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Summary 

Global warming has led to an average earth surface temperature increase of about 

0.7 °C in the 20th century, according to the 2007 IPCC report. In Switzerland, the 

temperature increase in the same period was even higher: 1.3 °C in the Northern Alps 

and 1.7 °C in the Southern Alps. The impacts of this warming on ecosystems - 

especially on climatically sensitive systems like the treeline ecotone - are already visible 

today. Alpine treeline species show increased growth rates, more establishment of 

young trees in forest gaps is observed in many locations and treelines are migrating 

upwards. With the forecasted warming, this globally visible phenomenon is expected to 

continue. This PhD thesis aimed to develop a set of methods and models to investigate 

current and future climatic treeline positions and treeline shifts in the Swiss Alps in a 

spatial context. The focus was therefore on: 1) the quantification of current treeline 

dynamics and its potential causes, 2) the evaluation and improvement of temperature-

based treeline indicators and 3) the spatial analysis and projection of past, current and 

future climatic treeline positions and their respective elevational shifts. The methods 

used involved a combination of field temperature measurements, statistical modeling 

and spatial modeling in a geographical information system. To determine treeline shifts 

and assign the respective drivers, neighborhood relationships between forest patches 

were analyzed using moving window algorithms. Time series regression modeling was 

used in the development of an air-to-soil temperature transfer model to calculate thermal 

treeline indicators. The indicators were then applied spatially to delineate the climatic 

treeline, based on interpolated temperature data. Observation of recent forest dynamics 

in the Swiss treeline ecotone showed that changes were mainly due to forest in-growth, 

but also partly to upward altitudinal shifts. The recent reduction in agricultural land-use 

was found to be the dominant driver of these changes. Climate-driven changes were 

identified only at the uppermost limits of the treeline ecotone. Seasonal mean 

temperature indicators were found to be the best for predicting climatic treelines. 

Applying dynamic seasonal delimitations and the air-to-soil temperature transfer model 

improved the indicators’ applicability for spatial modeling. Reproducing the climatic 

treelines of the past 45 years revealed regionally different altitudinal shifts, the largest 

being located near the highest mountain mass. Modeling climatic treelines based on two 



ii  Summary 

IPCC climate warming scenarios predicted major shifts in treeline altitude. However, 

the currently-observed treeline is not expected to reach this limit easily, due to lagged 

reaction, possible climate feedback effects and other limiting factors. 
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Résumé 

Selon le rapport 2007 de l’IPCC, le réchauffement global a induit une augmentation de 

la température terrestre de 0.7 °C en moyenne au cours du 20e siècle. En Suisse, 

l’augmentation durant la même période a été plus importante: 1.3 °C dans les Alpes du 

nord et 1.7 °C dans les Alpes du sud. Les impacts de ce réchauffement sur les 

écosystèmes - en particuliers les systèmes sensibles comme l’écotone de la limite des 

arbres - sont déjà visibles aujourd’hui. Les espèces de la limite alpine des forêts ont des 

taux de croissance plus forts, on observe en de nombreux endroits un accroissement du 

nombre de jeunes arbres s’établissant dans les trouées et la limite des arbres migre vers 

le haut. Compte tenu du réchauffement prévu, on s’attend à ce que ce phénomène, 

visible globalement, persiste. Cette thèse de doctorat visait à développer un jeu de 

méthodes et de modèles pour étudier dans un contexte spatial la position présente et 

future de la limite climatique des arbres, ainsi que ses déplacements, au sein des Alpes 

suisses. L’étude s’est donc focalisée sur: 1) la quantification de la dynamique actuelle 

de la limite des arbres et ses causes potentielles, 2) l’évaluation et l’amélioration des 

indicateurs, basés sur la température, pour la limite des arbres et 3) l’analyse spatiale et 

la projection de la position climatique passée, présente et future de la limite des arbres et 

des déplacements altitudinaux de cette position. Les méthodes utilisées sont une 

combinaison de mesures de température sur le terrain, de modélisation statistique et de 

la modélisation spatiale à l’aide d’un système d’information géographique. Les relations 

de voisinage entre parcelles de forêt ont été analysées à l’aide d’algorithmes utilisant 

des fenêtres mobiles, afin de mesurer les déplacements de la limite des arbres et 

déterminer leurs causes. Un modèle de transfert de température air-sol, basé sur les 

modèles de régression sur séries temporelles, a été développé pour calculer des 

indicateurs thermiques de la limite des arbres. Les indicateurs ont ensuite été appliqués 

spatialement pour délimiter la limite climatique des arbres, sur la base de données de 

températures interpolées. L'observation de la dynamique forestière récente dans 

l'écotone de la limite des arbres en Suisse a montré que les changements étaient 

principalement dûs à la fermeture des trouées, mais aussi en partie à des déplacements 

vers des altitudes plus élevées. Il a été montré que la récente déprise agricole était la 

cause principale de ces changements. Des changements dus au climat n’ont été 
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identifiés qu’aux limites supérieures de l’écotone de la limite des arbres. Les indicateurs 

de température moyenne saisonnière se sont avérés le mieux convenir pour prédire la 

limite climatique des arbres. L’application de limites dynamiques saisonnières et du 

modèle de transfert de température air-sol a amélioré l’applicabilité des indicateurs pour 

la modélisation spatiale. La reproduction des limites climatiques des arbres durant ces 

45 dernières années a mis en évidence des changements d’altitude différents selon les 

régions, les plus importants étant situés près du plus haut massif montagneux. La 

modélisation des limites climatiques des arbres d’après deux scénarios de réchauffement 

climatique de l’IPCC a prédit des changements majeurs de l’altitude de la limite des 

arbres. Toutefois, l’on ne s’attend pas à ce que la limite des arbres actuellement 

observée atteigne cette limite facilement, en raison du délai de réaction, d’effets 

rétroactifs du climat et d’autres facteurs limitants. 



  v 

Acknowledgements 

I would like to extend my warmest thanks to all the people without whose help and 

support this work would not have been possible. 

 

My first thanks go to Dr. Niklaus Zimmermann who invited me to join his research 

group and followed my work on the PhD-thesis. I very much appreciated the liberties he 

gave me in developing my ideas and the excellent and motivating working conditions he 

offered in his group. He was a valuable supervisor sharing his experience, good advice 

and countless ideas. 

 

I would also like to thank Prof. Antoine Guisan for kindly agreeing to supervise this 

thesis and providing much-valued feedback on the drafts of the papers, 

 

the other members of the jury, Prof. EdwardFarmer, Prof. Christian Körner,  

Dr. Thomas Dirnböck, and Prof. Nicolas Perrin, who have accepted to evaluate this 

work, 

 

and Urs-Beat Brändli for initiating this project and providing the bulk of the funding. 

 

My further thanks go to 

 

• Dr. Ernst Ott, a pioneer in mountain forest ecology, a dear teacher during my 

forestry study at the ETH for sparking my interest in mountain forests. 

• the treeline group for the scientific discussions, moral support, and all the good 

moments we shared together: Dr. Mario Gellrich, Dr. Stefan Leyk, Lukas Mathys, 

Achilleas Psomas, Dr. Sophie Rickebusch, Dr. Gillian Rutherford, and Katharina 

Steinmann. 

• the “field people”, who helped with the extensive field work in the steep and 

strenuous terrain in the Swiss Alps, sharing many beautiful moments and 

wonderful views. The work on the treeline temperature study would not have been 



vi  Acknowledgements 

possible without the assistance of Dr. Martin Gehrig, Joerg Sparenborg, Dr. 

Corinne Züblin-Gehrig, Dr. Gillian Rutherford, Katharina Steinmann, Susanne 

Nüesch, Dr. Otmar Gehrig, Kathy Gehrig, Heidy Fasel, Urs Fasel, Peter Jakob, 

Urs-Beat Brändli, Dr. Sophie Rickebusch, and Dr. Andreas Stucky. 

• my office mates for their support, the computer-scolding competitions and the 

occasional piece of chocolate: Joerg Sparenborg. Dr. Sophie Rickebusch and 

Rafael Wüest. 

• Dr. Sophie Rickebusch for translating the Englisch summary into French. 

• all the people at leo.org and r-project.org. They do an amazing job every day. 

• my parents Dr. René and Heidy Fasel-Burri who encouraged me in my decisions 

and made my studies possible. Without their support and the values they passed 

on to me, I would never have made my way to the PhD. 

• the rest of my family and friends for their moral support and understanding for my 

mental and physical absences. 

 

And finally, I thank my husband, Dr. Martin Gehrig, for the lively scientific 

discussions, professional advice and the motivating support. He always stood by my 

side and shared not only the pleasant but also the difficult moments. Without him, I 

would never have been able to make it through this work. 

 

 

 

The major part of this research was funded through the section Landscape Inventories of 

the Swiss Federal Research Institute WSL in Switzerland. Additional funding was 

provided by the 5th and 6th Framework program of the EU (contract number EVK2-

CT-2002-00136 and GOCE-CT-2003-505376). 



  vii 

Contents 

Summary .......................................................................................................................... i 

Résumé............................................................................................................................ iii 

Acknowledgements ......................................................................................................... v 

Contents......................................................................................................................... vii 

Chapter 1: Introduction................................................................................................. 1 

1.1 Research context............................................................................................... 1 

1.2 Fundamental questions of this PhD research.................................................... 6 

1.3 Methodological framework .............................................................................. 7 

1.4 Outline of the thesis........................................................................................ 12 

References.................................................................................................................. 14 

Chapter 2: Treeline shifts in the Swiss Alps: Climate Change or Land 

Abandonment? ......................................................................................................... 23 

Abstract...................................................................................................................... 23 

2.1 Introduction .................................................................................................... 24 

2.2 Data and methods ........................................................................................... 27 

2.3 Results ............................................................................................................ 33 

2.4 Discussion....................................................................................................... 40 

2.5 Conclusion...................................................................................................... 45 

Acknowledgements.................................................................................................... 46 

References.................................................................................................................. 46 

Appendix to Chapter 2............................................................................................... 52 

Chapter 3: Evaluating thermal treeline indicators based on air and soil 

temperature using an air-to-soil temperature transfer model............................. 57 

Abstract...................................................................................................................... 57 

3.1 Introduction .................................................................................................... 58 



viii  Contents 

3.2 Material and methods ..................................................................................... 61 

3.3 Results ............................................................................................................ 73 

3.4 Discussion....................................................................................................... 79 

3.5 Conclusion...................................................................................................... 82 

Acknowledgements.................................................................................................... 83 

References.................................................................................................................. 83 

Chapter 4: Spatially predicting recent and future climatic treelines in the Swiss 

Alps............................................................................................................................ 89 

Abstract...................................................................................................................... 89 

4.1 Introduction .................................................................................................... 90 

4.2 Methods .......................................................................................................... 94 

4.3 Results .......................................................................................................... 100 

4.4 Discussion..................................................................................................... 108 

4.5 Conclusion.................................................................................................... 111 

Acknowledgements.................................................................................................. 112 

References................................................................................................................ 112 

Chapter 5: Synthesis................................................................................................... 119 

5.1 Main results .................................................................................................. 119 

5.2 Climatic treeline: value and description ....................................................... 122 

5.3 Future development: scenario limitations and modeling options................. 125 

5.4 Topics for further research ........................................................................... 127 

References................................................................................................................ 129 

Curriculum Vitae........................................................................................................ 133 

 



Chapter 1 

Introduction 

The following introductory paragraphs provide an overview of the research context, the 

fundamental questions of this thesis, and the methodological framework applied for this 

work. Also, a quick summary of each main chapter is given in the thesis outline. 

1.1 Research context 

1.1.1 Global warming 

Climate variability results from internal variations of the climate system as well as from 

influences of external factors that are either natural or anthropogenic. Current climate 

change research addresses the fundamental questions whether the observed global 

warming is an ongoing trend driven by external factors or simply due to normal internal 

variability. Additionally, the question is put forward whether this global warming is 

induced by anthropogenic forcing. 

The fourth Summary for Policymakers Report of the Intergovernmental Panel on 

Climate Change resumes the current findings of the scientific community as the most 

up-to-date scientific assessment of past, present and potential future climates (IPCC, 

2007). Based on evidence from observations of increases in global average air and 
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ocean temperatures, widespread melting of snow and ice, and rising global average sea 

level, it concludes that warming of the climate system is unequivocal. It also states that, 

with > 90 % certainty, human emissions of greenhouse gases rather than natural 

variations are warming the planet's surface. According to the IPCC 2007 report, carbon 

dioxide (CO2), the most important anthropogenic greenhouse gas, has increased 

globally from a pre-industrial value of about 280 ppm to 379 ppm in 2005. The 

atmospheric concentration of carbon dioxide in 2005 exceeds by far the natural range 

over the last 650,000 years (180 to 300 ppm) as determined from ice cores. The annual 

carbon dioxide concentration growth-rate was larger in the last 10 years (1995 – 2005: 

1.9 ppm per year), than it has been since the beginning of continuous direct atmospheric 

measurements (1960 – 2005: 1.4 ppm per year).This is regarded as the main reason for 

the increase of global temperatures observed during the same period. Jones and Moberg 

(2003) reported that in the 20th century the global average earth surface temperature had 

increased by about 0.7 °C. In the Swiss Alps, the temperature increase was even higher 

than the global average. During the 20th century, temperatures increased by 1.3 °C in the 

Northern Alps to 1.7 °C in the Southern Alps (Rebetez and Reinhard, 2007). In 

particular, a strong warming has been detected since the 1980s (Beniston, 2001, 

Beniston, 2003), continuing into the beginning of the 21 century (Rebetez and Reinhard, 

2007). 

1.1.2 Interactions of global warming and treeline dynamics 

Changes in global climate and atmospheric composition are expected to have an impact 

on the natural and man-made environment (IPCC, 2001). Natural Alpine treelines are 

climatically-determined ecotones (Körner, 1998, Körner and Paulsen, 2004) and 

therefore considered particularly sensitive to altered temperature regimes (Theurillat 

and Guisan, 2001). Consequently, treelines are expected to react strongly to the current 

and forecasted global warming (Holtmeier and Broll, 2005, Tinner and Kaltenrieder, 

2005), either through elevational shifts or through densification of existing forest 

(MacDonald et al., 1998, Camarero and Gutierrez, 2004). This response is expected to 

induce a vegetation succession represented by lagged and rapid changes (Alftine and 

Malanson, 2004, Camarero and Gutierrez, 2004), starting with colonization of the most 
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favorable sites and followed by further advancement and upward shifts through feed-

back mechanisms (Alftine and Malanson, 2004, Holtmeier and Broll, 2005). 

On a larger scale, effects of such structural dynamics may be contradictory, as 

changes in high elevation forests can directly feedback to global warming in different 

ways. On the one hand, increases in growth as well as forest expansion (treeline 

advance) due to the warming would enhance CO2 uptake (Körner, 2000), therefore 

acting as a negative feedback to the atmospheric CO2 concentration and reducing global 

warming. On the other hand, replacement of grasslands by evergreen conifers decreases 

albedo (reflectivity), especially in areas with long snow-cover duration, which could act 

as positive feedback and increase terrestrial warming (Foley et al., 1994, 2000, Betts, 

2000). To what degree the carbon sink effect of forest would actually influence climatic 

change on a global scale is currently being heavily discussed (Betts, 2000, Betts, 2004, 

Gibbard et al., 2005, Jackson et al., 2005, Keppler et al., 2006). Besides the potential 

carbon sink and feedback effects to global warming, considerable interest has recently 

been expressed regarding the rate of treeline changes in connection with biodiversity 

loss (IPCC, 2000, Grace et al., 2002). With advancing treelines, species with restricted 

niche widths may experience severe fragmentation or  loss of habitats (Dirnböck et al., 

2003) or even become extinct (Halloy and Mark, 2003). More generally, plant 

communities and species compositions are expected to change (Keller et al., 2000, Pauli 

et al., 2001, Walther et al., 2005) both as an effect of a possible climate change and as 

an effect of altered competition followed by treeline shifts. 

1.1.3 Current changes at the treeline 

Some potentially climate driven changes in the treeline ecotone are already visible. 

Alpine treeline species show strongly increased grow rates (Paulsen et al., 2000, Motta 

and Nola, 2001, Motta et al., 2006), and alpine plant communities and species 

composition are changing (Keller et al., 2000, Pauli et al., 2001, Walther et al., 2005, 

Pauli et al., 2007). Forest stands near the alpine treeline show a marked increase in 

forest density (Szeicz and MacDonald, 1995, Klasner, 1998, Klasner, 2002, Shiyatov et 

al., 2005, Gehrig-Fasel et al., 2007), and increased young tree establishment has been 

observed in forest gaps near the alpine treeline (Körner, 2003, Shiyatov et al., 2005). 

Recently, even upward shifts of local treelines have been reported (Luckman and 
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Kavanagh, 2000, Moiseev and Shiyatov, 2003, Kullman and Kjallgren, 2006, Gehrig-

Fasel et al., 2007) and sapling establishment as far as 500 to 700 m above the current 

treeline has been observed (Kullman, 2004c, Kullman, 2006a). In fact, it is increasingly 

evident that upward treeline migration is already becoming a global phenomenon, 

although the magnitude and rate of advancement depend on local topoclimatic 

conditions (Meshinev et al., 2000, Sturm et al., 2001, Lloyd, 2005, Mazepa, 2005, 

Kullman, 2007). Some of these changes are evidently linked to other influencing factors 

than climate warming, such as changes in human land use (see below). Still the question 

remains how far these changes will actually proceed, i.e. where the climatic limit for 

treeline advance actually lies. Knowing the position of this climatic treeline would help 

to understand the importance of other factors influencing today’s treeline position and 

estimating the extent of the – most likely time lagged – changes to be expected in the 

treeline ecotone should any of these factors vary.  

1.1.4 Causes of treeline changes: Climate or land use change?  

Although climate is considered the most likely limiting factors for tree growth, most 

alpine treelines do currently not reach their climatic limit. Climate warming is therefore 

not the only driver for changes in the treeline ecotone. In the more intensively managed 

alpine areas, agricultural land use is considered to be one of the major forces driving 

changes in ecosystem functioning and dynamics (Cernusca, 1999). In fact, natural, 

undisturbed treelines are rare in the Swiss Alps (Paulsen and Körner, 2001, Gehrig-

Fasel et al., 2007), often limited to steep, convex and rocky slopes. In most other areas, 

alpine farming and forest pasturing have forced the treeline downslope for centuries 

(Holtmeier, 2003). However, since the mid 19th century, the intensity of alpine farming 

in the treeline ecotone has declined considerably (Surber et al., 1973, Mather and 

Fairbairn, 2000), following the rural depopulation which started with the Industrial 

Revolution but has increased since mid 20th century (Baldock et al., 1996, MacDonald 

et al., 2000). Simultaneously, the forest area in Switzerland has increased by at least 

30 % in the last 150 years (Brändli, 2000) with a large proportion of this increase 

having occurred on abandoned agricultural land. This close relationship between land 

abandonment and forest re-growth in the Swiss mountains was recently investigated by 

Gellrich et al. (2007), Gellrich & Zimmermann (2007), and Rutherford et al. (2007). 
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And except where settlements and recreational activities will continue to develop, 

reduced land use intensity and increasing temperatures are expected to act jointly to 

accelerate the recolonization of the potentially forested habitats around and above the 

current treeline (Theurillat and Guisan, 2001). However, both the spatial extent and the 

rate of change of these developments remain to be investigated. In fact, disentangling 

the respective effects of climate and land use changes will be a necessary step to 

understand, predict and anticipate future treeline dynamics.  

1.1.5 Modeling treeline dynamics 

Besides long-term observations at treelines around the globe, modeling approaches have 

been the most promising tool to investigate dynamics and possible drivers of treeline 

change. The models presented by various researchers vary from process-oriented, causal 

models (for review see Loehle and LeBlanc, 1996, Bugmann, 2001, Lischke et al., 

2007) to more empirical indicator-driven (Körner, 1998, Jobbagy and Jackson, 2000, 

Grace et al., 2002, Körner and Paulsen, 2004, Moen et al., 2004) or dendrochrono-

logical analyses (for review see Tessier et al., 1997, Briffa et al., 2004). While some of 

these models focus on the description of actual treelines and specific aspects or 

timeframes such as species composition, growth simulations or historic reproduction of 

treelines, others strive to investigate drivers such as climatic changes, land use intensity, 

topographic elements or natural hazards to simulate treeline dynamics or spatial 

changes. However, there appears to be no comprehensive model describing the complex 

interaction of all influencing agents needed to spatially map today’s and future treeline. 

In fact, it appears that current knowledge as well as available computational power is 

not yet sufficiently developed to apply complex models on a large spatial scale. Large 

spatial scale representations of models and scenarios are currently limited to describing 

“potential” treeline positions or developments using selected limiting factors, the most 

important of which being the temperature limitations. 

Temperature has been recognized as the primary driver for the position of the 

climatic treeline with other important factors operating as modulating agents rather than 

as the main determinants (Körner, 1998, Körner and Paulsen, 2004). Thus, current 

research focuses on the sink hypothesis, stating that growth is limited because the 

meristem activity declines at low temperatures (Körner, 1998, Hoch et al., 2002), rather 
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than on the source hypothesis stating growth limitation due to a shortage of 

photoassimilates (Stevens and Fox, 1991, Körner, 1998, Handa et al., 2005). Several 

studies have shown that tree growth is constrained by air temperature, with a 

temperature threshold for tree growth varying between 3 to 10 °C, but concentrating on 

the band from 5.5 to 7.5 °C associated with global treeline positions (for summary see 

Körner, 1998 and Körner, 2003). Other experiments additionally have documented the 

significance of soil temperature for tree growth (for references see Holtmeier, 2003, 

Körner and Paulsen, 2004). In light of these findings, temperature based indicators seem 

to be indeed suited for climatic treeline prediction. They can be used to predict a 

climatic treeline position, i.e. the upper limit of forest formation under given climate 

conditions under the exclusion of human activities. The determination of such 

temperature limits and the respective indicators can then serve as a basis to build more 

comprehensive models involving other influencing and modulating factors. 

1.2 Fundamental questions of this PhD research 

This PhD thesis aspires to develop a set of methods and models to investigate current 

treeline dynamics and climatic treeline positions in a spatial context. Using the 

developed methodology and suitable spatial representation of the results, we intend to 

answer the following research questions:  

 

• What are the spatial dynamics in the current treeline ecotone and how are they 

relating to the drivers behind these changes? 

• Can we improve the formulation and derivation of thermal treeline indicators, and 

if so, how do they compare to existing ones? 

• What are the effects of the currently predicted climate warming scenarios on the 

climatic treeline according to climatically defined treeline indicators, and how do 

these projected changes compare to past dynamics of the climatic treeline? 

 

The following paragraphs will elaborate the methods used in more detail. 
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1.3 Methodological framework 

To analyze and predict treeline dynamics in the Swiss Alps, we used a combination of 

statistical modeling, spatial modeling in a geographic information system (GIS), and 

field measurements. Several models were newly developed for this thesis and 

complemented with existing models made available by other research teams. Figure 1 

provides an overview of the analyses and models used in this thesis in reference to the 

three respective papers. 
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Figure 1: Conceptual overview of analyses, models and data used in this thesis. Solid lines 

represent analyses and models developed for this thesis, dashed lines represent analyses and 

models and data made available by other research teams. The three phases from left to right 

represent the three main chapters (2-4) of the thesis. 
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1.3.1 Focal analyses in a GIS 

A key method, used in this thesis for the investigation of climatic treeline elevation 

across large spatial scales and also for the quantification of treeline shifts, is based on 

moving window algorithms which describe and analyze neighborhood relationships. 

This cell-based GIS modeling approach uses so-called focal functions (Tomlin, 1990), 

which statistically summarize the values of all cells contained in a moving window of 

defined size and shape, and assigns the resulting summary value (e.g. min, max, mean) 

to the central (focal) cell. The moving window is moved across the study area cell by 

cell and thus each cell obtains the statistical value calculated on all neighboring cells. 

Both the regional potential treeline model according to Paulsen and Körner (2001) and 

our treeline shift algorithm (Fig. 1) used a focalmax function, searching for the highest 

treeline elevations in a regional or local neighborhood. Similarly, the treeline position 

model (Fig. 1) involved a focalmean function to calculate the mean treeline elevation 

within a moving window. These results were then used to quantify elevational shifts 

between time periods. 

As the size of the moving window influences the result of the statistical focal 

functions, a scaling bias may result depending on the data and the robustness of the 

analysis. We therefore performed an extensive sensitivity analysis using different 

moving windows sizes to quantify potential scaling biases. The respective results are 

presented in the appendix of chapter 2.  

1.3.2 Statistical modeling techniques 

The second major group of methods used in this thesis are a set of statistical (empirical) 

models which generally relate the response variable to a single or multiple predictor 

variables using statistical relationships (Korzukhin et al., 1996, Guisan and 

Zimmermann, 2000).  

The temperature interpolation model DAYMET (Fig. 1), which was developed in the 

Numerical Terradynamic Simulation Group of the University of Montana (Thornton et 

al., 1997, Thornton et al., 2000), allows extrapolating temperature data from climate 

stations over large regions of complex terrain by calculating cell-by-cell temperatures 

using a distance-weighted regression. Besides including the heterogeneous distribution 
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of climate stations in the terrain by using an iterative station density algorithm, the 

model performs spatial and temporal regression analyses formulating the dependency of 

temperature on elevation. Required inputs to the model are digital elevation data and 

observations of daily maximum and minimum temperatures from ground-based 

meteorological stations. For the calculations in this thesis, we used a 100 m resolution 

digital elevation model of Switzerland and air temperature data from the meteoswiss 

station network.  

Another empirical model, the air-to-soil temperature transfer model ASTRAMO 

(Fig. 1) was developed for this thesis to transform daily mean air temperatures into daily 

mean root-zone temperatures (10 cm below surface) for the snow free period. This 

lagged time series regression model was calibrated using air and root-zone temperature 

measurements from two consecutive years at 13 treeline sites in the Swiss Alps. Special 

attention was given to the correct statistical treatment of the temporal autocorrelation as 

temperature data measured over time always displays trends and strong temporal 

correlation. In combination with DAYMET, the ASTRAMO model allows area-wide 

calculation of soil temperature sequences. 

Finally, a spatial treeline position model was developed to predict the position of the 

climatic treelines, using the global correlation between seasonal mean air temperature 

(smt) and treeline elevation (Körner, 1998). In the model, seasonal mean air temperature 

was calculated based on a dynamic growing season automatically adapted to represent 

the snow free time of the year. To calculate the smt isolines delineating the climatic 

treelines, we used a smt value of 8.0 °C for air temperature, following our earlier 

analysis of treelines in the Swiss Alps (Gehrig-Fasel et al., in review). 

All of the above mentioned spatial calculations and representations were performed 

in a GIS system, complemented by additional statistical analyses in the R statistical 

package (R Development Core Team, 2006). 
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1.3.3 Climate change scenarios 

In order to predict potential future development of the climatic treeline, we applied our 

treeline position model to data derived from global climate change scenarios. These 

scenarios apply emission models based on driving forces such as demographic 

development, socio-economic development, and technological change to provide 

alternative images of the future climatic conditions. The Thyndall Center of Climatic 

Research1 predicts future climates by incorporating established climate change scenario 

approaches of the IPCC (IPCC, 2000) into various models. In our study, we used their 

predicted air temperature data (TYN SC 1.0, Mitchell et al., 2003)  based on the 

HadCM3 model, a coupled atmosphere-ocean general circulation model (Gordon et al., 

2000, Pope et al., 2000), and the IPCC warming scenarios SRES A1 (A1FI) and B2. 

The A1 approach represents an extreme warming scenario based on a globalized, 

rapidly growing economy and increased technological development, whereas B2 is 

based on a moderate economic development with local solutions and less rapid but more 

diverse technological change. Based on these scenario assumptions, the A1 approach 

predicts an extreme warming by 2085 that sums to +5.8 °C globally, whereas B2 

represents a more moderate global warming of +3.2 °C. 

1.3.4 Field temperature measurements 

To build a reliable data base for later analyses, we conducted different temperature 

measurements at 13 climatic treeline sites in the Swiss Alps for two consecutive years 

(chapter 3: Fig. 1). A total of 400 iButton Thermachron electronic temperature data 

loggers (for description see chapter 3) were placed according to the following 

measurement concept (Fig. 2). 

 

                                                 
1 http://www.tyndall.ac.uk 
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Figure 2: Temperature measurement concept. Left: schematic overview of a measurement site 

with the three elevational areas a) krummholz, b) climatic treeline, and c) closed forest, and 

measurement positions (for area definition see text). Right: temperature logger positions on trees: 

soil temperature measurements 1) at root-zone (10 cm below surface), 2) on soil surface; and air 

temperature measurements 3) attached to stem, 4) attached to branch (4* attached to unshaded tree 

top).  

For the logger positioning, each study site was subdivided into three areas along an 

elevational gradient: 

• the climatic treeline, defined as the highest zone with tree clusters with a 

minimum tree height of 5 m (Fig. 2. left, b). 

• the closed forest below the climatic treeline, determined by its closed forest 

formation in contrast to the tree-clusters aspect of the climatic treeline (Fig. 2. 

left, c). 

• the krummholz zone above the climatic treeline, with trees at least 1m in height 

(Fig. 2. left, a). 

In each area, trees were selected for temperature measurement (Fig. 2. left): two trees in 

the closed forest, three trees at the climatic treeline, and one tree in the krummholz area. 

Additionally, we selected positions outside the tree-shaded areas for the treeline and 

closed forest zones to measure unshaded ground temperatures. At each tree, we 

positioned four iButton loggers (Fig. 2. right). For soil temperature measurement, one 

logger was buried in the root-zone 10 cm below the soil surface (Fig. 2 right, position 1; 

Körner and Paulsen, 2004) and one positioned directly on the soil surface (Fig. 2. right, 
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position 2). For air temperature measurement, we installed a logger attached to the stem 

(Fig. 2. right, position 3), and one in the outer canopy attached to a branch (Fig. 2. right, 

position 4), both placed approximately two meters above ground. All loggers were 

attached or buried on the north facing side of the trees to avoid direct sunlight as much 

as possible. For the unshaded and krummholz measurement positions, soil measurement 

was set up in the same manner while air temperature measurement was based on only 

one logger (one to two meters above ground).  

Temperature was recorded in three hour intervals to achieve maximum resolution 

with the limited memory space of the loggers. For the present thesis, only analyses 

based on measurements from soil (below the surface) and branch loggers were used 

(chapter 3) representing root-zone and air temperature. 

1.4 Outline of the thesis 

Besides this introductory chapter, the thesis is composed of three scientific papers and a 

final chapter containing the synthesis and an outlook. Each of the three papers, which 

have been (or will be) submitted to international scientific journals, forms a chapter of 

this thesis but remains an independent unit that can be understood without the context of 

the entire manuscript. The chapter titles correspond to the paper titles of the separate 

publications, with a reference to the journal it was submitted to listed on the title pages. 

The following paragraphs outline the remaining chapters of this thesis. 

1.4.1 Treeline shifts in the Swiss Alps (chapter 2) 

Chapter 2 addresses analyses of current treeline shifts in the Swiss Alps. To evaluate the 

realistic extent of observed treeline shifts for later comparison with simulated treeline 

shifts in chapter 4, we analyzed the forest dynamics at the alpine treeline based on two 

consecutive surveys of the Swiss land use statistics GEOSTAT (SFSO 2001) as 

recorded between 1979 and 1985 and between 1992 and 1997. As forest expansion at 

the treeline can represent either forest ingrowth or a true elevational upward shift, we 

developed a moving window algorithm to a) separate these two forms of forest cover 

changes and to b) quantify the elevational shifts. The algorithm identifies upward shifts 

by comparing the elevation of neighboring forests between two inventory time steps. To 

identify potential climate change influences in contrast to land use change, the resulting 
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upward shifts were compared to a regional potential treeline model following the 

approach used by Paulsen and Körner (2001). Thus, respective drivers could be 

assigned to the forest expansion at the treeline and the respective quantitative analyses 

performed. An extensive analysis also investigated a potential bias due to the chosen 

resolution of the moving window size, the results of which are presented in the 

appendix of chapter 2. 

1.4.2 Evaluating treeline indicators (chapter 3) 

Chapter 3 evaluates thermal treeline indicator values for later spatial prediction of the 

treeline position. We measured both air and root-zone (10 cm below surface) 

temperatures at 13 climatic treeline sites in the Swiss Alps for two consecutive years 

(see field temperature measurements above). Based on these data we calculated thermal 

treeline indicators like degree day sums or seasonal mean values for two different 

indicator period lengths for the snow free season. The area-wide temperature data 

required for spatial modeling can be interpolated for air temperature from nearby 

climate stations, e.g. by using reliable algorithms such as in DAYMET (Thornton et al., 

1997, Thornton et al., 2000), provided that enough computation power is available. 

However, interpolating soil data is difficult due to the absence of a universal physical 

model. Consequently, we developed an air-to-soil transfer model (ASTRAMO), which 

allowed calculating daily mean soil temperatures at the treeline based on daily mean air 

temperatures. Using this temperature transfer model to predict soil temperatures and 

analyzing the calculated indicator value distributions, we were able to evaluate the 

indicators’ usability for spatial modeling. 

1.4.3 Spatial climatic treeline prediction (chapter 4) 

Chapter 4 describes the spatial application of the seasonal mean temperature indicator, 

which was found to best predict the climatic treeline position in the Swiss Alps in 

chapter 3. The suitability of this indicator to accurately model climatic treeline positions 

was evaluated based on past and present measured temperature data as well as future 

temperature scenarios for a study area in the Swiss Alps. To reproduce past climatic 

treeline dynamics, we estimated the climatic treeline positions of the years 1960-2004 

by using spatially interpolated meteorological air temperature data. To quantify these 
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recent treeline shifts, we calculated regional differences by comparing the elevations of 

two neighboring treelines using a moving window analysis. To estimate future climatic 

treeline positions, we added the estimated monthly temperature anomaly series based on 

the TYN SC 1.0 data set (see climate change scenarios above) to our temperature data 

of the year 1990. From these predicted daily mean temperatures for the year 2085, we 

calculated the respective climatic treeline positions and the elevation shift between 2085 

and today. 

1.4.4 Synthesis and conclusion (chapter 5) 

Chapter 5 summarizes the main results from all papers and presents the synthesis. Based 

on the study results, this chapter answers the fundamental questions of  this PhD 

research and also lists potential further research following this project. 
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Chapter 2 

Treeline shifts in the Swiss Alps: Climate Change or 

Land Abandonment?2 

Abstract 

Questions: Did the forest area in the Swiss Alps increase between 1985 and 1997? Does 

the forest expansion near the treeline represent an invasion into abandoned grasslands 

(ingrowth) or a true upward shift of the local treeline? What land cover / land use 

classes did primarily regenerate to forest, and what forest structural types did primarily 

regenerate? And, what are possible drivers of forest regeneration in the treeline ecotone, 

climate and/or land use change? 

Location: Swiss Alps 

Methods: Forest expansion was quantified using data from the repeated Swiss land use 

statistics GEOSTAT. A moving window algorithm was developed to distinguish 

between forest ingrowth and upward shift. To test a possible climate change influence, 

the resulting upward shifts were compared to a potential regional treeline. 
                                                 
2 This Chapter has been accepted for publication in the Journal of Vegetation Science 18: 571-582: 

Gehrig-Fasel, Jacqueline; Guisan, Antoine & Zimmermann, Niklaus E. (2007) Treeline shifts in the 

Swiss Alps: Climate Change or Land Abandonment? 
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Results: A significant increase of forest cover was found between 1650 m and 2450 m 

a.s.l. Above 1650 m, 10 % of the new forest areas were identified as true upward shifts 

whereas 90 % represented ingrowth, and we identified both land use and climate change 

as likely drivers. Most upward shift activities were found to occur within a band of 

300 m below the potential regional treeline, indicating land use as the most likely 

driver. Only 4 % of the upward shifts were identified to rise above the potential regional 

treeline, thus indicating climate change. 

Conclusions: Land abandonment was the most dominant driver for the establishment of 

new forest areas, even at the treeline ecotone. However, a small fraction of upwards 

shift can be attributed to the recent climate warming, a fraction that is likely to increase 

further if climate continues to warm, and with a longer time-span between warming and 

measurement of forest cover. 

Nomenclature: Aeschimann / Heitz (1996) 

2.1 Introduction 

The higher elevation habitats of the Alps and other mountain regions are changing. 

Treeline species show dramatically increased grow rates (Paulsen et al., 2000, Motta 

and Nola, 2001), alpine plant communities and species compositions are changing 

(Keller et al., 2000, Pauli et al., 2001, Walther et al., 2005) and increased young tree 

establishment in forest gaps near the treeline can be observed in many locations 

(Körner, 2003). But what are the driving forces behind these changes in the alpine 

ecosystem?  

A first possible explanation of these changes is a major shift in climate. As alpine 

treelines are climatically-determined ecotones (Körner, 1998, Körner and Paulsen, 

2004), they are considered particularly sensitive to altered temperature regimes 

(Theurillat and Guisan, 2001). Thus, the predicted climate warming (IPCC, 2001a) is 

expected to result in structural changes of tree composition as well as in a rise of the 

alpine treeline (OcCC, 2002). The actual change in temperature is apparent already. 

Beniston et al. (1997) analyzed the annual minimum temperatures during the last 

century for the European Alps and found a temperature increase of 2 °C, which is 

clearly above the observed global increase in temperatures of 0.7 °C (Jones and 
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Moberg, 2003). Newer results confirm his findings and  report that, in particular, a 

strong warming has been detected in the Swiss Alps since the 1980s (Beniston, 2001, 

Rebetez and Reinhard, 2007). Correspondingly, data from climate stations at the 

treeline ecotone in the Swiss Alps, between 1650 m and 2450 m, show a 2.5 °C mean 

air temperature increase during the twentieth century, with a marked increase of 1 °C 

since 1980 (Fig. 1). Compared to the altitudinal lapse rate showing a linear decrease of 

0.55 °C on average per 100 m elevation, we would expect to find a potential treeline 

shift in the Swiss Alps of nearly 200 m as a result of these recent climate changes since 

1980. Walther et al. (2005) found that vegetation change in the southeastern Swiss Alps 

has indeed accelerated since 1985, which was consistent with increased temperature 

regime observed at the same sites. 

 

Figure 1: Annual mean air temperatures for the period 1900 - 2003 in the Swiss Alps. For this 

analysis, 24 meteoswiss temperature stations located between 1650 and 2450 m were used. The 

bold line represents a 10-year mean. Grey bars represent the time-span of the two Swiss land use 

statistics (GEOSTAT) data surveys AS85 and AS97. 

A second possible explanation for treeline changes is a change in land use intensity. 

Besides temperature effects, the treeline ecotone in the Alps is assumed to have been 

largely determined by agricultural management (Dirnböck et al., 2003). Agricultural 
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land use is currently changing rapidly in the Alps and is considered to be one of the 

major driving forces behind changes in ecosystem functioning and dynamics (Cernusca, 

1999). In the Swiss Alps, natural undisturbed treelines are rare, often concentrated on 

steep, convex and rocky slopes. For centuries, the alpine farming and forest pasturing 

have forced the treeline downslope and prevented rejuvenation (Holtmeier, 2003). 

However, since the mid 19th century alpine farming in the treeline ecotone has declined 

considerably (Surber et al., 1973, Mather and Fairbairn, 2000). Simultaneously, the 

forest area in Switzerland has increased by at least 30 % in the last 150 years (Brändli, 

2000) with a large proportion of this increase having occurred on abandoned 

agricultural land. This close relationship between land abandonment and forest re-

growth in the Swiss mountains was already shown by Gellrich et al. (2007) and Gellrich 

& Zimmermann (2007).  

In summary, two anthropogenic disturbances – rapid climate and land use changes – 

appear to be closely related to changes in the treeline ecotone. Except where settlements 

and recreational activities will continue to develop, reduced land use intensity above the 

treeline and increasing temperatures are expected to act jointly to accelerate the 

recolonization of the potentially forested habitats (Theurillat and Guisan, 2001). Yet, 

disentangling the respective effects of climate and land use changes in defining these 

already observed treeline responses to global change is a necessary step to understand, 

predict and eventually anticipate future changes. 

Here, we present a new empirical approach that uses spatial land use data to calculate 

forest cover change within treeline habitats across Switzerland, and then allows 

dissociating the respective effects of climate and land use on observed forest cover 

changes near treelines. It is based on the assumption – hereafter called potential 

regional treeline model – that climate change, as a driver of forest regeneration, would 

primarily be responsible for treeline upward shifts that reach above the natural, 

climatically-determined treeline, whereas land abandonment would predominate below 

this line. Thus, if treeline upward shifts primarily occur near the climatic treeline, we 

argue that climate change is the primary driver, whereas if treeline upward shifts are 

more frequent farther away (downward) from the climatic treeline, we conclude that 

reduced land use pressure is responsible. In this paper, we test the plausibility of using 
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the “potential regional treeline model” concept as a reference to identify the likely 

drivers of treeline change.  

We ask the following questions: (1) Did the forested area in the Swiss Alps increase 

between 1985 and 1997? (2) To what degree does observed forest regeneration near the 

alpine treeline represent a recolonization of trees into abandoned grassland (ingrowth) 

or a true upward shift of the local treeline? (3) Which land cover / land use classes did 

primarily regenerate to forest, and which forest structural types were primarily 

developed in the regeneration process? (4) To what degree can we attribute locally 

observed treeline upward shifts to their potential drivers, changes in climate and/or land 

use?  

2.2 Data and methods 

2.2.1 Study area 

 

Figure 2: Study area: Dark grey area represents the study area covering the Swiss Alps. 

The study was carried out in the Swiss Alps, featuring a complex topography and a 

highly fragmented landscape (Fig. 2). The Swiss Alps are orientated WSW to ENE, 

thereby creating a topographic barrier to precipitations. Along a north-south gradient of 
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220 km, three main climate types can be identified. The northern Alps have an oceanic 

climate (generally humid, with cool summers, and moderately cold winters), the central 

Alps are characterized by a continental climate (hot and dry summers with intensive 

radiation, cold winters), while the climate of the Southern Alps is more of 

Mediterranean type (hot and partly dry summers intermitted with heavy rainfalls, 

moderately cold and humid winters). This small-scale climate diversity leads to 

remarkable differences of vegetation over short distances. In the northern Swiss Alps, 

Picea abies is the dominant treeline species associated with Sorbus aucuparia and 

Alnus viridis. In the dry interior valleys the dominant treeline species are Larix decidua 

and Pinus cembra, locally replaced by Pinus mugo subsp. mugo in some regions in the 

East. In most of the southern parts of the Swiss Alps, Larix decidua and Picea abies 

dominates the uppermost forests, but Fagus sylvatica can reach the treeline in the 

southernmost parts. 

2.2.2 Datasets used 

For our analysis of treeline change, we used data from the repeated Swiss land use 

statistics GEOSTAT (SFSO 2001), which sampled and stored land use types on a 100 m 

point lattice for the whole area of Switzerland (41,300 km2) in two surveys (1979-1985 

and 1992-1997). To generate this data set, aerial photographs were overlaid with 

transparent sheets featuring a 100 x 100-metre lattice of regularly spaced sampled 

points. A combined land use/land cover classification was attributed to each intersection 

of the 100-metre coordinate network (SFSO 2001). We used the data from the 1979/85 

(hereafter AS85 data set) and the 1992/97 (hereafter AS97 data set) surveys 

representing an average time span of 12 years, with few points spanning 13 years. 

While the majority of the classes (72 and 74 respectively) were derived by interpreting 

simply the intersection points of the 100 m lattice, the classes relevant to trees and 

forests were derived from a more complex approach and in the same manner as done by 

the Swiss national forest inventory (SFSO 1992, Brassel and Lischke, 2001). A 50 x 

50 m sub-grid of 25 points (10 m distance between points) is analyzed around each 

lattice point, and tree height as well as tree cover fraction within this sub-grid area is 

assessed and used to distinguish individual classes of woody vegetation. For the current 

study, a forest definition combining the four classes closed forest, open forest, shrub 
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forest and grove was used (Table 1). All other classes were set to “no forest” even if 

they contained some low woody vegetation like dwarf-shrubs or scrub. Shrub forest and 

grove were thereby included into the forest class to account for the open and often 

small-scale structure of Swiss mountain forests and to detect even minor shifts in forest 

cover change. In addition, with this aggregation we only identified areas as newly 

forested areas which changed from unforested areas to one of the forest classes. For 

subsequent analyses we used the official 100 m grid data set (converted from the point 

lattice data set by the Swiss Federal Statistical Office), which allows for easier analysis 

of neighborhood metrics. Lattice and grid are thus used interchangeably. 

 

Table 1: Criteria of forest definitions according to the Swiss land use statistics GEOSTAT. 

Criteria Closed Forest Open Forest Shrub Forest Grove 

stand height 

stand wide 

canopy cover 

original classes 

>= 3 m 

>= 25 m 

>= 60 % 

10,11,14 

>= 3 m 

>= 50 m 

20-60 % 

12,13 

any 

>= 25 m 

>= 60 % 

15 

>= 3 m 

any 

any 

17,18,19 

 

2.2.3 Derivation of forest cover change 

To calculate the forest cover change between 1985 and 1997, the data from the two 

surveys was reclassified into forest/non forest binary information. By adding together 

the two grids, newly forested areas, deforested areas as well as areas with no change in 

forests were identified. The resulting grid was combined with a digital elevation model 

to add altitude information. We used the Wilcoxon rank sum test to see if the net effect 

of the new establishment and removal of forest areas was different from zero in three 

elevation bands.  

2.2.4 Separating upward shift from ingrowth 

The methods described above allow us to quantify the forest cover change but not to 

detect its nature. Specifically, it does not allow the distinction between filling in of a 



30  Chapter 2: Treeline shifts in the Swiss Alps 

suppressed treeline (ingrowth) from upward shifts. In order to separate these two types 

of forest regeneration and to quantify the maximum ascent of the upward shifts, we 

developed a moving window algorithm based on the following principle: within a 

search neighborhood, we compared the elevations of the highest forest areas between 

the two surveys, and we linked this analysis to the newly established forests as seen in 

AS97 (Fig. 3). To do this, we had recourse to focal analyses (Tomlin, 1990), which 

statistically summarize the values of all cells contained in a moving window of defined 

size and assigns the resulting summary statistic (e.g. min, mean, or max) to the central 

(focal) cell. The window is moved across the whole study area and each cell obtains, as 

its new value, the statistics calculated on all neighboring cells. The following steps were 

conducted in a GIS: First (1), so-called focalmax analyses using a quadratic window of 

varying size (see below) were applied to two spatial layers originating from both 

surveys (AS85 and AS97) that contained an elevation grid each with all non-forest areas 

masked out, thus revealing per pixel the highest forest area within the search 

neighborhood. Next, (2) a difference grid was calculated between the two processed 

land use layers, indicating local upward or downward shifts relative to the search 

window. Then (3) pixels in the AS97 map were identified that a) represented new forest 

areas (compared to AS85), and b) had elevations that coincided with the elevation of the 

identified upward shifted highest forest pixels (step 1). The final result of this moving 

window algorithm was a layer containing only the uppermost pixels of true local 

upward shifts of forests with the amount of upward shift attached in meters. All forested 

pixels representing a filling in of open forest gaps (zero elevation difference to AS85 

highest forest within moving window) were removed by this analysis. Samples of the 

resulting layer were visually screened to verify that identified pixels with true upward 

shifts did not represent forest ingrowth. Finally, the true upward shifts and their source 

pixels were overlaid with the AS85 data set and the AS97 data set, respectively, to 

identify the former and new land use classes of the upward shifted forests. 
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Figure 3: Conceptual model for discriminating between upward shifts, filling in (ingrowth), and 

downward shifts. The search window to the left identifies an upward shift, while the window to the 

right identifies a downward shift of the highest forest pixels within the window when comparing 

AS85 with AS97. 

As our aim was to analyze the treeline dynamics on a regional scale we presumed an 

intermediate moving window of a size around 1000 m to be best suited. With small 

windows (<500 m), slopes are not covered sufficiently and small scale changes tamper 

the ingrowth versus upward shift ratios. On the other hand, very large window sizes 

(>1500 m) often include over-regional effects, resulting in large-area combination of 

opposite slopes of different valleys, thus potentially over-estimating climate-driven 

forest increase. Following, results are presented on a 900 m resolution. However, to test 

for potential scaling biases, the above analyses were calculated with additional window 

sizes of 500, 600, 700, 800, 1000, 1100, 1200, 1500, and 3000 meters. We present the 

full range of these results in an appendix. In the paper, however, we only report the 

findings from the 900 m window, since we found the results to be clearly stable around 

a window size of 800-1200 m. 

2.2.5 Evaluating likely drivers of treeline upward shifts 

To determine the drivers of the forest regeneration according to the potential regional 

treeline model, we analyzed those forests that were identified by the analysis described 

above to shift upward, and we related these shifts to the potential regional treeline. The 

potential regional treeline was calculated following an approach developed by Paulsen 

and Körner (2001), where the regional treeline was derived from highest forest patches 
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identified by a moving window algorithm. Based on the AS85 data set we derived the 

regionally highest forest patches in a rectangular 10 x 10 km moving search window 

using the focalmax function (see previous section) to derive the potential climatic 

treeline. A spatial resolution of 10 km is small enough to capture regional differences in 

climatic treeline elevation but large enough to remove information reflecting small scale 

fluctuations of local growth conditions on trees (Paulsen and Körner, 2001). The 

extracted highest forested pixels were then spatially interpolated using regression 

splines in order to get a regional smoothed treeline with a resolution of 10 km (Fig. 4). 

Prior to the spatial interpolation, a GIS-filter was applied removing all treeline pixels 

which were not lower than the actual highest land surface elevation within the 

respective window, therefore removing pixels representing forest-covered mountain 

tops (Paulsen and Körner, 2001). 

 

Figure 4: Calculated potential regional treeline elevations in Switzerland. Data source: Swiss land 

use statistics 85 GEOSTAT  

To test a possible climate change influence, the identified upward shifts were compared 

to the potential regional treeline by calculating the difference in elevation of the 

respective pixels. The altitude of the potential regional treeline was thereby considered 

to be the reference. Upward shifts above the potential regional treeline were considered 
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to be influenced primarily by climate change, while upward shifts below the potential 

regional treeline were interpreted as primarily influenced by land abandonment. 

2.3 Results 

2.3.1 Forest cover change  

The nation-wide analysis of the two Swiss land use statistics AS85 and AS97 showed 

that forest cover had considerably changed in this 12 years time period (Fig. 5). At 

elevations above 800 m - including the treeline range between 1650 m and 2450 m - we 

observed a significant net forest regrowth (Table 2). This net increase of forest areas 

was particularly strong between 1400 m and 2100 m. 

 

Figure 5: Changes in forested areas between 1985 and 1997. Data source: Swiss land use statistics 

GEOSTAT. One symbol represents the area of 1 ha. Red and green symbols stand for areas where 

forest disappeared and was newly established, respectively. See text forest and non-forest 

definitions. 
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Table 2: Number of areas with forest cover change per altitude range according to the Swiss land 

use statistics 85 and 97. One area equals one ha in size. The lowest forested area is located at 192 

m the highest at 2414 m. 

altitude range 

[m] 

new forests 

[ha] 

% of total 

forests 

deforestation 

[ha] 

% of total 

forests 

p-value1 

192-800 5'864 1.3 5,984 1.3 0.31 

801-1650 14,880 3.1 5,461 1.2 <2.2e-16 

1651-2414 10,651 4.8 1,079 0.5 <2.2e-16 

1Wilcoxon signed rank sum test 

2.3.2 Upwards shift versus ingrowth 

The newly regenerated forests where separated through our algorithm into areas with 

forest ingrowth and areas with true local upward shifts. A visual inspection of sample 

areas confirmed the functioning of the algorithm, i.e. no overestimated shifts or relevant 

missed patches were found. Results showed that in the Swiss treeline range the ratio of 

true upward shifts to total forest expansion was positively correlated with elevation, i.e. 

the higher the elevation the greater the portion of actually upward shifting forest as 

compared to simple ingrowth (Fig. 6). The proportion of upward shifts rose from only 

3 % in the 1650-1750 altitudinal band to 19 % in the 2050-2150 band, and to 49 % in 

the 2250-2350 band. The uppermost band located between 2350 m and 2450 m revealed 

a proportion of 86 % upward shifts, though it contained only 7 newly forested areas. 

When analyzing the sum of all new forest pixels above 1650 m, we found 10 % 

(893 ha) to be true upward shifts whereas 90 % (7,729 ha) were considered forest 

ingrowth. When restricting the analysis to elevations above 2250 m, however, 51 % 

(62 ha) were found to be true upward shifts. 
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Figure 6: Fraction of pixels identified to be true local upward shifts relative to the total number of 

newly established forests per altitude band. n indicates the total number of newly forested areas 

per 100 m altitude band.  

The developed algorithm also quantified the altitude increase of the upward shifted 

forests. It is important to notice that this is the highest upward shift per 900 m window 

as identified by our algorithm. It thus represents the average of the upward shifting 

moving front, not the mean of all newly established shifting forest pixels. In the Swiss 

treeline range, between 1650 m and 2450 m, the distribution of the altitude increases 

showed an exponential decline (Fig. 7). Most forest shifted upwards between 1 and 

50 m. On the average an upward shifted forest rose by 37.9 m with a median of 28.0 m.  
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Figure 7: Histogram of locally highest upward shifts of forests at the Swiss treeline with median 

(dotted line) and mean (solid line) values of upward shifts. 

When analyzing the distribution of upward shifts in 100 m altitude bands, ranging from 

1650 m to 2450 m (Fig. 8), we found similar patterns as in Figure 7. Each altitude band 

showed a skew distribution with a median around 28 m and single outliners above 

100 m altitude increase. The exception to this distribution was found in the very highest 

class, which showed a more symmetric and increased mean upward shift, yet it was 

observed in few cases only (n = 6) and thus may not represent a trend.  
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Figure 8: Range and variation of upward shifted forests in bands of 100 m along the altitude 

gradient. n indicates the total number of upward shifted forest pixels per altitude band. 

2.3.3 Scaling bias of the algorithm 

To test for potential scaling biases, the above moving window algorithm was calculated 

using different window sizes. All results are provided in the appendix. No strong scaling 

effects concerning the distribution of the upward shifted forest pixels were found. The 

distributions and therefore also the median and mean values of the upward shifts were 

robust. Equally robust towards changing window sizes was the count of the identified 

upward shifted forest pixels in the highest altitude bands, indicating that the very 

highest forests are generally selected independent of the window size. However, the 

bigger the size of the moving window, the smaller was the overall count of identified 

upward shifted forests. This results directly form the focalmax function which selects 

only the highest forest pixel within the moving window. As a consequence, the ratio of 

upward shifts reaching above the climatic treeline to the upward shifts reaching only 

elevations below the climatic treeline rises with growing window size (from 2 % for 

window size 500 m to 16 % for window size 3000 m, see table A1 in the appendix). 

However, at intermediate window sizes (800 – 1200 m), the ratio of primarily climate-

driven versus total number upward shifts varies only slightly between 4 % and 6 %, and 

is thus still fairly stable. 
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2.3.4 Former and new classes of treeline upward shifts 

Overall, 26 % of the identified upward shifts originated from areas without any woody 

vegetation in the AS85, whereas 74 % started from low-growing woody vegetation 

(scrub) (Fig. 9). We did not find a clear elevational trend towards the potential regional 

treeline. 

 

Figure 9: Ratio of the original AS85 classes contributing to the identified upward shifts per 50 m 

altitude band in reference to the potential regional treeline. The line "other classes" represents the 

sum of all classes with a ratio of less than 5 % per altitude band. 

42 % of the upward shifted forest grew after 12 years to grove, 40 % to shrub forest, 

10 % to open forest, and 8 % to closed forest (Fig. 10). In summary, more than 80 % of 

the newly forest patches were shrub forests or open tree populations of low canopy 

height (<3 m), distinctly separated as the dominant group from the established tree 

stands (open and closed forests with canopy heights >3 m). In addition, an altitudinal 

trend was evident in that the low canopy height types became more frequent towards the 

potential regional treeline at the cost of the established tree classes. 
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Figure 10: Ratio of new AS97 forest classes per 50 m altitude band in reference to the potential 

regional treeline. New classes consist primarily of low height (< 3 m; grove and shrub forests). 

2.3.5 Drivers of treeline upward shifts 

To identify the likely drivers for the found upward shifts, we analyzed how close the 

upward shifted forest pixels were with respect to the potential regional treeline 

(Fig. 11). Results showed that only 4 % of the upward shifted forests reached above the 

potential regional treeline (red line in Fig. 11), while 96 % of all identified upward 

shifts were located below this line. The frequency of upward shifts with respect to the 

regional treeline showed a Gaussian distribution. The majority (78 %) of all upward 

shifts was located within a band of 300 m below the potential regional treeline, and with 

a peak around 125 m below the potential regional treeline.  



40  Chapter 2: Treeline shifts in the Swiss Alps 

 

Figure 11:  Number of identified upward shifted forest pixels relative to the altitude of the 

potential regional treeline (red line). 

2.4 Discussion 

2.4.1 Newly established forest area – ingrowth versus upward shift 

Considerable changes in the forested area were detected although our data only covered 

a time span of 12 years. This is a relatively short time period compared to the growth 

and life cycle of trees. Certainly, the wide definition and aggregation of "forest" 

including trees of low canopy height (shrub forest and grove) used in this study may 

have prevented the detection of some forest conversions from smaller to taller trees. In 

general, the results of the forest change analysis confirmed the long-term trend of forest 

area increase in Switzerland (Brändli, 2000, Mather and Fairbairn, 2000). In the Swiss 

treeline range between 1650 m and 2450 m, our results show a significant increase of 

newly established forests, which clearly exceeds the area increase observed at lower 
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altitudes. This corresponds well to the results of the analysis of the recent Swiss national 

forest inventory (Brassel and Brändli, 1999), where the natural forest regeneration was 

found to be especially high towards today's treeline. The Swiss Statistical Office also 

states that between the 1980s and 1990s new forest established mainly in steep and 

isolated areas and on mountainous and alpine areas below the natural treeline (SFSO 

2005).  

By separating the forest expansion at the Swiss treeline into forest ingrowth and 

upward shifts, we found a large portion of new forest resulting from ingrowth rather 

than from true upward shifts. Similar results were found in North America. Szeicz & 

MacDonald (1995) analyzed white spruce dynamics at the alpine treeline in north-

western Canada over 100-150 years and found only minor changes in the upper limits of 

trees, but an increasing population density within the forest stands. Klasner (1998, 

2002), who analyzed changes in alpine treeline vegetation patterns in Glacier National 

Park, also observed changes in the spatial composition while treeline location was even 

found to remain the same. Shiyatov et al. (2005) found a marked increase in forest 

density and filling in of open patches below the treeline and only minor upward shifts in 

the polar Ural Mountains in Russia in an analysis of forest structural changes covering 

90 years. However, in other regions, such as the northern European mountains, a recent 

advance of the tree limit has been reported (Kullman, 2001a, Kullman, 2002). In the 

Swedish Scandes several species have advanced rapidly since the1950s. While such 

clear trends could not be supported by our analyses, which concurs with the 

"conservative behavior" of the treeline in the Alps as described by Grace et al. (2002), 

we have found evidence that upward shifts indeed transcended the local treelines. We 

discuss possible reasons thereof below.  

2.4.2 Quantifying upward shifts 

Within the upward shifts identified, some remarkable absolute changes in elevation 

were found. A maximum of more than 100 m elevation increase of the local treeline 

within only 12 years appears unrealistically high and even the median of 28 m is 

surprising. Even more so if our findings are compared to historical treeline fluctuations. 

The widely accepted palaeoecological hypothesis that the upper treeline in the alpine 

region oscillated by no more than ± 100 m throughout the Holocene (e.g. Burga and 



42  Chapter 2: Treeline shifts in the Swiss Alps 

Perret, 1998, Haas et al., 1998) was lately confirmed by pollen and macrofossil studies 

(Tinner and Theurillat, 2003) as well as model-based reconstruction of Holocene 

treeline dynamics (Heiri et al., 2006). Even though charcoal analysis suggest a treeline 

that is at least 200 m higher than the one proposed by palynologists (Carcaillet and 

Brun, 2000), an actual shift of 28 m (median value) within 12 years seams highly 

unlikely. 

However, all of our findings represent maximum upward shifts within search 

windows  and do not quantify mean upward shift. Thus, these numbers represent the 

upward shift of the moving treeline front, not the average forest area upward shift. Also, 

it is important to note, that our classification of “forest” does not necessarily mean that 

full grown trees have established within 12 years. They represent both small woody 

structures (<3 m tall) and larger trees. And oftentimes, trees had already been there 

before, but within 12 years they reached sufficient stand height and stand width to be 

classified as forest. This effect can be seen in the fact that the vast majority of new 

forests has developed from scrub vegetation. The results thus also represent altitude 

increases that had indeed started earlier. 

2.4.3 Land use changes as major driver for ingrowth and upward shifts  

Land abandonment has been identified as the main driver for forest re-growth in alpine 

areas by several authors (Surber et al., 1973, Walther, 1986, Mather and Fairbairn, 

2000, SFSO 2001). The large amount of 90 % ingrowth near the alpine treeline we have 

found suggests that limitations to forest expansion have considerably changed recently, 

with the trees reacting immediately by filling in the open forest gaps. Land 

abandonment may explain such behavior. In the last decades alpine farming has 

declined in the Swiss treeline ecotone; agriculture retreated from the peripheral regions 

and from the steep mountain regions where machines are of limited use (cf. 

introduction). Less intensive sheep, goat and cattle grazing has additionally allowed the 

forests to re-invade to their potential habitat from patches in the vicinity. Such factors 

were identified to explain forest regeneration on abandoned agricultural land primarily 

in the montane belt (Gellrich et al., 2007). 

Besides ingrowth, land abandonment may also have led to some of the 10 % 

identified upward shifts. According to our regional treeline model, upward shifts of 
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forests located below the potential regional treeline (= climatic treeline) are most likely 

human driven because climatically, they should have risen to a higher elevation already 

earlier. This hypothesis is partly confirmed by the fact that we found 25 % of the 

upward shifts to regenerate from agricultural areas where land use change was 

obviously taking place. These upward shifts follow the same drivers as we have 

discussed for the forest ingrowth above. However, 75 % of the upward shifts 

regenerated from unproductive areas. These areas were possibly abandoned already by 

alpine farmers several decades ago, as is documented for example for the southern part 

of Switzerland (Surber et al., 1973). Therefore, they may also be assigned to land use 

change. Yet, these upward shifts could also indicate a climate change effect, as they 

occur on steep and isolated areas which were hardly managed by mountain farmers and 

therefore could have regenerated already much earlier. 

2.4.4 Climate change and likely reasons for a possible underestimation  

Although our results and research cited above describe land abandonment as the major 

driver for spatial changes of forests near treeline, it is unlikely that observed climatic 

changes had no effect at all. In many other ecosystems the affect of global warming on 

distribution of biota has been demonstrated (Parmesan and Yohe, 2003). As the 

warming in the Alps has been reported by many authors (Beniston et al., 1997, IPCC, 

2001b, Begert et al., 2005, Beniston, 2005), a potential treeline upward shift of almost 

200 m can be expected from the recent warming. Although we did not detect such a 

strong overall treeline shift, we clearly found local changes in the elevational tree 

distribution. Yet, the marginal evidence for the role of climate change as the likely 

driver for the few upward shifts detected by our analysis may have different causes. 

Firstly, local effects such as microclimate, herbivore pressure (Cairns and Moen, 

2004), and frequent stochastic processes such as avalanches, snow creeping, or 

discontinuous permafrost may have forced the local treeline below the average potential 

regional treeline. As a consequence, also areas close to but below the potential limit 

may be reacting to recent changes in climate. These areas were not interpreted as 

climatically influenced by our potential regional treeline model approach. 

Secondly and related to the first, responses to land abandonment may partly also be 

influenced by changes in climates. The sensitivity of anthropogenic treelines to climate 
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has been described by Holtmeier & Broll (2005). They state that after the removal of 

former forests, site conditions can change radically and prevent trees from invading 

former pastures. Subalpine pasture grassland in particular can be very resistant against 

invasion of tree species and may thus slow down treeline upward shifts considerably 

(Dullinger et al., 2004). If these limiting conditions improve due to changing climate, 

the subsequent forest advance could be considered as climate-driven even though it 

actually occurs below the climatic treeline. However, with our approach we only detect 

these upwards shifts as climate-driven once they reach at least the 1985 potential 

regional climatic treeline. Thus, we may underestimate the climate effect with our 

potential regional treeline approach.  

Thirdly, the short timeframe of only 12 years between the two surveys may be 

another reason for the marginal climate effect found in our analyses as it does not allow 

the trees to fully react to recent changes in climate. This could explain why over 80 % 

of our upward shifted forests were smaller than 3 m in height.  There is evidence for a 

"lagged response" of treelines to a changing climate and tree recruitment peaks 

(Zackrisson et al., 1995, Camarero and Gutierrez, 2004). Trees are restricted in their 

migration pace as seed dispersal and regeneration ecology inhibit this process 

(Dullinger et al., 2004). In the region of the climatic treeline, trees are conditional upon 

exceptionally good years of regeneration in order to shift upwards. Depending on the 

tree species, a good seed crop year occurs only once every 7-10 years (Holtmeier, 

2000), which leads to fewer upward shift opportunities than expected from the 12 year 

span. Additionally, not only seed quantity but also seed quality and favorable growing 

conditions after seedling establishment are essential for a successful forest advance. The 

resulting "regeneration pulses" (Zackrisson et al., 1995) may lead to considerable time 

lags in the readjustment of the treeline to climate change. To reliably capture such key 

events, monitoring the dynamics over a longer time span is imperative. The importance 

of longer time frames when analyzing tree migration is also confirmed by Holtmeier & 

Broll (2005) who found treeline sensitivity to be different for various time-scales: the 

medium-term response (some years to a few decades) is mirrored by increasing tree 

coverage in contrast to forest and tree limit advance or retreat in the long term response 

(several decades to hundreds of years). According to their classification, our analysis 

lies in medium-term response which would explain the few found responses to a 
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changing climate. In the future, it is therefore important to capture long term changes by 

extending the analysis of treeline and forest dynamics in time. 

2.4.5 Effectiveness of the algorithm and the potential treeline model 

As the algorithm has successfully separated elevational upward shifts from forest 

ingrowth with no strong sensitivity to changing window size for most characteristics 

analyzed, it appears suitable for analysis of spatial patterns of the observed forest 

expansion near high elevation treelines. However, the variation of  the moving window 

size resulted in different forest increase ratios. Thus, statements addressing likely 

drivers for forest changes (climate and land use change) always have to refer to the 

moving window sizes used. Overall, we believe that the results using medium-sized 

moving windows (800 – 1200 m) are robust and allow realistic estimates of climate 

effects near the regional climatic treeline. For areas below the potential regional 

treeline, our model may not have accurately identified or quantified climate effects as 

likely driver. 

2.5 Conclusion 

Our results have revealed extensive changes near the Swiss treelines. Not only has there 

been wide-spread ingrowth but we also found a considerable occurrence of upward 

shifts which is remarkable for a heavily human dominated treeline landscape. Our 

results suggest that land abandonment is the most dominant driver for both forest 

ingrowth and a majority of the upward shifts in the Swiss Alps near the treeline. The 

relatively small effect of climate change is attributed to anthropogenic suppression of 

the current treeline and the short timeframe of only 12 years between the two surveys. It 

is therefore assumed that in the long run, climatic effects will become more obvious as 

forests rise towards their climatic potential. Future work should focus on long-term and 

area-wide monitoring of regeneration and tree development to capture the full dynamics 

in the treeline ecotone and better identify the underlying drivers. 
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Legend (all graphs) 

Figure A1: Histograms of locally highest upward shifts of forests at the Swiss treeline with 

median (dotted line) and mean (solid line) values. Graphs represent different moving window 

sizes: a) 500 m; b) 600 m; c) 700 m; d) 800 m; e) 900 m; f) 1000 m; g) 1100 m; h) 1200 m;  

i) 1500 m; j) 3000 m. 
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Legend (all graphs): 

Figure A2: Fraction of pixels identified to be true local upward shifts relative to the total number 

of newly established forest per altitude band. n indicates the total number of newly forested areas 

per 100 m altitude band. Graphs represent different moving window sizes to search for true 

upward shifts: a) 500 m; b) 600 m; c) 700 m; d) 800 m; e) 900 m; f) 1000 m; g) 1100 m;  

h) 1200 m; i) 1500 m; j) 3000 m. 
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Figure A3:  Number of identified upward shifted forest pixels relative to the altitude of the 

potential regional treeline (red line). Graphs represent different moving window sizes to search for 

true upward shifts: a) 500 m; b) 600 m; c) 700 m; d) 800 m; e) 900 m; f) 1000 m; g) 1100 m;  

h) 1200 m; i) 1500 m; j) 3000 m. 
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Legend (all graphs): 

Figure A4: Range and variation of upward shifted forest pixels along the altitude gradient. n 

indicates the total number of upward shifted forest pixels per altitude band. Graphs represent 

different moving window sizes to search for true upward shifts: a) 500 m; b) 600 m; c) 700 m;  

d) 800 m; e) 900 m; f) 1000 m; g) 1100 m; h) 1200 m; i) 1500 m; j) 3000 m.  
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Table A1: Fraction of forest pixels that shifted upward above the potential regional treeline of 

1985 (representing climate change), as identified depending on the moving window size. 

 

moving window size [m] climate change [%] 

500 2 

600 2 

700 3 

800 4 

900 4 

1000 5 

1100 6 

1200 6 

1500 8 

3000 16 

 

 



Chapter 3 

Evaluating thermal treeline indicators based on air 

and soil temperature using an air-to-soil temperature 

transfer model3 

Abstract 

In recent research, both soil (root-zone) and air temperature have been used as 

predictors for the treeline position worldwide. In this study, we intended to a) test the 

proposed temperature limitation at the treeline, and b) investigate effects of season 

length for both heat sum and mean temperature variables in the Swiss Alps. As soil 

temperature data are available for a limited number of sites only, we developed an air-

to-soil transfer model (ASTRAMO). The air-to-soil transfer model predicts daily mean 

soil temperatures (root-zone: 10 cm below the surface) at the treeline exclusively from 

daily mean air temperatures. The model using calibrated air and soil temperature 

measurements at nine treeline sites in the Swiss Alps incorporates time lags to account 

for the damping effect between air and soil temperatures as well as the temporal 

autocorrelations typical for such chronological data sets. Based on the measured and 
                                                 
3 This Chapter has been submitted for publication to Ecological Modelling: Gehrig-Fasel, Jacqueline; 

Guisan, Antoine & Zimmermann, Niklaus E. (2007) Evaluating thermal treeline indicators based on 
air and soil temperature using an air-to-soil temperature transfer model 
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modeled soil (root-zone) temperatures we analyzed the suitability of the thermal treeline 

indicators seasonal mean and degree days to describe the alpine treeline position. The 

soil indicators were then compared to the respective indicators based on measured air 

temperature, with all indicators calculated for two different indicator period lengths. For 

both temperature types (soil and air) and both indicator periods, seasonal mean 

temperature was the indicator with the lowest variation across all treeline sites. The 

resulting indicator values were 7.0 °C ± 0.4 SD (short indicator period), respectively 

7.1 °C ± 0.5 SD (long indicator period) for soil temperature, and 8.0 °C ± 0.6 SD (short 

indicator period), respectively 8.8 °C ± 0.8 SD (long indicator period) for air 

temperature. Generally, a higher variation was found for all air based treeline indicators 

when compared to the soil temperature indicators. Despite this, we showed that treeline 

indicators calculated from both air and root-zone temperatures can be used to describe 

the Alpine treeline position. 

Nomenclature: Aeschimann / Heitz (1996) 

3.1 Introduction 

It has long been recognized that the position of the climatic treeline is primarily 

temperature driven with other factors operating as modulating agents rather than as the 

main determinants (Körner, 1998, Körner and Paulsen, 2004). Early in the 20th century 

treeline research already found the position of the treeline to be related to temperature 

and defined treeline indicators such as “mean air temperature of the warmest month of 

ca. 10 °C” (Brockmann-Jerosch, 1919, Köppen, 1919) or “number of days with means 

of air temperatures above 5 °C” (Ellenberg, 1963). Later, research concentrated on 

investigating the processes and mechanisms that underlie the correlations between 

environmental factors and the treeline, and in general also found the thermal regime to 

be the most powerful explanation for the potential treeline position (Körner, 1998, 

Jobbagy and Jackson, 2000). Current research focuses on the sink hypothesis, stating 

that growth is limited by meristem activity which declines at low temperatures (Körner, 

1998, Hoch et al., 2002). Several studies have shown that tree growth is constrained by 

air temperature, with a growth inhibition temperature threshold varying between 3 to 

10 °C, but concentrating on the band from 5.5 to 7.5 °C (Körner, 1998, 2003). The latter 

is also most commonly associated with seasonal means of air temperature at treeline 
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positions (Körner, 1998). But also soil temperature limitations for tree growth have 

been documented in experiments (for references see Holtmeier, 2003, Körner and 

Paulsen, 2004). Körner and Paulsen (2004) suggested a soil temperature based indicator 

to explain the potential treeline, and found a seasonal mean of 6.7 °C ± 0.8 SD for the 

root-zone temperature to best correspond to the treeline position world-wide. Overall, 

findings from these studies suggest that air and soil temperatures are physically limiting 

tree growth at the treeline. Disentangling the individual effect of both temperature types 

on the vegetation is difficult, because soil temperature is generally driven by the 

ambient air temperature, and thus is not independent. Moreover, as meristems occur 

both below and above-ground, temperature limitations could indeed stem from one or 

both air and soil temperature. 

Hence, it is important to understand the relationship between air and soil temperature 

at the treeline as well as its consequence for potential treeline indicators. To analyze 

such temperature relationships, large scale soil and air temperature data is needed. 

While air data can be spatially interpolated from nearby meteorological stations, e.g. 

using interpolation algorithms such as implemented in DAYMET (Thornton et al., 

1997, Thornton et al., 2000), PRISM (Daly et al., 1994) or ANUSPLIN (Hutchinson, 

1995), interpolating soil temperature data to achieve regional coverage is difficult. This 

is mainly due to a) the absence of a universal physical model that would allow for easy 

data interpolation like altitude lapse rates for air temperature (Green and Harding, 1980, 

Richardson et al., 2004), and b) the general lack of spatially distributed soil 

measurements. A promising alternative to extensive field measurement campaigns is 

thus to develop and apply an air-to-soil temperature transfer model to calculate soil 

temperature from the more easily available daily mean air temperatures. This would 

allow using continuously measured climatic data from permanent weather stations to 

estimate soil temperatures. Up to now, only few attempts have been made to derive soil 

temperatures from air temperatures alone. Most existing models use several additional 

parameters such as soil surface energy balance, precipitation, topography, surface cover, 

soil thermal diffusivity, or forest stand characteristics (Thundholm, 1990, Yin and Arp, 

1993, Kang et al., 2000, Paul et al., 2004, Bond-Lamberty et al., 2005). Measuring or 

deriving these additional variables across a larger area is costly and laborious and 

consequently, these models are less suited for wide-area coverage. Toy et al. (1978) 
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have used air temperature exclusively to estimate mean annual, seasonal and monthly 

soil temperatures. But while their model accurately calculates mean values, it does not 

allow the estimation of temperature variation needed to describe ecosystem processes at 

shorter, e.g. daily intervals. More recently, Brown et al. (2000) have predicted daily 

mean soil temperatures using mean air temperatures of the previous day, thereby 

considering the time-lag effect of air on soil temperatures. However, none of these 

models have accounted for the strong temporal correlation of the chronological 

temperature data, with the resulting model errors diminishing the model quality and 

accuracy.  

A further difficulty relevant for temperature based treeline modeling is the definition 

of the measurement period, i.e. the time span used to calculate potential indicator 

values. As soil temperatures below 0 °C  bear less biological meaning (Körner and 

Paulsen, 2004) the growing season can be defined as the snowfree period. Körner and 

Paulsen (2004) have defined the beginning of the season as the date at which the soil 

temperatures exceed 3.2 °C in spring and the end as the date at which the soil 

temperature sinks below 3.2 °C for the first time in autumn. According to their analysis, 

these soil temperatures correspond to a weekly mean canopy air temperature of 0 °C. 

Schmitt et al. (2004) based their observations of growth limitations on a much shorter 

period than what is perceived as the growing season. They investigated cambium 

dynamics of pine and birch at the northern Boreal treeline and found that wood 

formation was finished as early as by the beginning of August (birch), respectively 

within the first half of August (pine). This corresponds to earlier results of Zumer 

(1969a) who found wood formation in pine to begin with a slight delay as altitude 

increased, whereas it stopped simultaneously for all monitored trees independently of 

their altitude. Kirdyanov et al. (2003) also concluded that besides the date of snow melt, 

the early summer temperatures are the most important factor defining seasonal growth 

and tree-ring structure, and Vaganov et al. (1999) identified a period of a few weeks 

after snowmelt to have the highest correlation with diameter increments in Boreal 

treeline trees. All these results suggest that whereas the beginning of wood formation is 

depending on temperature development, the end may not be as dynamic, potentially 

allowing a simplified approach to model treeline indicators. Yet, climatic treeline 

position may not fully follow the same drivers as radial tree growth. Additional 
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processes may influence its position, such as maturing of wood cells and hardening of 

cells for the winter season (for references see Plomion et al., 2001), or higher level 

processes such as regeneration cycles (Zackrisson et al., 1995, Holtmeier, 2003). 

The purpose of our study was threefold. First, we intended to develop a new  

air-to-soil temperature transfer model to calculate daily mean soil temperatures from 

daily mean air temperatures optimized for treelines. To allow for time-lag effects 

between air and soil temperatures, the model was set up to include current as well as 

past air temperatures, and to handle temporal autocorrelation statistically correctly. 

Second, we aimed at evaluating the usability of several thermal treeline indicator values 

calculated based on air and soil temperatures, derived from eight daily temperature 

measurements rather than from monthly means. Third, we wanted to compare several 

season lengths used for the calculation of the thermal treeline indicators. 

3.2 Material and methods 

3.2.1 Study sites 

In this study, we focused on climatic treelines. In accordance with Körner and Paulsen 

(2004) we used two criteria to identify treelines that have reached their climatic 

potential. Specifically, we selected (1) the highest position of treeline stands in a region 

and (2) stands, where trees showed a rapid reduction in size along elevational gradients. 

The regionally highest forest patches were selected by GIS analyses. Based on the 

1:25'000 pixel maps of Switzerland, we calculated the treeline by identifying the highest 

forest areas in a quadratic 900 x 900 m moving search window (Paulsen and Körner, 

2001, Gehrig-Fasel et al., 2007) . The resulting positions were then compared with the 

Swiss land use statistics GEOSTAT (SFSO 2001), and treelines with buildings or 

intensive agricultural use in the neighborhood were eliminated as non-climatic treelines. 

We additionally excluded areas where the highest forest patches reached the very tops 

of peaks or ridges or where they bordered directly to rock areas above. The remaining 

treeline positions were presumed to be of climatic nature. From these climatic treeline 

areas, we chose 13 study sites in four different climatic regions of Switzerland: the 

Northern Prealps, the Northern Transition zone, the Central Alps, and the Insubrian 

Southern Alps. Since the Southern Swiss Alps lack mountain systems reaching above 
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the potential treeline, two sites in the transition zone between the Central and the 

Southern Alps were selected to at least partly represent this climatic domain. The 

geographic locations of the selected sites and their characteristics are shown in Figure 1 

and Table 1. 

 

 

Figure 1: Location of study sites in the Swiss Alps. Numbers refer to sites described in Table 1. 
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Table 1: Characteristics of selected study sites. 

 
climate sector 

site no elevation 
[m] 

aspect [°] tree species at 
treeline 

recording period  
 [y/m/d; from - to] 

Northern Prealps      

Weisstannen: 
Chämmli 

1 2019 180 Picea abies 2004/07/23 - 
2005/09/23 

Lungern: Güpfi 2 1961 180 Picea abies 2003/09/29 - 
2005/09/27 

Northern Transition 
Zone 

     

Disentis: Stavel Sura 3 2161 210 Picea abies 2003/10/14 - 
2005/09/15 

Alvaneu: Era da 
Mulain 

4 2181 160 Picea abies, 
Pinus mugo 

2003/10/12 - 
2005/09/16 

Spittelmatte: Sagiwald 5 2126 270 Pinus cembra, 
Larix decidua 

2003/10/03 - 
2005/09/10 

Susten: Wielesch 6 1943 220 Picea abies, 
Larix decidua 

2003/10/17 - 
2005/09/24 

Central Alps      

Pontresina: Laviner 7 2341 220 Pinus cembra, 
Larix decidua 

2003/09/24 - 
2005/09/20 

S-charl: Mot Madlain 8 2349 190 Pinus cembra 2003/09/23 - 
2005/09/21 

Zermatt: Grüensee 9 2423 350 Larix decidua, 
Pinus cembra 

2003/10/05 - 
2005/09/14 

Nendaz: L'Arpette 10 2325 300 Pinus cembra, 
Larix decidua 

2003/10/13 - 
2005/09/28 

Simplon: Spilbode 11 2288 280 Larix decidua 2003/09/27 - 
2005/09/13 

Insubrian Southern 
Alps 

     

Bosco Gurin: Stavel 
Crastu 

12 2119 156 Picea abies, 
Larix decidua 

2003/09/26 - 
2005/09/30 

Cresciano: Cima di 
Piancra bella 

13 2177 45 Picea abies, 
Larix decidua 

2004/10/25 - 
2005/10/01 
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3.2.2 Temperature measurement 

In order to measure air and soil (root-zone) temperatures at the climatic treeline, a total 

of 400 electronic miniature temperature loggers (iButton Thermachron ® DS1921-L) 

were placed at the 13 sites. The iButton loggers measure temperature in a range from  

-20 to +80 °C with a 0.5 °C resolution. The accuracy of these loggers was tested by 

Gehrig (2004) by comparing their recordings to the data of an automatic meteorological 

station operated by the Swiss Federal Research Institute WSL. He analyzed the 

temperature gradient by using correlation analyses and spectral analytical methods and 

found the loggers to be suitable for local temperature measurements. The iButtons’ 

compact size (1.7 cm diameter, 0.6 cm thickness) and their low cost allow for locally 

high density spatial measurement in the field. With the sensor enclosed in a waterproof 

stainless steel case and an internal battery lasting for up to ten years (manufacturer 

specifications), long term observations on a local level are possible. We recorded data 

from fall 2003 to fall 2005, measuring in three hour time intervals allowing for 

maximum resolution with the limited memory space of the iButton loggers. Twice a 

year, the data from all loggers was downloaded through an interface to a handheld 

computer. 

A series of loggers were positioned at each selected treeline location. We defined the 

treeline as the line which connects the highest tree clusters. Tree clusters are small 

groups of trees growing very closely together, usually surrounded by smaller trees with 

low reaching crowns and branches (Fig. 2). As these groups slowly expand, depending 

on (local) climatic conditions, they potentially develop into larger forest patches. We 

chose sample trees with a minimum height of five meters because we observed this to 

be the typical size of such tree clusters. Trees with a height of less than five meters were 

observed to generally grow alone, unprotected against strong wind, snow, and 

temperature extremes, thus representing the “combat zone” above the tree clusters. The 

height of these trees declined rapidly with increasing altitude, finally forming 

krummholz only. 
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Figure 2: Illustration of tree clusters, modified after Ott et al. (1997) 

For our temperature measurements on each site, we selected trees inside a cluster. 

Where no clusters were available, free-standing trees were used. Per site, three trees 

were selected along elevation contours at the potential treeline. Two loggers were 

placed at each tree: one buried 10 cm below the soil surface to capture the root-zone 

temperature of the trees (Körner and Paulsen, 2004) and one in the outer canopy, 

attached to a branch approximately two meters above ground, to record the air tempe-

rature. All loggers were attached or buried on the north facing side of the trees to avoid 

direct sunlight as far as possible. 

3.2.3 Data analysis  

The recorded temperature data was screened for potential direct sunlight exposure 

leading to peaks in measured temperature. None of the root-zone temperature loggers 

showed any signs of excessive heating whereas a few air temperature loggers showed 

peaks in single measurements that may be attributable to direct sunlight influence. To 

minimize effects of such local measurement biases, daily mean values based on eight 

measurements (3 hour time intervals) were calculated and averaged over three trees for 

each study site and used in the following analyses.  
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From the originally 13 sites, 2004 data from four sites  was not  used in the soil-to-air 

transfer model fitting process due to missing data (Cresciano and Weisstannen) or 

technical measurement biases (Bosco and S-charl). Consequently, we used daily mean 

values of the remaining nine study sites for model fitting and further analyses. However, 

for the air-to-soil model evaluation, we were able to apply the model to the complete 

soil data of all 13 sites for 2005. 

3.2.4 Developing an air-to-soil transfer model (ASTRAMO) 

Temperature data measured over time often displays trends and strong temporal 

correlations, which normally prevent direct regression modeling of such data series. 

With time series analysis and regression methods, however, these problems can be 

circumvented. In the following paragraphs, we describe the reasoning and 

methodological basics behind our approach to an air-to-soil transfer model. 

To build a reliable time series regression model, the data series should be stationary, 

i.e. the mean values as well as variance and autocorrelation structures must be constant 

over time (Chatfield, 2004). This allows modeling of the data series relationships 

without the disturbing influences of trends or inconsistent variances. A simple way to 

mitigate trends is to subtract a smoother from the input data that is later added again to 

the model output (as an empirical parameter in the regression model; Fig. 3: step 1 & 5). 

In our approach, we investigated different empirical smoothers to find the one which 

best described the seasonality of the air temperature data. The trend curve, after being 

temporarily removed from the input data for the regression modeling, can be added to 

the fitted data afterwards to reproduce the seasonal rise and fall of the temperature data 

(Fig. 3: step 5). 
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Figure 3: Air-to-soil transfer model approach: Step 1) seasonal trend decomposition, step 2) 

transformation to first differences, step 3) time series regression modeling (Equation 1), step 4) re-

transformation of first differences to non-differentiated values, step 5) reproduction of seasonal 

trend by adding original smoother curve.  

a) measured daily mean air temperatures, b) seasonal trend of air temperature, c) residuals (air - 

trend), d) first differences (see Eq. 0) , a') modeled daily mean soil temperatures, b’)=b) seasonal 

trend of air temperature, c') re-transformed daily mean soil temperature values (without trend), d') 

modeled first differences of daily mean soil temperatures 

 

A further characteristic of regression modeling between time series is the general 

implication that the model errors are autocorrelated. e.g. temperatures do not change 

arbitrarily from measurement to measurement but rather display a continuous 

progression. This leads to the effect that positive deviations from a model value are 

most likely followed by more positive deviations. Consequently, as uncorrelated errors 

are a prerequisite for statistical least square calculation, the variance of model 

estimators as well as confidence intervals and significances for autocorrelated data are 

unreliable in this case. To eliminate short-term autocorrelations, the model input data 

(both the explanatory and response variables) can be transformed into first differences 

(Fig. 3: step 2, Chatfield, 2004, Huerzeler, 2004): instead of modeling each data value Tt 

in time, the model is built on the value difference between the current and the next day:  
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diff(Tt) = Tt+1 – Tt (0) 

where: T = daily mean temperature; t = current day, t+1 = following day 

The resulting data usually shows a lower degree of periodicity and can thus be used for 

time series regression modeling (Fig. 3: step 3). The output from such a time series 

regression model represents estimates for first differences of the original response 

variable. These values can then be re-transformed to the non-differentiated form 

corresponding to the original input data by cumulatively adding the output values to a 

start value (Fig. 3: step 4). In our case, we used a linear regression model to calculate a 

soil temperature start value.  

Using the above methods to improve the time series regression model, we were able 

to fit an air-to-soil transfer model using daily mean values of air and soil temperatures 

in 2004 from nine treeline sites. The following paragraphs describe the model building 

process in detail with references to the visualization in Figure 3. 

First, we removed seasonal trends from the input temperature data (air and soil) by 

subtracting an empirical trend curve (Fig. 3 a-c). Different smoothers were tested to 

describe the seasonal trend: locally weighted linear scatter plot smoothers (lowess and 

stl), and a cubic spline interpolation (for references see Hastie and Tibshirani, 1990). 

These smothers were all calculated based on the daily mean air temperature data 

averaged over nine treeline sites for the period from Mai to November 2004, with a stiff 

lowess smoother best describing the seasonal trend (Fig. 4). In order to also investigate 

a smoother independent from the measured data of the year 2004, we also calculated a 

“historic” lowess smoother based on 2 m above-ground air data of 18 Swiss 

meteorological stations in the treeline range from the years 1961-2005. This smoother 

described the seasonal trend of the year 2004 surprisingly well, though with a slightly 

lower fit than when using the smoother of the year 2004 only. To develop the air-to-soil 

transfer model, we therefore used a lowess smoother from the year 2004  with a 

stiffness (smoother span) of 0.9 to remove the seasonal trend of the air and soil data 

(Fig. 3 c). 

In the second step, we eliminated temporal autocorrelations within our measured 

temperature time series by transforming the data to first differences (Eq. 0, Fig. 3 d).  



3.2  Material and methods  69 

 
0

5
1
0

1
5

time

d
a
ily

m
e
a
n
s

o
f
a
ir

te
m

p
e
ra

tu
re

(°
C

)

May Jun Jul Aug Sep Oct Nov

measured air temperatures
lowess: stiffness = 0.9
spline
stl
45 year lowess: stiffness= 0.9

 

Figure 4: Measured daily mean air temperatures averaged over nine treeline sites for the period of 

Mai to November 2004 with different kind of smoothers representing the seasonal trend of the 

data. Lowess, spline and stl smoothers were calculated based on the measured 2004 air data of 

nine treeline sites, the 45 year lowess smoother was calculated based on air data from 18 Swiss 

meteorological stations from 1961-2005. The single year lowess smoother with a stiffness 0.9 

(dotted line) was used  in the air-to-soil transfer model. 

Third, we fitted a time-lagged regression model to calculate the soil temperature values 

(first differences) from the differentiated air temperature data (Fig. 3: step 3). The cross-

correlogram of the input data showed that the soil data lag behind the air data by up to 

two days (Fig. 5). This means that the air temperature of day t not only influences the 

soil temperature of the same day but also the soil temperature of days t+1 and t+2. As a 

consequence, we incorporated a two day lag into the model by adding air temperatures 

from the two previous days as two additional explanatory variables (Eq. 1). 
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diff(Tst)  =  c1*diff(Tat) + c2* diff(Tat-1) + c3* diff(Tat-2) + c4 (1) 

where: Ts = daily mean root zone temperature; Ta = daily mean air temperature; 

t = current day; t-1 = previous day; t-2 = two days past; diff(x) = first differences (see Eq. 0). 
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Figure 5: Cross-correlogram of the first difference values of 2004 daily mean temperatures, 

showing the temporal relationship between soil and air temperatures. Lag = time lag in days 

between the two data values. ACF = autocorrelation function, indicating temporal autocorrelation 

to respective lag. Dashed lines represent confidence bounds. Autocorrelation coefficients clearly 

outside of these bounds are considered significantly different from zero at the 5 % level. The 

cross-correlogram shows that the soil data is lagged by up to two days behind the air data.  

The fourth step was to derive the soil temperature start value. This value is needed to re-

transform the resulting first differences of daily mean soil temperatures (Fig. 3 d') back 

into non-differentiated daily mean soil temperatures (Fig. 3 c'). The soil temperature 

start value was calculated by fitting a linear regression to the spring data of 2004, using 

weekly mean air and soil temperatures for the period April to May (Fig. 6.). We used 

weekly mean instead of daily mean values in order to increase the regression robustness 

towards short-term temperature fluctuations. Since parameters of a regression model are 

unbiased in spite of autocorrelated residuals (Huerzeler, 2004), we used the value 0.44 

directly from the regression model (Fig. 6). However, as this relation is only true for 

non-frozen soil (melting period indicated by soil temperature buffered at 0.5 °C below 

2 °C air temperature in Fig. 6), a threshold value of 2 °C air temperature was defined. In 
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short, to calculate the needed soil starting value, we first screened the weekly mean air 

temperature data for the first value being equal or higher than 2 °C. The identified value 

was then transformed into the soil starting value using the 0.44 relationship factor. 
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Figure 6: Relationship between weekly mean temperatures of soil and air for the period April 1 to 

May 31, 2004 averaged over nine treeline sites. The solid line represents the regression line. The 

R2
adjusted may be biased as the residuals are autocorrelated. The dashed lines represent the weekly 

mean air temperatures indicating that the soil is no longer frozen or covered by snow. 

In the fifth and final step, we reproduced the seasonal trend of the soil temperature 

values by adding the original seasonal trend of the air temperature data (Fig. 3:  

step 5 c'-a'). 

The above steps were aggregated into an air-to-soil transition model using 2004 daily 

mean air temperatures to model daily mean soil temperatures. To evaluate this model, 

we compared the modeled daily mean soil temperatures with the measured 2004 daily 
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mean soil temperatures for nine treeline sites. To test the generality of the model more 

independently, we applied it to the measured 2005 daily mean air temperatures of all 13 

treeline sites (of which three were not used for the model development). The thus 

modeled  2005 soil temperatures (calculated using the model calibrated for 2004) were  

then compared to the measured 2005 soil temperatures. The model prediction error was 

quantified through the mean absolute error (= average of the absolute values of the 

residuals; MAE) and the bias (mean of all residuals). 

3.2.5 Calculate specific thermal treeline indicators 

In our study we evaluated seasonal mean temperature (hereafter smt), degree-days 

above 0 °C (sum of daily values above 0 °C, hereafter ddg0), and degree-days above 

5 °C (sum of daily values above 5 °C, hereafter ddg5)  for both the soil and the air 

temperature as treeline indicator values. All values were calculated based on two 

different thermal indicator periods (hereafter TIP; Fig. 7). Both TIPs started when the 

weekly mean soil temperatures exceeded 1 °C in spring (ground is snowfree, see Fig. 6). 

The first TIP ended by the end of August (TIP1), approximating the end of the cambial 

activity period of treeline trees (see introduction), whereas the second one ended 

dynamically at the date where the weekly mean soil temperatures fell under the 3.2 °C 

mark for the first time in autumn (TIP2), representing the weekly mean air temperatures 

of 0 °C (Körner and Paulsen, 2004). The fact that we used a 1 °C soil temperature to 

delineate the start of the thermal indicator period is a slight deviation from the approach 

used by Körner and Paulsen (2004). It reflects the fact that the mean spring soil 

temperatures lag behind mean air temperatures by more than a week, which can be seen 

in Fig. 7. Based on the two thermal indicator seasons and temperature types (air and 

soil), the indicators were calculated and evaluated for variance across all treeline sites. 

The lower the variance of the indicators, the better we considered the suitability of the 

indicators to describe the treeline position for the Swiss Alps 
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Figure 7: Length of thermal indicator periods used to calculate treeline indicator values. Dashed 

lines represent 3.2 °C and 1 °C lines of  7 day running mean. Arrows between grey bars indicate 

length of thermal indicator periods TIP1 and TIP2 (from top to bottom).  

3.3 Results 

3.3.1 Modeling soil temperatures 

The time series graph of the soil and air temperature averaged over nine sites shows 

distinct patterns (Fig. 8). Overall, the air temperature data is characterized by higher 

amplitudes while the soil data reveals a damped response. Both curves show an almost 

identical pattern of peaks and dips, and a typical seasonal trend: temperatures increase 

from the beginning of May until they reach their highest values in the first days of 

August, then decrease until the end of November. Soil temperatures lag behind air 

temperatures and show lower values than air temperatures for most of spring and early 

summer, while in late fall, mean soil temperatures are above air temperatures (as is 

represented by the smoothed temperature curves in Fig. 8). In the winter months (not 

illustrated), the patterns are different: the soil data measured under the snow is quite 

stable whereas the air data shows peaks and dips according to the weather situation. 

This shows that temperature behavior in the snowfree and the snow-covered period 
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differs fundamentally. As soil temperatures below zero do not bear much biological 

meaning (Körner and Paulsen, 2004) our models and indicators are based on 

temperature data from May to November only.  

For this time, our air-to-soil temperature transfer model ASTRAMO (model 

development see chapter material and methods) produced a good fit. Figure 9 shows the 

modeled soil temperatures fitted according to Equation 2 compared to the measured soil 

temperatures. The model revealed an adjusted R-squared of 0.88, with a mean absolute 

error MAE (testing the prediction against the calibration data set) of 0.36 °C, a bias of  

-0.04 and a maximum deviation of 1.1 °C. Comparing model MAE and bias for the two 

indicator period lengths TIP1 and TIP2 (Table 2) showed a high similarity. And with no 

autocorrelations and a normal distribution, model residuals also fulfilled all statistical 

requirements. In the resulting differentiated regression model, all three variables (Tat, 

Tat-1, Tat-2) were highly significant, with the exception of the intercept (Eq. 2). 

However, in order to avoid a systematic shift while transforming the fitted first 

differences into non differentiated values the intercept needs to remain in the model.  
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Figure 8: Daily means of measured soil (root-zone, 10 cm below surface) and air temperatures 

averaged over nine sites for the months Mai to November 2004 with smoothed values (lowess with 

stiffness of 0.9) for both temperature types. 
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Figure 9: Measured and fitted daily mean soil temperature values for the period of Mai 3 to 

November 12, 2004 averaged over nine sites. The fitted soil temperatures were calculated from 

daily mean air temperatures using the air-to-soil transfer model ASTRAMO. Model errors: MAE 

(mean absolute error ) = 0.36 °C, bias (mean error) = 0.04 °C. 

diff(Tst)  =  0.015 + 0.204 * diff(Tat) + 0.174 * diff(Tat-1) + 0.065 * diff(Tat-2) (2) 

where: Ts = daily mean root-zone temperature; Ta = daily mean air temperature; 

t = current da;  t-1 = previous day; t-2 = two days past; diff(x) = first differences (see Eq. 0). 

Results from the verification approach by applying the model to 2005 soil temperatures 

are shown in Figure 10. The model also correctly predicted the soil temperature pattern 

for the year 2005, with a mean absolute error of 0.37 °C , a bias of -0.18 °C (Table 2), 

and a maximum deviation of 0.9 °C. These values closely correspond to the test results 

using the 2004 calibration data only, and demonstrate the robustness of the method. 
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Figure 10: Measured and predicted daily mean soil temperature values for the period of Mai 3 to 

August 31, 2005 averaged over all 13 study sites. The predicted soil temperatures were calculated 

based on daily mean air temperatures using the air-to-soil transfer model ASTRAMO. Model 

errors: MAE (mean absolute error) and bias (mean error). 

Table 2: Model mean absolute error (MAE) and model bias for 2004 and 2005 data across nine 

treeline sites for the two thermal indicator periods TIP1 and TIP2. 

 TIP1 TIP2 

2004 MAE [°C] 0.35 0.36 

2004 bias [°C] -0.18 -0.04 

2005 MAE [°C] 0.37 NA 

2005 bias [°C] -0.18 NA 

 

 

3.3.2 Treeline indicators calculated from recorded data 

Table 3 shows the 2004 and 2005 treeline indicator values for nine study sites based on 

the measured air and soil (root-zone) temperature. While the indicator values do not 

differ significantly between 2004 and 2005 (paired t-test, only tested for TIP2), a 
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difference is obvious between the two temperature types. Seasonal mean temperature is 

1 to 2 C higher for air temperature as compared to soil temperature. Consequently, 

degree day indicators also show significantly higher values for air than for soil 

temperatures for all indicator periods. 

Comparing the indicators for different thermal indicator periods showed varying 

results. While different period lengths showed no significant difference in seasonal 

mean temperatures, a significant increase of degree days with growing period length 

(TIP2) was recorded (paired t-test). 

 

Table 3: 2004 and 2005 treeline indicator values averaged over nine study sites with standard 

deviations based on measured air (left), and soil (root-zone, temperature 10 cm below surface; 

right) for the two thermal indicator periods TIP1 and TIP2. NA = missing values, smt = seasonal 

mean temperature, ddg0 = degree days above 0 °C, ddg5 = degree days above 5 °C. 

 air temperature  soil temperature 

 TIP1 TIP2  TIP1 TIP2 

2004 smt [°C] 8.8 ± 0.8 8.0 ± 0.6  7.1 ± 0.5 7.0 ± 0.4 

2004 ddg0 [degree days] 904.3 ± 131.3 1276.1 ± 223.6  728.6 ± 90.5 1110.9 ± 198.4 

2004 ddg5 [degree days] 424.6 ± 98.2 562.9 ± 145.0  259.7 ± 53.9 377.8 ± 96.9 

2005 smt [°C] 8.7 ± 0.8 NA  7.1 ± 0.3 NA 

2005 ddg0 [degree days] 960.0 ± 146.5 NA  777.5 ± 100.9 NA 

2005 ddg5 [days] 447.2 ± 117.9 NA  271.4 ± 65.0 NA 

 

To compare the suitability of the different air respectively soil temperature based 

treeline indicators, we calculated each indicator's relative standard deviation in percent 

of its mean value (Fig. 11). Relative standard deviations of air and soil temperature 

based indicators were very similar, irrespective of the indicator period length. Seasonal 

mean temperature (smt) was the indicator with the lowest relative standard deviation. 

The standard deviations were between 7.4 and 8.8 % for air smt, respectively 5.6 and 

7.3 % for soil smt. Degree days above 0 °C (ddg0) was the indicator with the second 
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lowest variation, revealing a standard deviation between 14.5 and 17.5 % (air 

temperature), respectively 12.4 and 17.9 % (soil temperature). Degree days above 5 °C 

(ddg5) showed variations too high to be suitable as a treeline indicator.  

 

0
5

1
0

1
5

2
0

2
5

s
td

.
d

e
v
ia

ti
o

n
%

s
e

a
s
o

n
a

l
m

e
a

n

d
d

g
0

d
d

g
5

s
e

a
s
o

n
a

l
m

e
a

n

d
d

g
0

d
d

g
5

TIP1 TIP2

soil temperatures

air temperatures

 

Figure 11: Standard deviation of treeline indicators in percent of the 2004 values for the thermal 

indicator periods TIP1 and TIP2 based on air and soil temperatures. 

3.3.3 Bias in predicting treeline indicators 

Using our air-to-soil temperature transfer model, we calculated the treeline indicators 

smt and ddg0 from the modeled root-zone temperatures in 2004 and in 2005. The 

comparison of these indicators to the indicators based on measured root-zone 

temperatures revealed the model bias, indicating possible over- or underestimation. The 

bias with its standard deviations for nine sites is presented in Table 4. Overall, the bias 

was comparably small and did not differ significantly from zero (Wilcoxon test).   
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Table 4: Bias  (modeled indicators versus calculated indicators) with its standard deviation of 

treeline indicator values 2004 and 2005 averaged over nine study sites for the two thermal 

indicator periods TIP1 and TIP2. smt = seasonal mean temperature, ddg0 = degree days above 

0 °C. 

 TIP1 TIP2 

2004 smt [°C] 0.2 ± 0.7 0.4 ± 1.0 

2004 ddg0 [days] 6.5 ± 64.1 23.4 ± 120 

2005 smt [°C] 0.1 ± 0.4 NA 

2005 ddg0 [days] 10.3 ± 78.2 NA 

 

3.4 Discussion 

3.4.1 Air-to-soil transfer model 

Our results show that daily mean air temperatures can be used to accurately predict the 

corresponding daily mean soil temperatures (10 cm below surface) for the whole 

growing season at treeline locations across Switzerland without using additional 

parameters. This is in agreement with Brown et al. (2000) who also used daily mean air 

temperature values exclusively to calculate the seasonal soil temperature run. In 

addition, our research has confirmed that in order to develop a reliable time series 

model, several elements have to be considered. Similar to Brown et al. (2000), we 

removed the seasonal trend from the data to avoid over and under-estimation of soil 

temperatures. However, in our analysis an empirical trend of the actual year of the data 

proved best whereas Brown used a deterministic approach. To account for the damping 

effect of the top soil we additionally incorporated time lags of one and two days into our 

model. The significance of these variables reveals the importance of time-lagged models 

when daily soil temperatures are modeled rather than longer term soil temperature 

means. By considering the strong temporal correlation of the chronological data often 

neglected in other studies, we were able to estimate the true model errors, thereby 

increasing the model’s value for temperature prediction. The reliability of the model has 

been proven by testing it against 2005 temperature data not used in the model 

calibration. Even with these data, the model produced correct results with errors no 
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larger than the model tests with 2004 calibration data. A further indication of the model 

robustness and accuracy is the fact that treeline indicators based on the modeled soil 

temperature values did not show any significant bias. 

While the model has proven well to transform air to soil temperatures, the usefulness 

for simplified treeline indicators such as smt may be debated. On the one hand, the 

calculated smt indicator based on the modeled soil temperatures outperformed all other 

treeline indicators. On the other hand, the time consuming calculations required for the 

air-to-soil transfer model impede its application across large spatial scales. For such 

applications, an smt indicator based directly on air temperature may therefore be more 

efficient. 

3.4.2 Treeline indicators and thermal indicator periods  

As expected, the treeline indicator values investigated in this paper have shown 

distinctly different behaviors concerning their overall variance, as well as their 

robustness against different indicator period lengths and temperature data bases. With 

the smallest variance for both indicator period lengths as well as both temperature types 

(soil or air), the seasonal mean temperature value (smt) is considered the most robust 

indicator for the position of the treeline. The observed root-zone smt value of 7.0 °C 

with a standard deviation of ± 0.4 °C for the long indicator period (TIP2), as well as the 

7.1 ± 0.5 °C for the short indicator period (TIP1), are both within the root-zone 

temperature range identified by Körner and Paulsen (2004) to describe the position of 

the treeline on a global scale. Comparing our results with Körner and Paulsen’s 

measurements from their 12 Alpine treeline sites (located along a W-E gradient), our 

smt value for TIP2 does not significantly differ from their results. Consequently we can 

confirm their findings also for an N-S gradient, spanning across different alpine climate 

zones. Both of our smt values also correspond to the 7 °C mean for soil temperatures 

considered already by Walter and Medina (1969) and Walter (1973) for Alpine treeline 

positions of the Andes Mountains and the Alps. This result is an indirect proof that even 

in the heavily managed landscapes of the Swiss Alps natural treelines can be found.  

Our results for air temperature, with an overall smt value of 8.0 °C ± 0.6 °C standard 

deviation for TIP2 and 8.8 ± 0.8 ° for TIP1, are clearly higher than the 5.5 to 7.5 °C air 

temperature range described by Körner (1998). Also, they are just at the periphery of the 
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range of 5 to 8 °C discussed by Jobbagy et al. (2000). These discrepancies appear less 

strong if one considers the fact that Körner's air based indicators describe the treeline 

position on a global scale. If compared to the four Alpine sites (Mt. Patscherkofel, 

Austria) in Körner and Paulsen's world-wide temperature measurements (2004), our 

results correspond to their findings (8.2 °C ±0.2). Yet, an additional temperature 

increasing effect of direct sunlight exposure on our measurements can not be completely 

excluded. However, we expect this effect to be less than 1°C due to the smoothing of 

short-term peaks through the use of averaged data across several measuring points 

(trees), as well as consolidation to daily mean values for the indicator calculation. Thus, 

the indicator values appear robust enough to tolerate limited measurement artifacts such 

as direct sunlight exposure. However, as soil based indicators are less prone to such 

artifacts, they may still provide more reliable predictions. 

Concerning the influence of the thermal indicator period length, the absence of a 

significant difference between the two periods (for both temperature types) can be 

explained by the underlying data structure: With a roughly symmetric temperature "arc" 

across the growing season, using only half the chronological data (e.g. the increasing 

part of the "arc" from spring to late summer) will result in similar mean values as using 

the complete season's data. For reasons of robustness, though, we suggest to use the 

longer measurement period to calculate mean values.  

The degree days above 0 °C indicator (ddg0) showed generally higher variations than 

the smt indicator. This was expected since ddg0 is not an averaged value (such as smt) 

but a daily temperature derivative. For the same reasons, ddg0 shows significant 

differences between the two indicator period lengths due to its direct relation to the 

number of days in the respective time span, making it a less ideal indicator. Despite the 

high variances and period dependency, Körner and Paulsen (2004) have reported a 

correlation of the ddg0 indicator with the treeline position when applied within one 

geographical region, e.g. the Alps. They found no correlation, however, when ddg0 

values were compared with worldwide treeline positions. 

Finally, degree days above 5 °C (ddg5) was not found to be suitable as a treeline 

indicator in our study since it showed a very high variation for both indicator periods 

and temperature types. This is rather surprising as the 5 °C limit was described as a 
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physiological limit for tree growth by several authors (Loris, 1981, James et al., 1994). 

Thus, one would expect the ddg5 indicator to better correspond to the treeline position.  

3.4.3 Air versus root-zone temperature based treeline indicators 

For all treeline indicator values, significant differences depending on the underlying 

temperature types were found. Indicator values calculated from air temperature showed 

not only higher absolute values but also higher variations than the ones calculated from 

soil temperature. This can be explained by the known damping effect of the top soil. For 

simple treeline prediction, the differences in variance do not directly entail a qualitative 

rating of the temperature types. However, for spatial modeling, soil temperature based 

indicators may be favored due to the lower prediction uncertainty (e.g. a lower 

confidence interval) which would allow more accurate spatial treeline mapping. 

However, as soil temperatures are difficult to spatially interpolate along elevation 

gradients, this would require high density measurements or model calculations from air 

temperatures.  

3.5 Conclusion 

Our results have shown that daily mean soil temperatures at the treeline can be modeled 

accurately from daily mean air temperatures by using our air-to-soil transfer model 

ASTRAMO. Consequently, treeline indicators based on such modeled soil temperatures 

turned out to be equally accurate as the treeline indicators based on measured root-zone 

temperatures. From all the treeline indicators evaluated, soil seasonal mean temperature 

(smt) showed the lowest variation irrespective of the investigated indicator period 

lengths. It was therefore considered to best describe the position of the Alpine treeline. 

The smt indicator based on air temperatures, while showing a higher variation, was also 

deemed usable for prediction. To what degree these indicators can spatially delineate 

the treeline correctly in contrast to the closed forest below and the unforested area 

located above, will have to be evaluated. However, with the complex models involved, 

such applications will require a considerable investment of both calculation power and 

time.  
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Chapter 4 

Spatially predicting recent and future climatic treelines 

in the Swiss Alps4 

Abstract  

With ongoing climate change, a treeline shift to higher elevations is expected. In fact, 

this effect has already been observed in many places but was found to be time-lagged. 

Hence, the questions remains where the true climatic potential of treelines lies, a matter 

which is relevant to estimate carbon sequestration potential, biodiversity and 

conservation issues, as well as land use planning. The climatic treeline position 

correlates well with seasonal mean air temperature on a global scale. Our goals were a) 

to demonstrate how this treeline indicator can be mapped spatially, and b) to what 

extent the climatic treeline has fluctuated over the last 45 years and where it may be 

positioned in the future. The study area encompasses of 8,711 km2 in the Swiss Alps 

covering a range of treeline elevations depending on regional climatic conditions. We 

modeled the climatic treeline position for the whole study area from seasonal mean air 

temperatures using daily air temperature of the years 1960-2004. To estimate future 

                                                 
4  This Chapter has been submitted for publication to Global Change Biology: Gehrig-Fasel, Jacqueline; 

Guisan, Antoine; Schmatz, Dirk R.; Brändli, Urs-Beat; Zimmermann, Niklaus E. (2007) Spatially 
predicting recent and future climatic treelines in the Swiss Alps 
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climatic treeline positions, we applied climate change projections based on the IPCC 

scenarios SRES A1 and B2 for the year 2085, which forecast a temperature increase of 

+6.2 °C and +3.4 °C, respectively. Results show that the climatic treeline position was 

spatially well predicted using seasonal mean air temperatures. Between 1960 and 2004, 

the predicted climatic treeline position shifted upwards by an average of 136 m. We 

identified considerable regional differences in elevation shifts, with the highest shifts 

predicted around the highest mountains. For the year 2085, the model predicted upward 

shifts between 500 m (B2) and 1000 m (A1) on average. The results from these 

scenarios made obvious that temperature will likely not be the limiting factor for forest 

development in the future, since the climatic treeline progresses into currently 

unvegetated, rocky and glacial areas. 

Nomenclature: Aeschimann / Heitz (1996) 

4.1 Introduction 

Natural alpine treelines are climate-determined ecotones (Körner, 1998, Körner and 

Paulsen, 2004) and therefore considered particularly sensitive to changes in the 

temperature regimes (Theurillat and Guisan, 2001). It is a common assumption that 

climate change can be detected more easily at the treeline than elsewhere through 

changes in tree growth, upslope establishment of seedlings, and – consequently – forest 

expansion. Such evidence has been reported for the European mountains by several 

authors (Paulsen et al., 2000, Motta and Nola, 2001, Moiseev and Shiyatov, 2003, 

Kullman, 2005, Kullman and Kjallgren, 2006, Motta et al., 2006, Kullman, 2006a, 

Gehrig-Fasel et al., 2007). Recently, considerable interest has been demonstrated in the 

rate of treeline advance due to climate warming (IPCC, 2000, Grace et al., 2002). 

Advancing treelines and increased forest densities below the treeline may act as a 

carbon sink and thus contribute to the reduction of atmospheric CO2, though the 

significance of this effect is under discussion (Betts, 2000, Betts, 2004, Gibbard et al., 

2005, Jackson et al., 2005, Keppler et al., 2006). Another important effect may be the 

stabilization of slopes against natural hazards such as rock-falls and avalanches. A 

much-discussed issue related to treeline changes is its impact on the biodiversity of the 

alpine ecotone (IPCC, 2000, Pauli et al., 2001, Theurillat and Guisan, 2001, Gottfried et 

al., 2002, Walther et al., 2005). With treeline advance, species occupying narrow niches 
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may experience severe fragmentation and loss of habitats (Dirnböck et al., 2003), 

eventually threatened to become extinct (Halloy and Mark, 2003). More generally, plant 

communities and species compositions are expected to change (Keller et al., 2000, Pauli 

et al., 2001, Walther et al., 2005) both as an effect of climate change and of altered 

competition followed by treeline shifts. In order to evaluate treeline changes and to 

foresee potential ramifications thereof, it is important to analyze and quantify treeline 

dynamics. Results from such analyses may serve as a basis for further investigations 

and allow a better formulation of strategies to monitor and mitigate effects of climate 

change. 

In numerous field campaigns, treeline dynamics have been studied by investigating 

the forest composition at treeline locations and by comparing actual measurements to 

past treeline positions using field data, terrestrial and aerial photographs, satellite data, 

or historical cartographic material (for references see Grace et al., 2002, Holtmeier, 

2003). In some projects, the reconstructed upward shift rates were then also extrapolated 

into the future. An alternative to such extensive field campaigns is to use statistical or 

other mathematical models to predict the future position of the treeline. Two of the most 

often used modeling approaches are: 1) mechanistic models that dynamically simulate 

underlying processes of treeline change, and 2) empirical models that relate the treeline 

to one or more predictors using statistical relationships (Korzukhin et al., 1996, Guisan 

and Zimmermann, 2000). 

Mechanistic models simulate forest dynamics based on the underlying processes like 

growth, mortality, and reproduction of plants (for review see Bugmann, 2001, Lischke 

et al., 2007). As these processes are complex in nature and depend on species-

environment characteristics, such models require substantial input data and a series of 

tested theoretical assumptions. Due to their complex nature and the high demand on 

species information, these models are often difficult to apply to large spatial scales 

(Lischke et al., 2006). Also, as these models simulate a future treeline by incorporating 

slow processes such as tree growth, its simulations may not reach the actual climatic 

potential within a given timeframe, especially if anthropogenically controlled treeline 

situations are studied (Rickebusch et al., in review). 
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Empirical models, which use statistical relationships between the treeline position 

and climate data to calculate current and future climatic treeline positions, may serve as 

an alternative for large scale applications and climate change projections. Such models 

do not require extensive variable input and complex calibrations but take advantage of 

correlations between known process-oriented or observed predictors and the treeline 

position. 

By using temperature-based indicators, these models are able to predict a climatic 

treeline position, i.e. the theoretical upper limit of forest formation under given climate 

conditions. However, as these models are based on temperature data only, they do not 

consider other factors such as human land use, microclimate, or natural hazards. Hence, 

they can not fully map the actual treeline, especially in a land use dominated 

environment such as the Swiss Alps. Still, such climatic treeline models are suitable for 

the estimation of potential future treeline shifts, new forest area, or even as a baseline 

for more complex treeline models. 

Körner (1998) compiled air temperatures from climatic treeline sites (uppermost 

forests) around the globe, complemented more recently by measured root-zone 

temperatures (Körner & Paulsen 2004). In these analyses, a seasonal mean air 

temperature range of 5.5 -7.5 °C and a seasonal mean root-zone temperature of 6.7 °C 

(± 0.8 SD) were identified to best describe the climatic treeline position globally. For 

the Alps, their findings were slightly higher: a seasonal mean air temperature of 8.2 °C 

(±0.2 SD) was documented based on four sites in Austria, and a seasonal mean root-

zone temperature of 7.0 °C (± 0.4 SD) for 12 sites in France, Switzerland and Austria 

(Körner and Paulsen 2004). Both of these Alpine seasonal mean air and root-zone 

temperature ranges were recently confirmed for additional 13 climatic treeline locations 

in the Swiss Alps (Gehrig-Fasel, in review). To date, models based on such soil or air 

temperature indicators have only been calibrated to relatively few sites, focusing on the 

local means. Hence, the availability of temperature data is limiting the application of 

thermal indicators for the spatial description of the climatic treeline position on a larger 

scale. Nevertheless, there have been approaches to spatially predict the treeline using 

thermal indicators. 
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Moen (2004) was one of the first to use mean June-August temperatures to spatially 

predict climate change effects on the birch treeline in the Swedish Mountains. He used a 

lapse rate of 0.6 °C / 100 m to convert changes in temperature into changes in treeline 

elevation, implicitly assuming that today's treeline position is exclusively climate-

determined. However, this assumption is not adequate for most alpine treelines, as 

today's treeline in the alpine area is rarely climatically determined but mostly influenced 

by land use (Paulsen and Körner, 2001, Gehrig-Fasel et al., 2007). Thus, for the 

European Alps, a lapse rate approach based on today’s observed treeline according to 

Moen is likely to result in an underestimation of future climatic treeline positions due to 

the low baseline, respectively an overestimation of future actual treeline positions 

because of neglected limitation of treeline advance by land use and other factors. 

Identifying and separating the different driving factors behind treeline dynamics and 

position remains the primary challenge. Knowing the position of the climatic treeline – 

both today’s and potential future positions – may serve to identify other driving factors 

and to understand their importance for current dynamics and expected changes. 

The major goals of our study therefore are (1) to assess the practicability of climatic 

treeline positions mapping using thermal indicators, (2) to investigate the variability in 

the modeled position of the climatic treelines over the last 45 years, and (3) to project 

future climatic treelines using regional climate change simulations from two IPCC 

(2000) scenarios. All goals shall be tested in a study area in the Swiss Alps 

encompassing a range of climatic conditions with consequences on treeline elevation, 

and shall make use of recently evaluated, optimized treeline indicators (Gehrig-Fasel et 

al., in review). 
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4.2 Methods 

4.2.1 Study area 

 

Figure 1: Location of the study area (rectangle) in the Swiss Alps. 

The area included in this study covers 8,711 km2 of mountainous terrain in the Swiss 

Alps (Fig. 1) encompassing elevations ranging from 360 to 4274 m a.s.l. It covers the 

most important climatic gradients in the Swiss Alps resulting in highly variable treeline 

elevations. The Northern Alps share an oceanic climate (generally humid, with cool 

summers, and moderately cold winters), while the Central Alps are characterized by a 

more continental climate (hot and dry summers, high irradiation, cold winters). Finally, 

the climate of the Southern Alps is more of a Submediterranean type (hot and partly dry 

summers intermitted with heavy rainfalls, moderately cold and humid winters). This 

climatic diversity leads to remarkable regional differences in treeline elevation and 

vegetation composition (Eggenberg, 2002). In the northern Swiss Alps, Picea abies is 

the dominant treeline species, often associated with Sorbus aucuparia and Alnus viridis. 
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In the dry interior valleys, treelines are dominated by Larix decidua and Pinus cembra, 

locally replaced by Pinus mugo subsp. uncinata in some regions in the East and often 

associated with Pinus mugo subsp. mugo (krummholz). In the southern parts of the 

Swiss Alps, both Larix decidua and Picea abies make up the uppermost forests. 

4.2.2 Temperature data processing 

The treeline indicators used in our study are based on daily temperature measurements. 

In order to apply these treeline indicators spatially, we calculated daily mean air 

temperature values for the years 1960 to 2004 using the DAYMET interpolation 

software (Thornton et al., 1997, Thornton et al., 2000). DAYMET allows extrapolating 

temperature data from climate stations over large regions of complex terrain by 

calculating cell-by-cell temperatures using a distance-weighted regression. Besides 

including the heterogeneous distribution of climate stations in the terrain by using an 

iterative station density algorithm, the model performs spatial and temporal regression 

analyses formulating the dependency of temperature on elevation. The DAYMET 

approach, calculating the actual temperature course for each cell, is a major 

improvement from simple temperature lapse rate conversions. Classic lapse rate models 

can only use the physical lapse rate to calculate spatial temperature distributions, and 

must thereby assume a homogenous distribution and a synchronous course for all 

temperatures. Because the more sophisticated DAYMET interpolations include local 

variations measured by the climate stations in the field, they can better describe 

variations in the seasonal temperature courses. Required inputs to the model are digital 

elevation data and observations of daily minimum and maximum temperature from 

ground-based meteorological stations.  

For our analysis, we fed daily mean air temperatures derived from the climate station 

network of Meteoswiss together with a digital elevation model (DEM) of 100 m spatial 

resolution into DAYMET. The resulting 45 datasets (representing the years 1960-2004) 

each contained a full year’s sequence of daily mean temperature for each of the 871,080 

study area raster cells. Since each cell was regressed individually for each simulation 

day, the calculations involved were computationally extensive. To manage the required 

computational capacity, the study area was subdivided into blocks of 1220x714 cells, 
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which were then submitted individually for the computations in a 16-node (64 CPU) 

Linux cluster. 

4.2.3 Treeline indicator calculation 

To predict the climatic treelines, we used seasonal temperature means (smt) as a thermal 

treeline indicator (Körner and Paulsen, 2004, Gehrig-Fasel et al., in review), which we 

calibrated from daily mean air temperature. The definition of the season length for the 

calculation of the mean values followed Gehrig-Fasel (in review) for the season start, 

and Körner & Paulsen (2004) for the season end. The season started in spring when 

weekly mean air temperatures first reached 3 °C, which was found to represent 

complete snowmelt (corresponding to 1 °C weekly mean soil temperature). The season 

ended in fall when the weekly mean air temperature first dropped below 0 °C. This 

delineation of the growing season accounted for the fact that soil temperatures generally 

lag behind air temperatures (i.e. temperature changes being lower than mean air 

temperature in spring, but higher in fall). Smt was calculated as the arithmetic mean of 

all daily mean temperature values between the start and the end of the defined season 

identified for each individual raster cell and year. Following our earlier analysis of 

treelines in the Swiss Alps (Gehrig-Fasel et al., in review) and recent analysis in the 

Austrian Alps (Körner and Paulsen 2004), we used an smt value of 8.0 °C for air 

temperature to delineate the climatic treeline.  

4.2.4 Scenario simulations 

Several simulations and analyses using the above described indicators were performed 

in order to investigate various aspects of treeline dynamics: (1) Predictions for the 

current climatic treeline (using 2004 climate data) were compared to the elevation of the 

actual treeline position; (2) variations of the climatic treeline were reconstructed over 

the last four decades (1960-2000) and for the period of 2000-2004; and (3) projections 

of the climatic treeline for the year 2085 were calculated using two different IPCC-

based climate warming scenarios (IPCC, 2000).  

To compare the indicator based predictions with the actual treeline we calculated the 

climatic 2004 treeline from the 8 °C smt isotherms and analyzed the accordance of this 
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climatic treeline with today's highest observed forests in the study area based on the 

1:100,000 pixel map of Switzerland in a 10 x 10 km moving window. 

In order to study the climatic treeline dynamics of the recent past, we reconstructed 

the treeline positions of the years 1960-2004 for each raster cell in the study area by 

calculating the smt of each individual year from the daily mean air temperatures. The 

resulting yearly treeline data were averaged by decades, and 8 °C contour lines were 

generated to delineate the climatic treelines. 

To project future climatic treeline positions for the year 2085, we used monthly 

projected temperature data based on the SRES A1 (A1FI) and B2 climate change 

scenarios according to the Intergovernmental Panel on Climate Change (IPCC, 2000). 

The A1 scenario assumes a globalized world with rapid economic growth and global 

population that peaks in the mid-century and declines thereafter. It also assumes rapid 

introduction of new and more efficient technologies. The B2 scenario describes a world 

in which the emphasis is on local solutions to maintain socioeconomic and 

environmental sustainability. It is a world with continuously increasing global 

population, intermediate levels of economic development, and less rapid and more 

diverse technological change than in A1. Based on these scenario assumptions, the A1 

approach predicts an extreme warming by 2085 that sums to a yearly average 

temperature anomaly of ca. +6.2 °C for our study area, whereas B2 represents a more 

moderate warming of ca. +3.4 °C (Table 1). For our application, we used monthly 

projected temperatures of the TYN SC 1.0  data set (Mitchell et al., 2003), which is 

provided by the Thyndall Center of Climatic Research using the HadCM3 (Gordon et 

al., 2000, Pope et al., 2000) climate model and the above describe IPCC scenarios. 

Monthly anomalies were generated by subtracting the 1990 temperatures from the 

respective projected temperatures for 2085. These coarse resolution anomalies (10') 

were then spatially interpolated to a 100 m resolution, averaged for the study area 

(Table 1), and then added month-by-month to the high resolution temperature maps of 

1990. Thus, we were able to downscale the anomalies to a resolution suitable for 

treeline analysis. From the predicted daily mean temperature sequences for 2085, we 

calculated the seasonal mean values, and used the 8 °C smt isotherm to delineate the 

climatic treeline. 
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Table 1: Monthly temperature anomalies averaged across the study area for the year 2085 for the 

two SRES climate change scenarios A1 (A1FI) and B2 (IPCC 2000). Data source: TYN SC 1.0 

data set of the Thyndall Center of Climatic Research. 

month A1 anomalies [°C] B2 anomalies [°C] 

January +6.4 +3.1 

February +4.4 +2.9 

March +4.6 +3.2 

April +4.5 +2.3 

May +5.5 +3.7 

June +6.4 +3.6 

July +8.4 +4.1 

August +9.8 +5.5 

September +7.6 +4.0 

October +5.4 +2.8 

November +5.1 +2.9 

December +6.4 +3.1 

May-Sept. mean 2085 +7.5 +4.2 

Annual mean 2085 +6.2 +3.4 

 

4.2.5 Quantifying regional treeline shifts 

To quantify the elevation difference between the treelines from two time steps, we 

calculated elevation differences within a search neighborhood. To do this, we used focal 

analyses (Tomlin, 1990), which allow to perform statistical operations among the values 

of all cells within a moving window of defined size and shape, and assign the resulting 

summary statistic (e.g. focalmax for the maximum value or focalmean for the mean 

value) to the central (focal) cell.  
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To quantify the elevation difference between the predicted climatic 2004 treeline and 

the respective actual treeline, we first assigned the elevation from a 100 m DEM to each 

predicted climatic 2004 treeline cell on one hand, and to each forested cell of the 

1:100,000 pixel map, representing today's actual forest cover, on the other hand. Next, 

we calculated the highest treeline in a 10 x 10 km moving window for both data sets. By 

this, we obtained two maps representing the highest predicted and observed treeline 

elevations, respectively, at a 10 km spatial resolution. This resolution is small enough to 

capture regional differences in climatic treeline elevations but large enough to remove 

the effect of small scale fluctuations of local growth conditions (Paulsen and Körner 

2001, Gehrig-Fasel et al. 2007). Finally, we calculated the elevation difference between 

the two treeline maps. The result from this analysis indicates the deviances of the actual 

treeline (today's regionally highest forests) from the predicted climatic 2004 treeline on 

a 10 km resolution. 

A similar approach was used to quantify the variation in treeline elevations between 

decadal reconstructions of the climatic treeline (1960-2004). First, we again assigned 

the elevation from a 100 m digital elevation model (DEM) to each treeline cell. Second, 

we performed a focalmean analysis to these elevations using a quadratic window of 900 

m size to each treeline layer. The 900 m window size was chosen as it is wide enough to 

detect changes between two climatic treeline positions, but it is also small enough to 

avoid mismatch between treeline positions from different geographic domains (e.g. 

opposing slopes in a valley). Third, we calculated the difference between the two 

consecutive treeline layers within each search window, indicating local upward or 

downward shifts. The results from this moving window analysis mapped the up- and 

downward shifts between two treelines on a 900 m resolution.  

 

 

 

 



100 Chapter 4: Spatial climatic treeline prediction 

4.3 Results 

4.3.1 Comparison of climatic treeline model with actual treeline 

The quantitative comparison of the elevation distribution of the actual treeline (today's 

regionally highest forests based on the 1:100,000 pixel map of Switzerland) and the 

respective predicted climatic 2004 treeline, both on a 10 km resolution, showed that the 

latter corresponded well to the highest observed forests in the study area (Fig. 2). From 

the same data, it can be seen that most of today’s highest forests are indeed situated 165 

meters (mean value) lower than the predicted climatic 2004 treeline (Fig. 3), with no 

evident regional differences. 
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Figure 2: Distributions of highest elevations of both predicted climatic 2004 treelines and of 

actual treelines within the study area. Both distributions were derived from a 10 x 10 km moving 

window. 
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Figure 3: Distribution of elevation differences between the predicted climatic 2004 treeline (red 

line) and the actual treeline (highest observed forests). Negative values indicate forests located 

below, positive values forests located above the predicted climatic 2004 treeline. 

4.3.2 Reconstruction of climatic treeline positions between 1960 and 2004 

In our study area, air temperatures of the 20th century have steadily increased until 

the 1950s, followed by a slight decrease in the 1960s and 1970s and a renewed strong 

increase from the 1980s onwards (Fig 4). The climatic treelines calculated from 

generated temperature sequences for the last four decades showed a corresponding 

order. The modeled climatic treeline positions for all decades showed nearly a 

chronological order, i.e. the "older" the treeline the lower its elevation, with the 

exception of the 1960s treeline, which was located between the 1980s and the 1990s 

treelines (Figure 5 a). For most of the study area, the latter also corresponded best to the 

upper limit of the majority of today's actual forest area (Fig. 5 a). However, in steeper 
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terrain today’s forested area has been found to reach up to or even above the predicted 

climatic 2004 treeline (Fig. 5 b-c).   

The overall differences in climatic treeline elevation over the last 45 years showed 

distinct regional and temporal variations (Fig. 6), with equally strong spatial variations 

in the individual decadal changes (Fig. 7). Over the full period from 1960 to 2004, 

positive upward shifts of the climatic treeline ranging from 25 to 231 m were predicted 

across the whole study area, showing clear regional patterns (Fig. 6). Lower predicted 

upward shifts were predominant in the southeastern region, whereas the highest 

modeled upward shifts were all located around the highest mountains in the western part 

of the study area (Fig. 6). 

 

Figure 4: Annual mean air temperatures for the period 1900 - 2004 in the Swiss Alps based on 24 

Meteoswiss temperature stations located in the treeline range (1650-2450 m a.s.l.). The bold line 

represents a 10-year running mean. The three temperature lines indicate yearly mean (black), 

summer mean from May to September (red), and winter mean air temperatures from October to 

April (blue). 
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Figure 5: Spatial patterns of the reconstructed climatic treeline elevations for the period of 1960 to 

2004 for a section of the study area in the Swiss Alps. Background layer is the pixel map 

1:100,000 of Switzerland with forest patches indicated in green. 

a: Example from flat terrain with comparably high land use intensity.  

b & c: Examples from comparably steep terrain with no or very low land use intensity and less 

downslope pressure on actual treelines. 
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Figure 6: Regional patterns of net elevation shifts of the reconstructed climatic treelines between 

the periods of 1960-1969 and of 2000-2004 for the study area. Resolution: 900 m. The histogram 

shows the distribution of elevational shifts across the study area. 

 

Figure 7 (next page): Regional patterns of net decadal elevation shifts of reconstructed climatic 

treelines for the study area: a) 1960s – 1970s, b) 1970s – 1980s, c) 1980s – 1990s, d) 1990s – 

2000s. Resolution: 900 m (see figure 6 for color legend). The histograms show the respective 

decadal distribution of elevational shifts across the study area.  
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(see previous page for caption) 
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When comparing the modeled decadal changes, we found that treeline elevation 

shifts were not linear over time. They also varied considerably between regions. From 

the 1960s to the 1970s, the reconstructed climatic treeline showed a downward shift of 

up to 50 m in elevation with the strongest declines located in the eastern parts of the 

study area (Fig. 7 a). From the 1970s to the 1990s, the predicted climatic treeline shifted 

upwards, starting at the southern and northern Pre-Alps and later also occurring in the 

central regions (Fig. 7 b-c). In the last decades from the 1990s into the new millennium 

the modeled climatic treeline shifted considerably by up to 150 m in elevation (Fig. 7 

d), with a concentration of increases around the highest mountains within the study area. 

Although this last shift represented a shorter period (mean 1990-1999 to mean 2000-

2004), the predicted rise of the climatic treeline, based on the temperature changes, was 

the strongest since the 1960s, with the lowest regional variations. 

4.3.3 Projected climatic treeline positions 

The projected treeline positions based on the IPCC scenarios SRES A1 and B2 were 

both located at considerably higher elevations than the climatic treeline of the period of 

2000-2004 (Fig. 8). Figure 9 illustrates this fact for a section of the study area, 

demonstrating the strong rise in future climatic treelines over today's forest patterns. 

The mean elevation of the reconstructed climatic treeline for the period 2000-2004 

across the study area was 2033 m, whereas the mean elevations for the projected 

treelines were 2585 m for the B2 and 3011 m for the A1 scenario, respectively (Fig. 10). 

Spatially, the simulations based on the B2 scenario predicted the climatic treeline near 

the current uppermost vegetation borders in the nival zone dominated by rocks and 

debris (Fig. 9). In many areas, the projected climatic treeline exceeded the ridges and 

peaks of lower mountains (Fig. 8). This effect was even stronger for the A1 scenario 

where projected future climatic treelines remained only around the very highest 

mountains, often clearly within currently unvegetated, rocky or glacial areas. 
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Figure 8: Study area showing predicted climatic treeline of the period of 2000-2004 (black line) 

and projected future climatic treelines in 2085 originating from the IPCC SRES scenarios B2 (red 

line) and A1 (green line). 

 

Figure 9: Section of the study area showing predicted climatic treeline of the period of 2000-2004 

(black line) and projected future climatic treelines in 2085 originating from the IPCC SRES 

scenarios B2 (red line) and A1 (green line). Background layer is the 1:100,000 pixel map of 

Switzerland with green areas representing today's forests. 
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Figure 10: Distributions of treeline elevations within the study area of: a) predicted current 

climatic treeline (period of 2000-2004, b) projected climatic treeline for 2085 according to the 

IPCC SRES B2 scenario, c) projected climatic treeline for 2085 according to the IPCC SRES A1 

scenario. 

4.4 Discussion 

4.4.1 Performance of climatic treeline prediction model 

We have shown that climatic treelines can be spatially predicted using treeline-

optimized derivations of the seasonal mean air temperatures (smt) and an indicator 

threshold of 8 °C. While the evaluation of the model accuracy is challenging since the 

temperature fluctuations are obviously more dynamic than the observed treelines, our 

distribution analyses support the spatial results. The elevation distribution analysis 

showed that the modeled climatic 2004 treeline, although regionally varying in 

elevation, always corresponded to the highest forests in the study area (Fig. 2). The few 

observed forest patches located above the currently modeled climatic treeline may be 

explained by local temperature anomalies, which are not captured by the simulated 
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temperature sequences. Under the fundamental assumption that the highest forest 

patches indeed represent the climatic limit, which has been visually verified for 

locations visited in recent field work (Gehrig-Fasel et al. in review), the results confirm 

the model’s accuracy. 

4.4.2 Reconstructed dynamics of the climatic treelines between 1960 and 2004 

Consequential to the model calculations, the shifts in the reconstructed climatic treeline 

elevation since the 1960s paralleled the changes in temperatures during the same period. 

Yet, when evaluating the mean annual temperatures of the same period, the comparably 

high elevation of the 1960s reconstructed climatic treeline may be surprising. However, 

as the temperature analysis demonstrated, summer temperatures of this same decade 

were actually considerably higher and thus in line with the projected treeline patterns. 

The strong rise of the climatic treeline between the 1990s and 2000s due to the 

increased temperatures can already be observed in the field. Especially the hot summer 

of 2003 has had a rather visible impact, and was demonstrated to have clearly improved 

the growing conditions of high elevation areas - in contrast to lower elevations (Jolly et 

al., 2005). We have also observed such increased growth and also rejuvenation at 

today's treeline during recent field measurements. 

 The regional variations in predicted treeline shifts between 1960 and 2004 with a 

maximum upward shift around the highest mountain masses (Fig. 7) would support 

historic observations by Brockmann-Jerosch (1919) and Schroeter (1926) that treeline 

elevations are influenced by the surrounding mountain mass ("Massenerhebungs-

effekt"). Grubb (1971) confirmed this effect for rain forest elevations on tropical 

mountains. That mountain systems generate their own climates as a function of the size 

of the landmass at a particular elevation (Barry, 1981, Beniston, 2006) supports these 

historical observations from a new perspective.  

4.4.3 Differences between actual and climatic treeline 

The projected rapid shift of the climatic treelines raises the question to what degree the 

current actual treeline lags behind the potential rise, and how fast actual treelines can be 

expected to respond to such rates of climate change. Malanson (2001) stresses the fact 

that time lags exist between environmental change and responses of the vegetation, 
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especially of trees because of their slow growth to maturity. Temperature changes as 

observed in the alpine areas occur over relatively short timeframes (Beniston, 2003, 

Rebetez and Reinhard, 2007). Treelines have been shown to respond slowly to recent 

climate changes (Gehrig-Fasel et al., 2007). Most of this slow reaction has been 

attributed to the influence of land use on the one hand (Gehrig-Fasel et al., 2007, 

Gellrich et al., 2007, Rutherford et al., 2007, Rickebusch et al., submitted), and to the 

fact that biological processes of seed dispersal and tree establishment clearly seem to 

confine the rate of response on the other hand (Price et al., 2001, Dullinger et al., 2004, 

Powell and Zimmermann, 2004). As a result, a considerably lagged response may be 

expected. 

In most parts of the study area the actual treeline is located below the predicted 

climatic 2004 treeline, and for most of these forests, a strong land use influence is 

evident. This is also underscored by the fact that the highest forests, reaching the 

climatic treeline (see above), are mostly situated in remote, often steep and inaccessible 

areas where human land use is absent. Alpine farming and forest pasturing in the Alps 

have forced the treeline downslope for centuries in many locations and have prevented 

rejuvenation (Holtmeier, 2003). Although alpine farming has declined considerably 

since the mid 19th century (Surber et al., 1973, Mather and Fairbairn, 2000), and 

consequently the forest area in Switzerland has increased by at least 30 % in the last 150 

years (Brändli, 2000) with a large proportion having occurred on abandoned agricultural 

land (Gellrich et al., 2007, Gellrich and Zimmermann, 2007), most of today's actual 

treeline appears to lie below its climatic potential elevation. But this may already be 

changing, as indicated by the increased tree growth (Paulsen et al., 2000, Motta and 

Nola, 2001, Motta et al., 2006) and local upward shifts (Gehrig-Fasel et al., 2007) 

observed at today's treeline in the Swiss Alps.  

4.4.4 Climatic treeline shifts based on climate change scenarios 

The predicted climatic treeline upward shifts between 500 and 1000 m by the year 2085, 

depending on the climate change scenarios used, appear extremely high, also from a 

historical point of view. During the Holocene period, the treeline did not oscillate more 

than by 100-200 m in elevation (Burga and Perret, 1998, Haas et al., 1998, Carcaillet 

and Brun, 2000, Tinner and Theurillat, 2003, Heiri et al., 2006). However, the summer 
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temperature for central Europe at that period was only 1 °C warmer than at the end of 

the 19th century (Davis et al., 2003). With the confirmed climate warming since 1900 

(Fig. 4), we have already passed this mark, with some parts of the Swiss Alps having 

experienced a warming in the range of 1.3-1.7 degrees (Rebetez and Reinhard, 2007). 

Consequently, no comparable treeline elevation data from the recent past are available. 

In fact, newer research results suggest that today’s treelines are already higher than they 

were during any time period in the Holocene (Kullman and Kjallgren, 2006), making 

historical comparisons nearly impossible.  

It would indeed appear that the climatic treeline is advancing into regions never 

forested in the last millennia. Hence, for strong warming scenarios, the progress of the 

actual forests towards the projected climatic treelines will be even more strongly lagged 

than expected from the slow forest reproduction. Since it seems unlikely that soils, 

water holding capacity and nutrient availability in the high mountain areas will improve 

fast enough to keep up with the climatic changes, these elements may indeed become 

the limiting factors for treeline advance. 

4.5 Conclusion 

Our results have shown that the seasonal mean air temperature indicator (smt) is suitable 

to spatially predict the position of climatic treelines in a larger study area. Using this 

approach for an area covering the most important climatic gradients in the European 

Alps, we were able to reconstruct climatic treeline positions of the years 1960-2004, 

including the calculation of regional treeline shifts between these five decades, and to 

predict future climatic treeline elevations using climate change scenarios. Assuming that 

treelines are a suitable indicator for long-term climate change, the temperature-based 

prediction of treelines appears as an ideal means to illustrate effects of various strong 

climate change scenarios. However, one has to consider that actual treeline advance is 

considerably time-lagged behind the progress of the climatic treeline due to slow 

regeneration processes and anthropogenic influences. Thus, combining our approach 

with dynamic, process-oriented treeline models would allow quantifying the different 

progressions of the climatically possible and actually achievable future treelines.  
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Chapter 5 

Synthesis 

The following paragraphs first summarize the main results of each of the three papers, 

(chapter 2-4) and briefly present the respective conclusions in light of the research 

questions that motivated this thesis. The subsequent synthesis discusses the overall 

results in a broader context, also introducing new questions and perspectives for future 

studies of treeline dynamics. This outlook is further specified in the section topics for 

further research. 

5.1 Main results 

5.1.1 Treeline dynamics: 

What are the spatial dynamics in the current treeline ecotone and how are they relating 

to the drivers behind these changes? 

Our investigation of recent treeline changes in the Swiss Alps revealed considerable 

dynamics. For a time span of only 12 years (1985-1997) we found a significant increase 

in forest cover, with 90 % (7,729 ha) identified as forest ingrowth, and 10 % (893 ha) 

being elevational upward shifts when analyzing the treeline ecotone above 1650 m a.s.l. 

Most of the upward shifts occurred within a band of 300 m below the climatic treeline 
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with a maximum elevation increase of more than 100 m (median 28 m). These results 

document the currently high activity at the upper limit of tree occurrence in the Swiss 

Alps. As similar findings are also reported from other parts of the world (for references 

see chapter 1), it is increasingly evident that upward treeline migration is already 

becoming a global phenomenon. This seems not only to be true for areas uninfluenced 

by human activities, but also for areas such as the Alps with its high anthropogenic 

impact. These findings suggest that the limitations for forest expansion have changed 

considerably, with trees reacting by filling in the open forest gaps or by shifting 

upwards. We investigated the potential drivers for these changes and identified land use 

and climate change as major drivers. Unsurprisingly, land use change was found to be 

the most dominant driver for the establishment of new forest areas in the Swiss Alps. A 

fraction of the upward shifts, namely the highest patches shifting above the previously 

highest regional treelines, were directly attributed to the recent warming. In fact, this 

fraction may be larger when considering that our approach did not allow us to assign 

climate change as potential driver to upward shifts located below the regional climatic 

treeline. Also, the fraction of climate induced treeline shifts is likely to increase even 

further with continued climate warming. 

In response to our first research question, we can therefore state that the major 

dynamics, consisting mainly of ingrowth but also a considerable fraction of upward 

shifts, are linked predominantly to the reduction of alpine farming activities. Currently, 

climate change is only directly accountable for changes at the uppermost limits of the 

treeline ecotone. 

 

5.1.2 Temperature based treeline indicators 

Can we improve the formulation and derivation of thermal treeline indicators, and if so, 

how do they compare to existing ones? 

In our study, we evaluated both air and soil temperature based indicators for the 

prediction of the climatic treeline. The air-to-soil-transfer model showed that daily mean 

soil (root-zone) temperature (10 cm below surface) can be calculated based on daily 

mean air temperature, thus confirming that the two temperature measures are strongly 
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coupled. It also identified a time lag of up to two days resulting from the dampening 

effect of the top soil. From the evaluation of potential treeline indicators based on air or 

soil temperature, seasonal mean temperature (smt) emerged as the best indicator to 

describe the position of the climatic treeline due to its relatively low variance. The 

identified mean smt values of 8 °C for air and 7 °C for root-zone temperatures 

correspond closely to the indicator values documented by other authors (for references, 

see chapter 3) and, interestingly, do not differ significantly between the two indicator 

period lengths investigated (May to August and May to November). In general, 

indicators based on air temperature showed higher absolute values and higher variations 

than the ones calculated from soil temperature, again indicating the dampening effect of 

the top soil. Yet, because these differences in variances do not necessarily affect simple 

treeline prediction, e.g. using the mean indicator value as a threshold, both air and soil 

temperature are considered suitable as predictors of the climatic treeline position. 

Although, for spatial application, soil temperature based indicators may be favored due 

to a lower prediction uncertainty, given that enough computing time and power is 

available for the extensive transfer calculations. 

In conclusion of the indicator evaluation we concur with other authors that 

temperature values are suited as treeline indicators, despite their considerable variances. 

With the dynamic seasonal delimitations and the air-to-soil temperature transfer model, 

we were able to improve the indicators’ applicability for spatial modeling. 

 

5.1.3 Spatial prediction of treeline positions 

What are the effects of the currently predicted climate warming scenarios on the 

climatic treeline according to climatically defined treeline indicators and how do these 

projected changes compare to past dynamics of the climatic treeline? 

In our spatial application of the air temperature based seasonal mean indicator (smt), we 

were able to i) calculate the current (2004) climatic treeline position, ii) reproduce the 

climatic treelines of the last 45 years, and iii) predict future climatic treeline elevations 

using established climate change scenarios. The predicted 2004 climatic treeline showed 

an elevation bias compared to today's actual treeline. This bias was attributed to land 
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use effects, as alpine farming and forest pasturing have forced the Swiss treeline 

downslope and prevented regeneration leaving only few climatic treeline sites in steep 

and rocky terrain. Nevertheless we were able to verify the prediction of the 2004 

climatic treeline by comparing it to known climatic treeline sites in the study area. The 

predicted climatic treeline corresponded well to these uppermost forests.  

The reproduction of the past climatic treelines between1960 and 2004 for a larger 

study area in the Swiss Alps, revealed considerable variation of this potential treeline 

with an overall mean upward shift of 136 m. Regionally, the shifts differed in elevation, 

with the highest shifts being located near the highest mountain masses. For future 

climatic treeline positions, the two IPCC (2000) climate change scenarios produced 

upward shifts between ca. 500 m (SRES B2) and ca. 1000 m (SRES A1) by the year 

2085. With such high increases, the results from the scenarios indicate that with 

warming climate, temperature may not be the limiting factor for forest development. As 

the climatic treeline progresses into currently unvegetated, rocky and glacial areas, 

future tree growth would be inhibited by geomorphological factors rather than 

temperature limitations.  

In summary, the climatic treeline predictions based on the smt indicator and the two 

climate warming scenarios showed major shifts in elevation. Especially when compared 

to the estimated climatic treeline shift since the 1960s, the predicted changes for 2085 

appear rather extreme. With such extensive changes in temperature and spatial position, 

it is very likely that the limiting factors for a complex system like the treeline will also 

change.  

5.2 Climatic treeline: value and description 

5.2.1 Temperature influence on climatic treeline advance  

Climate has been determined to be the limiting factor for tree growth at the treeline with 

temperature being its primary driver. In fact, literature showed that both air temperature 

and soil temperature are limiting tree growth (for references see Körner, 1998, 

Holtmeier, 2003, Körner, 2003) and correlate well with treeline position on a global 

scale (Körner, 1998, Körner, 2003). With the confirmed temperature increase over the 

past years (IPCC, 2007), the treeline is expected to shift upwards (Innes, 1991, 
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Theurillat and Guisan, 2001, Grace et al., 2002). A successful advance of trees to higher 

elevations, however, has to pass through several phases. In a simplified approach, these 

steps can be summarized as “seed production”, “seedling establishment” and “tree 

growth”. 

Initially, a mast year is usually needed for the production of a sufficient amount of 

seeds by the existing adult trees. Climate variability (Zackrisson et al., 1995) and high 

air spring-summer temperatures (Camarero and Gutierrez, 2004) have been shown as 

triggers for such regeneration pulses (Zackrisson et al., 1995), providing trees have 

accumulated enough reserves. 

Following sufficient seed production and dispersal, treeline advance depends on 

seedling establishment and survival above the existing treeline. Again, this stage 

depends on several critical factors. Both seedling establishment and early growth phases 

depend on ground level processes such as favorable moisture regime (Hessl and Baker, 

1997, Lloyd, 1997, Daniels and Veblen, 2004) and soil temperatures (Karlsson and 

Weih, 2001, Germino et al., 2002), screening from solar and long wave radiation 

(Germino et al., 2002), as well as frost protection and snow accumulation (Walsh et al., 

1994a). These complex processes may involve positive feedbacks from existing trees 

(Alftine et al., 2003, Maher and Germino, 2006) and often interact on a very local scale, 

thereby determining the availability of favorable microsites for seedling establishment 

(Smith et al., 2003, Butler et al., 2004). Only if a sufficient amount of seedlings 

achieves a stable growth state, new treeline establishment can proceed. 

Once seedlings have been established, again other factors may be decisive for the 

growth to full tree state. Experiments have documented the significance of both 

temperature types (soil and air) for tree growth (for references see Holtmeier, 2003, 

Körner, 2003). As the young trees become taller, tolerance towards minor changes in 

the ground-level environment increases whereas other influences such as snow mould, 

snow creeping, exposure to severe frost above the snow cover, or high 

evapotranspiration in hot summers become more limiting (for references see Stevens 

and Fox, 1991). Again, interactions are complex, yet overall conditions must be 

favorable for growth to mature tree state for the treeline to establish its new position.  
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Although all of the above described processes are highly complex and involve many 

additional factors, one can conclude that climate affects tree recruitment and treeline 

advance in different ways (Camarero and Gutierrez, 2004). The varying involvement of 

air and soil temperature in different phases of treeline advance reflects the statement 

that today's treeline is determined by both past and current climates (Körner, 2003). 

5.2.2 Indicator models for climatic treeline 

In our models, we used seasonal mean temperatures (smt) from both air and soil 

temperature measurements as treeline indicators. We calibrated these indicators to the 

climatic treeline which was defined as the zone where trees achieve at least 5 m in 

height, as this was observed to contain the highest clusters of mature trees. Naturally, 

the calculated indicator values showed a considerable variance (see chapter 3). Our 

approach to use the mean indicator value for linear mapping of the treeline in the study 

area must therefore be seen as a simplification. However, the successful delineation of 

the climatic treeline in the spatial application indicates the viability of the indicators. 

Also, our indicator calculations and models have shown that both soil and air 

temperature are suitable indicators for the climatic treeline position and its spatial 

representation. Basically, this can be interpreted in two different ways: a) the similar 

performance of the indicators is simply due to the high correlation of air and soil 

temperature, without direct functional connections for one (or even both) of them, or b) 

both temperatures are indeed relevant for treeline position due to complex processes 

with potentially varying temperature influences on different treeline phases. While this 

question can not be answered by our research, it is important to understand the 

limitations of the indicators used. 

According to the treeline advance approach described above, it is very likely that 

different temperature factors or at least thresholds are limiting for the different phases of 

treeline advance. This can be easily explained for soil temperature, as this factor is 

critical for seedling establishment (Karlsson and Weih, 2001, Germino et al., 2002). 

While growth of seedlings is not possible below a certain threshold value, the same 

limitations may not apply for the growth of adult trees, as can be seen in the fact that 

trees also grow on permafrost ground (Pozdnyakov, 1986, Körner and Hoch, 2006) as 

well as in the presence of continuously growing relic stands above today’s seedling 
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establishment zone, which were established in a former warmer climate (Risto Jalkanen, 

personal communication). As our temperature measurements were performed at the 5 m 

tree height zone, but seedling establishment as well as (smaller) tree growth has also 

been observed above this zone, it is unlikely for the indicator values to represent actual 

growth limits. They do, however, correspond to the average temperatures of the area 

where establishment of adult trees has been possible to date. Again, this only indicates 

that a good (spatial) indicator does not necessarily require a direct causal relationship 

with the prediction variable. 

5.2.3 Improvement of indicator models  

The above considerations also put into perspective whether soil temperature smt is 

indeed the better indicator than air temperature smt due to the lower variance described 

in chapter 3. With no compelling direct causal relationship between soil temperatures 

and the treeline position, a simple “smoothing” approach on air temperatures may 

possibly produce a similar or even better result: i.e. an indicator model based on 

smoothed or statistically filtered air temperature data might considerably reduce 

variance of the resulting indicator values. Further improvement may be achieved by a 

more complex model describing the different treeline advance phases such as seedling 

establishment or early tree growth. 

5.3  Future development: scenario limitations and modeling options 

5.3.1 Limitations of temperature-driven climatic treeline model  

The application of our spatial indicator models to the IPCC (2000) A1 (A1FI) and B2 

climate warming scenarios resulted, not quite unexpectedly, in considerable upward 

shifts of the climatic treeline. According to the scenario models, the predicted climatic 

treelines would progress into currently unvegetated rocky or even glacial areas, with 

forests even overgrowing many mountain ranges. This considerable climatic range 

expansion is only possible provided that all other environmental factors (e.g. moisture 

regime, seasonal precipitation) remain stable. However, with a warming climate, these 

other factors are also expected to change. In some cases this may even lead to feedback 

loops amplifying the climate change effects. Higher temperatures, for example, lead to 
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reductions in soil moisture which in turn result in a strong reduction of 

evapotranspiration, thereby increasing air temperature even more. This positive 

feedback was already documented for the 2003 European summer heatwave (Fischer 

and Seneviratne, 2007) and is also a known effect in desertification processes (Oyama 

and Nobre, 2004). For dry mountain environments, it has been shown that low moisture 

may override the limiting influence of low temperature (Holtmeier, 1994). Also, as 

treelines advance along very steep slopes with a poor moisture holding capacity, 

moisture and nutrient availability may become limiting factors. By constraining 

especially seedling establishment (Hessl and Baker, 1997, Lloyd, 1997), moisture stress 

could bring treeline advance to a halt at elevations clearly below the predicted 

temperature limits. This may result in very fragmented and patchy treeline forests as can 

be observed in dry mountains as e.g. the southern Rocky Mountains. 

5.3.2 Deviations of future actual treelines from predicted climatic treelines 

Besides the climate-driven deviations from the predicted treelines described above, 

other factors also lead to deviations of observed treelines from predicted climatic 

treelines. Our analyses in the Swiss Alps have shown that today’s actual treeline only 

rarely achieves its climatic limit. Most treelines are strongly influenced by land use and 

other local factors such as natural hazards (avalanches, rockfalls, landslides), 

geomorphologic limits (lack of soil, rocky underground, erosion) as well as micro-

climatic variations (snow cover, water supply, strong winds). Such factors are expected 

to also influence the actual treeline in the future.  

Another effect leading to deviations from the climatic treeline is the slow response of 

treelines systems. Not only is any treeline advance depending on recruitment peaks, 

which occur only every 7 to 10 years depending on species, but it is also spatially 

limited depending on seed dispersal capacities (Zackrisson et al., 1995, Malanson, 2001, 

Camarero and Gutierrez, 2004, Dullinger et al., 2004), leading to highly susceptible 

advance processes (see above). With predicted climatic treeline shifts of over 100 m in 

elevation every 10 years, forest development is likely to be outpaced by the predicted 

climate changes. 
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5.3.3 Treeline model improvements 

The above discussion anticipates that with climate warming, additional factors besides 

temperature will influence treeline advance or even bring it to a halt at lower elevations 

than forecasted by our temperature model. Thus, the climatic treeline model could 

potentially be improved by adding additional factors such as moisture or nutrient 

regimes, possibly even including climate feedback mechanisms. This would then allow 

more exact modeling of the future climatic treeline position under a given warming 

scenario.  

If not only the climatic treeline (end state) but also the actual progress of the treeline 

needs to be predicted, several more refined approaches would have to be taken. The 

model would need to start from today’s treeline to account for its deviation due to land 

use and local influencing factors. These factors, combined with a reproduction model, 

could then be applied in treeline advance simulations, with the climatic treeline 

representing the upper threshold for any advance 

5.4  Topics for further research 

We believe that further treeline investigations can add valuable knowledge, especially in 

light of the current revelations on global warming. This study, while providing new 

insights into the area of climatic treeline indicators and spatial modeling, has introduced 

new questions, refinement options for models and approaches, as well as potential 

extensions into related research fields. We have categorized these topics below into 

field work, model improvements, and further model applications, without any claim for 

completeness. 
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5.4.1 Field work 

Research challenge Proposed activities 

• better understand and describe 
the drivers behind treeline 
dynamics 

• monitor regeneration dynamics and tree 
development on large spatial scales across a 
range of climates, and at a long term basis, with 
special attention to the different treeline 
advance phases (seed production / mast year 
frequency, seedling establishment and tree 
growth) 

• measure soil and air temperatures, as well as 
soil moisture along an elevational gradient for 
different treeline advance phases (see above) 

• increase field work efficiency • investigate usability of aerial and satellite 
imagery to complement field based data 
retrieval. 

5.4.2 Model improvement 

Research challenge Proposed activities 

• increase precision of climatic 
treeline indicator models  

• reduce indicator variance by applying a 
smoother or statistical filter to input data 

• define and include indicators for specific 
treeline advance phases (e.g. limits for 
reproduction, seedling establishment, growth) 
based on additional field data (see above)  

• add further climate factors (especially moisture) 
to climatic treeline model 

• include feedback effects in climatic treeline 
model 

• develop complete treeline 
position model 

• modify climatic treeline model to include 
further influencing factors (e.g. land-use, 
geomorphology, natural hazards, herbivore 
pressure, etc.)  

• refine treeline shift algorithm 
to better quantify climatic 
effects below the regional 
treeline 

• combine treeline shift model with land-use data  
to classify calculated treeline shifts 
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5.4.3 Model applications 

Research challenge Proposed activities 

• investigate treeline shifts 
across a larger (global?) scale  

• apply tree line shift algorithm for large data 
sets (e.g. European Alps based on data 
recorded from satellites) and longer timeframes 

• validate treeline model on a 
larger scale  

• apply climatic treeline model to data from other 
regions (Switzerland, European Alps, other 
sites?) and compare to known climatic sites 

• generalize use of ASTRAMO 
model 

• evaluate application (and recalibration) of air-
to-soil-transfer model for other soil-
temperature analyses 
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