p-value = 1.395e-08), and were highly right-skewed (i.e., 

the majority of soil carbon stocks were small). Therefore, rather than using a standard t-test, it 

was necessary to apply a nonparametric Mann-Whitney U test (Mann & Whitney, 1947) to 

compare average soil carbon stocks in forest and tundra. 

 

 

Estimation of tree biomass 

To assess the influence of tree biomass on soil carbon stocks, above-ground tree biomass 

surrounding the soil sample lines was estimated using LiDAR data at different spatial scales, 

specifically buffer zones with radius 4 m – 10 m. That way, average soil carbon stocks for the 

field collected soil sample lines could be modeled as a function of the estimated tree biomass. 

A model for the relationship between tree height and height metrics (height percentiles) from 

LiDAR data, was first constructed. The LiDAR metrics were calculated from the LiDAR points 

found inside the tree polygons, as defined by field measured position and their corresponding 

tree height, and used as potential explanatory variables in the tree height model. Then, a tree 

segmentation from the LiDAR point data was carried out for the entire study site, and the tree 

height model was applied to each segment. With the height predicted from the model, tree 

biomass for each tree segment was estimated using the biomass model of Kolstad et al. (2018). 

As the goal was not to detect tree species, all trees were assumed to be mountain birch. Finally, 

total tree biomass for each of the seven buffer zones (radius 4 m – 10 m), was calculated around 

each soil sample line as the sum of biomass values of the separate tree segments inside each 

buffer zone. This resulted in circles of different sizes with various amounts of estimated tree 

biomass (Fig. 5).  
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Figure 5. Schematic illustration of buffer zones of different sizes (radius 4 m – 10 m) surrounding the 

center point (small tree, big tree, or tundra point) of a soil sample line. The buffer zones contain tree 

biomass of different magnitudes, estimated based on LiDAR point cloud data obtained by drone and 

reference data from trees recorded in the field.  

 

 

 

 

 

 

Modeling  

When plotting average soil carbon stocks as a function of latitude, it was evident that soil sample 

lines originating closer to each other had more similar carbon stocks compared to more distant 

sample lines, as one would expect (Fig. 6). To account for this spatial dependence, it was 

necessary to apply mixed modeling.  
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Figure 6. Distribution of average soil carbon stocks for soil sample lines according to area of origin as 

a function of latitude. The distributions are similar in shape, and this is likely a consequence of soil 

sample lines collected closer to each other being more similar than more distant sample lines.  

 

 

I compiled a separate dataset for each buffer zone (radius 4 m – 10 m), comprising average soil 

carbon stocks and estimated tree biomass within the respective buffer zone for all 92 soil sample 

lines. I developed linear mixed effects regression models for all seven buffer zones, to see if 

tree biomass at different spatial scales impact soil carbon stocks differently. In the models, 

average soil carbon stocks (kg/m2) for soil sample lines were the response variable (y), whereas 

estimated tree biomass (kg) within buffer zones was the explanatory variable (x) and fixed 

effect. In addition, site ID was added as a random effect. Hence, the general form of the models 

can be summarized as follows:   

 

Average carbon stocks (kg/m2) for soil sample lines as response variable (y) = Tree biomass 

(kg) in a buffer zone as explanatory variable (x) and fixed effect + Site ID as random effect 
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To perform the linear mixed effects regression modeling in R, I applied the R package “lme4” 

(Bates et al., 2015). I log-transformed the response variable (average carbon stocks), to make 

the data more normally distributed and improve linearity between the response variable and the 

explanatory variable. Then, I extracted the model predictions by applying the R package 

“ggeffects” (Lüdecke, 2018), and plotted the predictions by using the package “ggplot2”. I 

acquired p-values and R2 values for the fixed effect (tree biomass) in the different models by 

applying the R package “jtools” (Long, 2022). I also verified the p-values and R2 values 

obtained with “jtools” by applying the packages “lmerTest” (Kuznetsova et al., 2017) and 

“MuMIn” (Barton, 2023), respectively.   
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Results  

Soil carbon stocks in forest compared to tundra 

Contrary to my expectations, forest on average seems to comprise somewhat larger soil carbon 

stocks than tundra, based on visual inspection of preliminary plots (Fig. 7 A and B). Forest also 

demonstrates more variation in the data, i.e., a greater span in soil carbon stocks. 

 

 

 

Figure 7. A. Boxplot showing average soil carbon stocks of soil sample lines in forest compared to 

tundra, and the variation in the data. B. Kernel-density plot showing distributions of soil sample lines 

from forest and tundra with regard to soil carbon stocks.   

 

 

Similar to the plots in Figure 7, forest also seems to comprise somewhat larger soil carbon 

stocks than tundra based on summary statistics (Tab. 1). The median soil carbon stock value is 

higher for forest, and even greater is the difference in the mean values. However, it is not clear 

whether this difference is statistically significant. Forest again demonstrates more variation in 

the data. This is evident from the standard deviations and the fact that forest possesses both the 

lowest and highest soil carbon stock values. 
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Table 1. Summary table of soil carbon stocks (kg/m2) in forest and tundra, respectively. The summary 

statistics include the minimum, maximum, mean, and median soil carbon stock value for both categories, 

as well as the associated standard deviation. Number of soil sample lines is signified by “n”.           

 

 

 

 

 

 

 

 

 

 

 

However, that soil carbon stocks are larger in forest compared to tundra, as indicated by the 

preliminary plots and summary statistics, was not corroborated by statistical tests. The Mann-

Whitney U test showed that soil carbon stocks in forest were not significantly larger than soil 

carbon stocks in tundra (p-value = 0.223). Furthermore, when examining if there was a 

significant difference between forest and tundra soil carbon stocks at all, the Mann-Whitney U 

test revealed that the difference was not statistically significant (p-value = 0.446).  

 

 

The relationship between soil carbon stocks and tree biomass 

Statistical significance and model fit based on the linear mixed effects regression models are 

shown in Table 2. From the table it is evident that the impact of tree biomass (fixed effect) on 

soil carbon stocks was not statistically significant for any of the buffer zones. Furthermore, 

when assessing the model fit for the fixed effect (R2 (fixed effect)), the R2 values are almost 

equal to zero, and so corroborate the very high p-values. Phrased differently, tree biomass seems 

to be a very weak determinant of soil carbon stock size, the results indicating no clear 

relationship between the two variables, and spatial scale does not seem to be of 

importance. However, when also considering the random effect site ID (R2 (total)), the model 

fit increases considerably for all buffer zones. In other words, what specific study site a sample 

line originates from seems to be a major determinant of soil carbon stock size.  
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Table 2. Values representing statistical significance (p-values) and model fit (R2(fixed effect)) for the 

explanatory variable tree biomass on the response variable average soil carbon stocks, for the different 

buffer zones (radius 4 m – 10 m). None of the p-values are statistically significant. Also model fit when 

site ID (random effect) is considered in addition to tree biomass (R2(total)) is shown.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The lack of a clear relationship, positive or negative, between soil carbon stocks and tree 

biomass is also exemplified by the plots in Figure 8. The slope of the regression lines for 

average soil carbon stocks as a function of tree biomass is not significantly different from zero 

for any of the buffer zones. The removal of extreme outlier biomasses potentially biasing the 

regression lines also yielded the same result. Same as for Figure 7 and Table 1, forest 

demonstrates more variation in the data compared to tundra.  
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Figure 8. Regression lines with associated 95 % confidence intervals, when plotting the predictions of 

the linear mixed effects regression models for each buffer zone (radius 4 m – 10 m). The slope of the 

regression lines for average soil carbon stocks as a function of tree biomass is not significantly different 

from zero for any of the buffer zones.  
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Discussion  

Possible explanations for my findings 

Contrary to most of the existing studies and my expectations (e.g., Sjögersten & Wookey, 2009; 

Hartley et al., 2012; Parker et al., 2015; Speed et al., 2015), I did not find that tundra soils are 

richer in carbon than forest soils. The literature is, however, divided, and there are some studies 

sharing my results. For instance, Kammer et al. (2009) and Sistla et al. (2013) concluded in 

their studies that forest establishment in tundra, despite altering carbon dynamics and a number 

of ecosystem processes, did not lead to a significant change in soil carbon stocks. Speed et al. 

(2014) further found no significant difference in soil carbon content among grazed grasslands 

and un-grazed woodlands, comparable to tundra and forest, respectively. Similarly, Devos et al. 

(2022) found that soil carbon stocks in adjacent forest and tundra soils were not significantly 

different in half of their study sites. Methodological differences should however be born in 

mind, as Devos et al. (2022) similar to my study, only considered surface soils, whereas the 

remaining studies also assessed deeper mineral soil layers. It should also be noted that the part 

of my dataset originating from northern Norway is the same as the data used by Devos et al. 

(2022) and were collected according to the same field protocol, explaining why we share the 

same methodologies.   

It was interesting to explicitly assess whether tree biomass has an effect on soil carbon stores. 

However, considering the nonsignificant difference between soil carbon stocks in forest and 

tundra, the lack of a clear relationship between soil carbon stocks and tree biomass is perhaps 

not so surprising. Very few studies have sought to find the relationship between soil carbon 

stocks and tree biomass in the forest-tundra ecotone, and so comparable studies are scarce. 

However, explanations proposed in the above-mentioned studies, that found no significant 

difference in forest and tundra soil carbon stores, could be applicable for both my research 

questions. The general idea that has been proposed is that greater litter inputs, as a result of 

increased tree biomass and productivity, are roughly balanced by increased decomposition by 

the soil microbiota. As a consequence, carbon stocks in forest and tundra soils are more or less 

the same (Kammer et al., 2009). Hence, this carbon gain/carbon loss balance may also explain 

why different amounts of tree biomass did not significantly alter the soil carbon stocks in my 

study.  

In my case, the small difference in carbon stocks in forest and tundra soils could potentially 

also be a consequence of the study design. Since the forest sample lines and tundra sample line 
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were relatively close in space, there was not necessarily a very big difference in the amount of 

tree biomass in what we called “forest” and “tundra” (Appendix B), blurring out the differences 

between the two categories. On the other hand, the fact that I have pairwise observations, i.e., 

forest and tundra sample lines collected in the same treeline ecotone, is also a strength. Then, I 

can more easily isolate the effect of tree biomass on soil carbon stocks, as was my aim, rather 

than the effect of study site. The effect of study site on soil carbon stocks is further accounted 

for by the application of mixed modeling. Furthermore, as I found that the amount of tree 

biomass all in all seemed to be of little importance for soil carbon stock sizes, the explanation 

proposed above that forest and tundra sample lines had comparable tree biomasses, seems 

insufficient to explain the nonsignificant difference in forest and tundra soil carbon stocks.  

Another more likely explanation could be the age of the forest in my study. If the forested areas 

sampled are quite young, i.e., comprised of trees that established relatively recently, ecosystem 

processes and soil development associated with forest habitats may be lagged compared to 

forest establishment. Considering this, it would potentially have been a greater difference in 

carbon stocks between forest and tundra soil sample lines if we had sampled farther downhill, 

where the forest is older and more developed. This notion is supported by previous findings 

that soil carbon stocks change along with tree age, increasing as trees mature (Steltzer, 2004). 

Thus, one would potentially observe greater differences between forest and tundra sample lines 

in the future, along with forest maturation. 

The more variation observed in the forest data, both soil carbon stocks (i.e., Tab. 1, Fig. 7, Fig. 

8) and tree biomass (i.e., Appendix B), could potentially reflect that trees from the forest vary 

more in age than trees collected in the tundra (in general thought to be young trees). Assuming 

that tree biomass and soil carbon stocks increase with tree age, the more variation in tree 

biomass would explain the greater variation in forest soil carbon stocks. However, as we do not 

know the age of the trees surrounding the soil sample lines, this is nothing more than speculation 

and should be explored more closely in order to draw any conclusions. The large tree biomass 

found around some forest sample lines could for instance be explained by a high number of 

small and young trees rather than trees that are old and big. As to the greater variation in forest 

soil carbon stocks, this could potentially be explained by forest having twice as many soil 

sample lines as tundra (Tab. 1).  

Lastly, there are certainly several other factors than tree biomass influencing soil carbon stores, 

that I have not incorporated in my models. This is supported by the extremely low R2 values of 

my fixed effect (tree biomass) in the linear mixed effects regression models (Tab. 2), suggesting 
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that tree biomass alone is a very weak determinant of soil carbon stock sizes. The assertion that 

soil carbon stocks are influenced by the interaction of a number of abiotic and biotic factors, is 

pointed out in several studies. Key factors that determine soil carbon quantities at a specific site 

include local topography, slope, aspect, edaphic conditions, vegetation community, and more 

(Post et al., 1982; Hansson et al., 2021; Devos et al., 2022). As a consequence, soil carbon 

stocks are found to be highly site-specific, but also with considerable local variation within sites 

(e.g., Devos et al., 2022). This site-specificity is evident in my study as the R2 of my models 

increase considerably when also taking the random effect site ID into account (Tab. 2), 

confirming my assumptions that soil sample lines originating from the same study site are more 

similar to each other than they would randomly. It is also possible that the model fit would have 

increased even more if I added some environmental variables to the models, for instance 

elevation, slope, and temperature, that previously have been considered as strong predictors of 

soil carbon stock sizes (Devos et al., 2022). 

 

 

 

Implications of my findings and future perspectives 

Despite that soil carbon dynamics are complex and highly site-specific, the findings provided 

in this study may shed light on what future shifts in treeline position and structure could mean 

for soil carbon pools in forest-tundra ecotones. As my study includes one of the so far most 

extensive datasets in this field of research, it could perhaps be generalized and apply to other 

Norwegian treelines than those included here, or even treelines outside of Norway.  

Based on my results, treeline expansion and densification will not necessarily lead to a net loss 

of soil carbon as tundra transitions to forest. A higher number of trees could potentially induce 

positive feedback where reduced albedo results in locally warmer conditions, favoring the 

establishment of even more trees (Chapin et al., 2005; de Wit et al., 2014). This is though 

contingent on further tree establishment not being hampered by competition, herbivory, 

moisture deficiency, and more (e.g., Tingstad et al., 2015; Mienna et al., 2020; Lu et al., 2021). 

However, this positive feedback promoting tree establishment will not automatically impact the 

soil carbon stores, and induce another positive feedback in which increased soil carbon 

emissions exacerbate global warming, as is a serious concern.  

In fact, there is a possibility that the ecosystem carbon stores will increase when the tree 

biomass, as well as other vegetation biomass, increase. This because soil carbon stores may 
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remain largely unchanged while greater tree and vegetation biomass will constitute a substantial 

above-ground carbon pool. However, increased above-ground tree biomass and productivity 

under warmed conditions (Körner, 2000; Kirdyanov et al., 2012) do not always compensate for 

soil carbon losses (Sjögersten & Wookey, 2009). Furthermore, it may be reasonable to assume 

that soil carbon stores, at least in deeper soil layers, constitute a more stable and long-term 

carbon sink than carbon stored in vegetation, with a presumably higher carbon turnover rate. 

Additionally, even if treeline expansion does not lead to a significant change in soil carbon 

quantities, there will most likely be changes in soil carbon quality (e.g., Kammer et al., 2009). 

It is also important to remark that the transition from tundra to forest will certainly have other 

non-carbon consequences, like a shift in vegetation communities from alpine to more boreal 

species (Greenwood & Jump, 2014).  

There are several things I could have done, and that future studies should consider doing, to 

improve our understanding of carbon dynamics in the forest-tundra ecotone, and so aid in the 

development of management strategies to maximize carbon storage in the treeline. Firstly, I did 

only sample surface soils (O and A horizons). However, to get a more complete picture of the 

soil carbon stores, all layers down to the bedrock should ideally be sampled. Secondly, an 

estimation of the above-ground carbon stores, both trees and extant vegetation, should be 

conducted to enable comparison of total ecosystem carbon stores in forest and tundra. It could 

further be interesting to investigate if other types of remotely sensed data than LiDAR data 

obtained by drone, such as spectral data or satellite data, would yield different tree biomass 

estimates. Finally, an estimation of tree age and its importance for soil carbon sequestration is 

yet another key factor that would contribute to our understanding of treeline carbon dynamics.  

 

 

Potential sources of error 

Potential sources of error in my study include both sampling errors and measurement errors. 

For instance, a thunderstorm prevented us from obtaining coordinates at one of the study sites 

during the fieldwork, so I had to omit that study site from my analyses altogether. Moreover, 

there are some aspects of the labwork that potentially could have biased the data. Removal of 

deeper mineral soil from soil samples was conducted by visual inspection, and it was sometimes 

challenging to separate the O and A horizons from deeper mineral soil layers. Consequently, 

some samples may, despite tedious effort, have contained traces of deeper mineral soil. Such 
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contamination could have biased the carbon concentrations slightly, and so the carbon stocks, 

if carbon concentrations in surface and deeper soil layers differed substantially.  

Furthermore, there are some uncertainties associated with the LiDAR data used for estimating 

tree biomass. Previous studies have found a very high detection rate for trees > 1 m tall, 

however, for trees below this limit the detection success is considerably lower (Næsset & 

Nelson, 2007; Thieme et al., 2011). For the smaller trees, tree species also seems to be important 

for detection success (Thieme et al., 2011) as well as the terrain model applied (Næsset & 

Nelson, 2007). It is therefore reasonable to assume that some small trees were not detected in 

my study, and hence the tree biomass may have been underestimated. This would perhaps 

especially be the case for the tree biomass surrounding the tundra sample lines, as these trees 

in general are expected to be smaller than those found near the forest sample lines. On the other 

hand, non-tree objects such as rocks and hummocks, could have been interpreted as trees based 

on the LiDAR data (Næsset & Nelson, 2007; Thieme et al., 2011). This would have the opposite 

effect by biasing the biomass estimates upward. Irregular crown shapes and stems growing 

parallel to the ground, typical of trees found in the treeline, represent an extra challenge for 

estimation of tree biomasses from remote sensing data in forest-tundra ecotones 

(Mukhopadhyay et al., unpublished). Furthermore, the fact that a biomass model was applied 

introduces additional uncertainty, especially since the model assumed that all trees were 

mountain birch. Thus, the tree biomasses should be treated with caution, as they are first and 

foremost estimates and not true representations of reality. It should however be noted that the 

point density of our LiDAR data was very high (> 300 points/m2), and much higher than the 

point density in many of the previous studies successfully applying LiDAR data for tree 

detection (e.g., Thieme et al., 2011). This could to some extent make up for the uncertainty 

associated with this type of data. Also, as the vast majority of trees recorded in this study were 

in fact mountain birch, this could somewhat justify the use of the simplified biomass model. 
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Conclusions 

Contrary to my expectations, soil carbon stocks initially seemed larger in forest compared to 

tundra. The observed difference was, however, not statistically significant. When investigating 

more closely the effect tree biomass has on soil carbon stocks, there was no clear relationship 

between the two variables, positive or negative, irrespective of spatial scale. I.e., whether the 

tree biomass was small or large was of little importance for the soil carbon stocks, and this 

applied to buffer zones of all sizes. What study site soil sample lines originated from however 

seemed important, probably due to considerable variation in abiotic and biotic conditions 

among sites. Possible explanations for lack of difference between forest and tundra soil carbon 

stocks, as well as lack of a clear relationship between soil carbon stocks and tree biomass, 

include higher litter inputs as a consequence of more tree biomass being counterbalanced by 

increased soil microorganism decomposition. Small differences in tree biomass around forest 

and tundra sample lines is another possible explanation for the nonsignificant difference in soil 

carbon stocks in forest and tundra. However, delayed soil development compared to forest 

establishment is considered a more likely explanation. In addition, several other factors than 

tree biomass likely influence soil carbon stock sizes. In the future, studies could sample all soil 

layers down to the bedrock, estimate above-ground carbon stores, and infer tree age, to better 

our understanding of carbon dynamics in Norwegian forest-tundra ecotones, and our 

predictions of how future climate change may change them. Such insights may enable us to 

develop management strategies to maximize carbon storage at treelines to help mitigate global 

warming.  
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Appendix A – Study sites information  
Table A-1. Information summary of the study sites included in my thesis. The information is based on 

the supplementary material found in Devos et al. (unpublished). Mean annual air temperatures are based 

on temperature records in the period 1970-2020.  
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Appendix B – Estimated tree biomass in forest and tundra 

 

 

Figure B-1. Boxplots showing average estimated tree biomass, as well as variation in the tree 

biomass data, in forest compared to tundra for the smallest (radius 4 m) and biggest (radius 10 

m) buffer zones.  
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