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If you can’t be a pine on the hill, be a shrub in the valley,  

But be the best little shrub on the side of the road. 

Be a bush if you can’t be a tree. 

If you can’t be a highway, be a trail. 

If you can’t be a sun, be a star. 

It isn’t by size that you win or fail –  

Be the best at whatever you are. 

Dr. Martin Luther King 
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Abstract 

The Arctic has experienced a pronounced increase in air temperature over the last four 

decades, with an average increase of 0.4 °C per decade and thus an increase of almost the 

double rate than that of temperate regions. Remote sensing studies and repeat photography of 

historical images have shown large-scale increases of plant productivity in tundra ecosystems 

over the same time period. A pronounced size, abundance and biomass increase of shrubs has 

been observed. This so called shrub expansion has important repercussions for the vegetation, 

the animals, the soil, the energy and the carbon balance of the Arctic tundra and on regional 

and global climate. As the comparison of historical photographs with recent photographs has 

shown, this shrub expansion occurs on different temporal and spatial scales with areas of 

strong increase in shrub cover (expanding patches) and areas without noticeable changes in 

shrub vegetation (stable patches). While remote sensing approaches for the detection of 

changes in vegetation are limited in their temporal coverage and so far also in their resolution, 

historical photographs with high resolution are often not available. Experimental studies have 

shown that an increase in nutrients or temperature often resulted in increased shrub biomass, 

but findings were partly contradictory, referred to short term observations and usually 

confined to small areas.  

To bridge the gap between spatially limited plot-scale experiments and global large-scale 

assessment of plant productivity by satellite derived pictures, dendrochronology was used in 

this thesis to analyze the drivers for and the rate of shrub growth of different widespread 

evergreen and deciduous shrub species in alpine and arctic tundra and to reconstruct historic 

environmental conditions. In detail, this doctoral thesis was conducted to study shrub growth 

and to assess the applicability of traditional dendrochronological methods on shrubs that had 

been so far mainly applied to trees and to test whether shrubs differed morphologically from 

trees. Further, I was determined to look for evidence for a possible Scandinavian shrub range 

expansion and to assess which climatic factors – temperature, precipitation or snow – 

influenced shrub growth significantly. Moreover, we aimed to find the reason for the observed 

heterogeneity of the shrub expansion on the landscape and its relevance for the three most 

common shrubs on the Alaskan tundra.  

The methods applied followed the routines usually applied for dendrochronological analyses 

of treerings, with the exception that usually several stem discs of the main stem were analyzed 

and frequently had to be prepared with help of a microtome as thin-sections, that were stained 
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and sealed on a coverglass before annual shrubrings were measured. The averaged shrubring 

widths were then compared with environmental factors through correlation and regression 

methods.  

This thesis gives first a general introduction to climate change in the Arctic, shrub expansion 

on the tundra, the scientific discipline of dendrochronology or -ecology on shrubs and its 

development, the main research questions and the thesis outline. Then seven research papers 

are presented and the main results and conclusions are synthesized and discussed and finally 

possible venues of future research are outlined. The most important insights gained from this 

thesis are the following:  

I) Dendroecological methods can be applied to shrubs. Insights into shrub morphology have 

been gained by detecting an interesting mechanism for coping with adverse environmental 

conditions of both, trees and shrubs that can save resources by confining the production of 

wood to the upper parts of the stem. II) Further, I found evidence for a shrub expansion in 

Scandinavia. III) I could establish the causal link between the current climate warming and 

increased radial and vertical shrub growth by identifying summer temperature as main driver 

for shrub growth. IV) Results from the Alaskan tundra indicate a strongly adverse role of 

snow for shrub growth in stable patches, refuting the popular snow-shrub-microbe hypothesis 

for this extensive area across species. The differing influence of snow is likely linked to the 

presence of permafrost and shallow active layers and the snow’s contribution to moist or even 

anoxic conditions in Alaska. V) Furthermore, we found that the different rates and the spatial 

heterogeneity of shrub expansion are accompanied by strong differences in the surrounding 

vegetation composition and the soil parameters of expanding (accustomed to more favorable 

conditions) and stable shrub patches. VI) These differences are predisposed by shrub patch 

position within the landscape, comprising different levels and rates of disturbance. VII) 

Additionally, shrub ring records were successfully used as natural archives to model past 

temperature dynamics respectively summer glacier mass balance with high accuracy. VIII) 

Finally, a synthesis of the climate-growth relationships of shrubs of more than 25 sites around 

the Arctic as joined effort together with other leading shrub researchers supports the presence 

of a circumpolar shrub expansion, gives recommendations for methods used in shrub 

dendroecology and lays out future research directions.  

The findings of my dissertation research show that the analysis of shrubs by dendroecological 

methods yields highly interesting results, and they greatly improved our understanding of 

8



 

factors that influence individual shrub growth, the reconstruction of earlier environmental 

conditions as well as the reconstruction and assessment of plant population dynamics.  
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Deutsche Zusammenfassung / German Abstract 

Die Klimaerwärmung macht sich besonders in der Arktis bemerkt, wo sich die 

Durchschnittstemperatur in den letzen vier Jahrzenten doppelt so stark erwärmt hat wie in den 

gemäßigten Breiten. Untersuchungen, die auf Satellitenbildern basieren und auf der erneuten 

Aufnahme historischer Landschaftsbilder konnten im selben Zeitraum einen deutlichen 

Anstieg der pflanzlichen Biomasse – insbesondere eine erhöhte Anzahl und Größe der 

Sträucher – nachweisen. Diese Strauchexpansion beeinflußt die Vegetation, das Tierleben, 

den Boden, sowie den Energie und Kohlenstoffhaushalt der arktischen Tundra und das 

regionale und globale Klima merklich. Wie der Vergleich rezenter und historischer Fotos 

zeigt, vollzieht sich die Strauchexpansion auf verschiedenen zeitlichen und räumlichen 

Ebenen und schließt Landschaftseinheiten ein, die eine starke Zunahme an Sträuchern zeigen 

(expandierende Strauchbestände) und solchen, in denen keine Änderung der 

Vegetationsdecke feststellbar ist (stagnierende Strauchbestände). Ausreichend hochaufgelöste 

Satellitenbilder sind allerdings eine relativ rezente Erscheinung, zumal deren Auflösung zum 

Teil nicht genügt um vor allem Individuen kleinerer Straucharten zu erfassen. Brauchbare 

historische Fotografien sind selten. Experimentelle Studien haben gezeigt, dass erhöhte 

Temperaturen und eine erhöhte Nähstoffverfügbarkeit oftmals zu einer erhöhten 

Strauchbiomasse führt, wobei die Ergebnisse zum Teil auch widersprüchlich waren; sich aber 

in jeden Fall auf eine kleine Versuchsfläche und eine meist kurze Versuchsdauer bezogen. 

Um die Lücke zwischen diesen methodischen Ansätzen zu schließen wurde in der 

vorliegenden Dissertation ein dendroökologischer Ansatz gewählt um verschiedene 

Einflußgrößen auf das Strauchwachstum, sowie die Populationsdynamik zu erfassen. Dafür 

wurden die häufigsten immergrünen und laubabwerfenden Sträucher sowohl in der 

Gebirgstundra als auch in der Tundra der nördlichen Breiten beprobt.  

Ziel dieser Dissertation war es die Anwendbarkeit dendrochronologischer Methoden, mit 

denen bis dato vor allem Bäume untersucht wurden, auf Sträucher zu testen und etwaige 

morphologische Unterschiede herauszuarbeiten. Ein weiteres Ziel war es Anhaltspunkte für 

eine mögliche Strauchexpansion in Skandinavien und die maßgeblichen klimatischen 

Einflußgrößen auf das Strauchwachstum zu bestimmen. Zudem wollten wir mit Hilfe der 

Untersuchung der drei häufigsten Straucharten in der Tundra Alaskas und der zugehörigen 

Bodenparameter der räumlichen Heterogenität der Strauchexpansion auf den Grund gehen. 

Dabei wurden Standardverfahren der Dendrochronologie angewendet und nur dahingehend 

modifiziert, dass meist die Jahrringe mehrere Stammscheiben eines Strauchs analysiert 
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wurden. Die vorliegende Arbeit führt erst allgemein in das Thema ein: Dabei werden der 

Klimawandel in der Arktis, die Wissenschaftsdisziplin Dendroökologie von Sträuchern und 

ihre Entwicklung sowie die grundlegenden Forschungsfragen und der Aufbau der Dissertation 

einführend erläutert. Dann folgen sieben wissenschaftliche Fachartikel, deren wichtigste 

Ergebnisse und Schlußfolgerungen abschließend synthetisiert werden. Aus deren Analyse, 

auch im Vergleich mit anderen Arbeiten, werden dann unmittelbar Empfehlungen für 

zukünftige Forschungsansätze destilliert und die Zukunft des Forschungsfeldes reflektiert. Die 

wichtigsten Erkenntnisse meiner Arbeit sind:  

I) Die Anwendung dendroökologischer Methoden auf Sträucher ist möglich. Unter 

ungünstigen Umweltbedingungen bilden sowohl Sträucher als auch Bäume unter Umständen 

als Anpassungsreaktion keine durchgehenden Jahrringe an der Stammbasis aus. II) Es gibt 

Anzeichen für eine Strauchexpansion in Skandinavien. III) Es ist mir gelungen, eine kausale 

Beziehung zwischen der Klimaerwärmung und der zirkumpolaren Strauchexpansion bzw. 

dem verstärkten Höhen- und Dickenwachstums der Sträucher herzustellen, indem hohe 

Temperaturen in den Sommermonaten als wichtigste Einflußgröße für das Strauchwachstum 

identifiziert wurden. IV) Die Ergebnisse meiner Forschungen in der Tundra Alaskas zeigen, 

dass sich eine erhöhte Schneedecke signifikant und stark negativ auf das Strauchwachstum 

auswirken kann, wodurch eine populäre Hypothese (snow-shrub-microbe hypothesis) in ihrer 

generellen Gültigkeit relativiert wird. V) Die räumliche Heterogenität der Strauchexpansion 

spiegelt sich in deutlichen Unterschieden in der Vegetation und im Boden von 

expandierenden respektive stabilen Strauchbeständen wider. VI) Diese Unterschiede werden 

durch unterschiedliche Standorte in der Landschaft mit unterschiedlicher Störungsfrequenz 

prädisponiert. VII) Strauchringchronologien konnten erfolgreich als natürliches Klimaarchiv 

genutzt und zur Modellierung der sommerlichen Massenbilanz eines Gletschers verwendet 

werden. IV) Eine Synthese von Untersuchungen, die an mehr als 25 zirkumpolaren 

Untersuchungsstandorten von den wichtigsten Forschern auf diesem Gebiet durchgeführt 

wurden, bestätigt das Vorhandensein einer zirkumpolaren Strauchexpansion, zeigt eine 

Übersicht der Methoden zur Strauchforschung und weißt zukünftigen Forschungsbedarf auf. 

Diese Ergebnisse meiner Doktorarbeit zeigen, dass die Anwendung dendroökologischer 

Methoden auf Sträucher interessante neue Einsichten liefert und dass dadurch unser 

Verständnis in Bezug auf die Analyse wachstumsbeeinflussender Faktoren, auf die 

Rekonstruktion vergangener Umweltbedingungen und auf die Erfassung von 

Populationsdynamiken dieser „Bäume der Tundra“ deutlich verbessert werden konnte. 
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The author’s contribution to each scientific 

research paper 

 

Chapter 1: General Introduction 

 

I worked on this chapter by myself. 
 
 
Chapter 2: Continuously missing outer rings in woody plants at their distributional margins  
 

I did most of the ring width measurements and analyses for this paper and wrote large parts of 

the introduction, methods, results and discussion sections. Martin Wilmking had the idea to 

this study, led the writing and wrote the majority of the discussion, as well as the abstract. All 

other co-authors contributed mainly by delivering data to our study and also added valuable 

comments to the manuscript. 

 
 
Chapter 3: Establishing a missing link: warm summers and winter snow cover promote shrub 

expansion into alpine tundra in Scandinavia  
 

For this publication I did nearly all of the work myself. However, the idea to this study was 

developed together with Martin Wilmking, who generously helped with the fieldwork and the 

layout of the study and was helping with shaping the manuscript, as well as with editing. 

Michael Manthey had helpful comments on a final version of the manuscript. 

 
 
Chapter 4: No change without a cause –why climate change remains the most plausible 

reason for shrub growth dynamics in Scandinavia  
 

For this publication I did all of the work, including (re-)analyses, creating the figures and 

writing the text. Martin Wilmking contributed valuable comments and improvements to the 

final draft of the manuscript. 
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Chapter 5: Shrub expansion in tundra ecosystems: dynamics, impacts and research priorities  
 

The idea to this study was Martin Wilmking’s. Isla Myers-Smith led the writing and I 

contributed larger text sections at an earlier stage of the writing process. All authors 

contributed to the writing or editing of the manuscript. 

 
 
Chapter 6: Can shrubs help to reconstruct historical glacier retreats?  
 
The idea for this study came from Allan Buras who did the vast majority of the work. I mainly 

helped with writing and editing of the text, as did Martin Wilmking. All authors commented 

on and contributed to the manuscript draft. 

 
 
Chapter 7: Landscape Heterogeneity of Shrub Expansion in Arctic Alaska 
 
Ken Tape did the fieldwork for this study, the assessment of all soil parameters and the led the 

writing. I was responsible for the dendrochronological part of this study, including analyses, 

figure preparation and the writing of parts of the methods, results and discussion sections. The 

other authors were involved by giving advice and by commenting on final stages of the 

manuscript. 

 
 
Chapter 8: Growth variability of mixed Alder, Willow, and Birch shrubs in response to 

observed increases in temperature and snow in Arctic Alaska 
 

I did the vast majority of the work for this publication. Ken Tape helped to develop this study 

and also helped substantially to shape the language and structure of this manuscript. Allan 

Buras did additional statistical analyses. All authors contributed to and commented on the 

manuscript. 

 
 
Chapter 9: Synthesis and General Discussion 
 

I worked on this chapter by myself. 
Martin Hallinger 

I confirm the author contribution statements:  

Greifswald, spring of 2013     Prof. Martin Wilmking, Ph.D. 
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Chapter 1 

 
1. General Introduction 

Climate Change in the Arctic 

The Arctic has experienced the most pronounced warming of all ecoregions on earth since the 

last four decades with average temperature increases of 2-3 °C in summer and of about 4 °C 

in winter (ACIA, 2005). While there are regional differences, including areas of recent 

cooling in southern Greenland and northeastern and eastern Canada, the majority of the Arctic 

landmass is warming and this warming trend is projected to continue in the near future with 

most changes being expected in winter. The Arctic environment is important for the global 

climate especially through its snow cover and sea ice extent, affecting air and water currents 

and the earth´s global energy budget (ACIA, 2005). The most reported effects of warming on 

the Arctic ecosystems that have been observed so far are the thawing of permafrost 

(Osterkamp, 2007), the melting of glaciers and the reduction in sea ice extent (Overpeck et al., 

1997), which are all of high importance for global climate: Frozen ground is estimated to 

preserve more carbon than the atmosphere contains at present and the melting of glaciers and 

ice-shields has the potential to strongly heighten global sea levels. Moreover, snow and ice 

covered landscape or ocean also reflect short-waved incoming solar radiation back into space 

resulting in a cooling of regional and global climate. Because of the close proximity of most 

tundra areas (80% of non-alpine tundra is situated less than 100 km from the coast) to the sea 

there is a remarkable link between sea ice decline and increased tundra productivity: In years 

with little sea ice extent, a pronounced land warming effect has been observed in North-

American and Eurasian tundra (Bhatt et al., 2010). The tundra is a biome characterized by the 

voidance of trees due to low temperatures, a short growing season and the presence of mosses, 

lichens, and graminoids and evergreen and deciduous (dwarf) shrubs. The effects of Arctic 

warming on the tundra’s vegetation are strong because Arctic vegetation and plant life-form 

boundaries are strongly temperature limited: Generally, plant life-form boundaries like the 

tree- or the shrubline are expected to move northwards or upslope in mountainous areas (Van 

Bogaert et al., 2007). Concerning the treeline, often referred to as the southern border of the 

tundra, respective spatial changes have been found in a variety of places (Lloyd &  Bunn, 

2007) despite of the many processes and non-linearities involved in the changes of latitudinal 
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vegetation boundaries (Callaghan et al., 2004). But while research on the treeline has been 

having a long tradition of more than 100 years, smaller wood forming plants like shrubs had 

hardly been in the focus of neither traditional dendrochronological nor dendroecological 

research before the end of 2008, when I wrote the proposal for my dissertation project. 

 

Shrub expansion in Arctic and Alpine Tundra Ecosystems 

Before 2008, several long-term (>3 years) experiments had assessed the reaction of tundra 

vegetation to the increasing supply of important limiting factors, especially of nutrients and 

growing temperature: Usually, it was found that especially graminoids and deciduous shrubs 

like the dwarf birch, Betula nana, increased its biomass, size and height under long-term 

warming treatments, usually to the expense of moss and lichen abundance and biomass 

(Chapin et al., 1995, Dormann &  Woodin, 2002, van Wijk et al., 2004, Walker et al., 2006).  

Increases in plant productivity had also been inferred from remote sensing studies that 

detected an increase in Arctic tundra greenness – plant photosynthetic biomass – over the last 

three decades (Myneni et al., 1998, Goetz et al., 2005, Bunn et al., 2007). Most increases 

have partly been found across functional groups and were first attributed to a lengthened 

growing season (Myneni et al., 1998) but subsequently also to increased cover and growth of 

graminoids and shrubs (Jia et al., 2006, Blok et al., 2011), as the strongest increases in 

photosynthesis often came from areas mainly occupied with these functional groups. The big 

advantage of satellite derived measures of plant growth is their wide-spread coverage which 

made obvious that the discovered increase in tundra greenness was in fact a pan-arctic trend. 

The downside of remote sensing approaches has so far been the resolution of at best 8 km² for 

a single data cell (Tucker et al., 2005) that results in a relative coarseness of the derived signal 

of plant productivity (Tape et al., 2006, Tape et al., 2012).  

The first study to improve the resolution in larger scale vegetation analyses was the one of 

Sturm et al. (2001) that re-photographed historical photographs from the 1950s and revealed 

increases in shrub cover on a part of the Alaskan North Slope. In 2006, Tape et al. refined and 

spatially expanded this approach to a region covering 220000 km²: Whereas shrub cover had 

not increased on some tussock tundra areas, it had partly doubled on river slopes and on 

terraces and floodplains. This increase was mainly related to conspicuous alder shrub crowns 

that could be detected if >0.5 m in diameter but an increase in smaller and hard to detect 

willow and birch was suggested as well (Tape et al., 2006). The circumpolar trend of 

increasing tundra greenness together with evidence from plot studies (Gilbert &  Payette, 
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1982) and local (indigenous) observations in Canada (Nickels et al., 2002, Thorpe et al., 

2002) and despite contradicting evidence from Scandinavia - one study in northern Sweden 

had observed an increase in dwarf birch (Jagerbrand, 2005) whereas a warming experiment 

hardly influenced shrub growth (van Wijk et al., 2004) - led Tape et al. to suggest that a pan-

Arctic shrub expansion was on its way. 

 
Figure 1 River slope (a: 1950 and b: 2002) close to the Nimiuktuk River with shrub growth 

roughly following the watercourse of the tributary. The main characteristics of a shrub 

expansion are: A: increase in the size of single shrubs, B: recruitment of areas formerly void 

of shrubs C: filling in of already existing patches through both processes. Picture courtesy: 

Ken Tape. 

 

Relevance and Repercussions of Tundra Shrub Expansions 

A large scale expansion of shrubs can significantly influence the vegetation, animal 

populations, the soil and the energy and carbon balance of the Arctic tundra and beyond. An 

increase in density and height of the shrub canopies will increase the absorption of incoming 

shortwave radiation, as shrub foliage is usually darker than the surrounding tundra vegetation. 

A decrease of albedo (the proportion of long-wave radiation transmitted back to space) in 

spring and summer has been observed over several areas of the tundra biome (Sturm et al., 

2005) but the exposed dark stems of tall shrubs can reduce albedo and increase snow melting 

also in winter (Sturm et al., 2005). 

Shrubs in turn alter the accumulation of snow and thereby the timing of the growing season 

(Sturm et al., 2001). It has been hypothesized and shown in several studies that taller shrubs 
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collect more snow in winter and thus insulate the soil underneath, resulting in higher soil 

temperatures, influencing long-term permafrost development and stimulating litter breakdown 

and the cycling of nutrients (Sturm et al., 2001, Wahren et al., 2005, Buckeridge & Grogan, 

2008). As these nutrients are potentially available to further promote shrub growth, a positive-

feedback loop (Fig. 2) has been suggested (Chapin et al., 2005). 

Shrubs also affect the species richness as shrubs are more competitive than a lot of shade 

intolerant vascular plant species, mosses and lichens (Chapin et al., 1995). The reduction of 

lichens could result in lower population numbers of reindeers that heavily rely on this forage, 

especially in winter time, while more 

shrub biomass may be beneficial for 

hares, moose and ptarmigans and other 

wildlife that feeds on shrubs or uses 

shrubs as structural element to nest or 

hunt (Den Herder et al., 2004, Pedersen 

& Post, 2008). A hypothetical com-

plete conversion of tundra to shrubland 

would result in an atmospheric heating 

of a higher magnitude than the 

doubling of atmospheric CO2 has had 

over several decades (Chapin et al., 

2005).  

Figure 2 Model of positive feedbacks between  
shrubs, climate, snow and nutrients (after Chapin  
et al. 2005) from my Ph.D.-proposal in 2008. 
 

Shrubdendroecology and -chronology 

What are shrubs? Shrubs are notoriously hard to define because they share a lot of anatomical 

and physiological characteristics with trees (and partly even herbs) and cannot be 

differentiated from trees anatomically. Therefore, all shrubs could be called little trees (Fritz 

Schweingruber, personal communication) or, as I would prefer to phrase it: all trees could be 

called big shrubs. Morphologically, the most obvious characteristics that could be used to 

differentiate shrubs from trees are usually the multiple shoots or stems and the smaller size of 

shrubs, contrary to the more often single-stemmed and taller growth of trees. As there are 

several terms to describe different shrub morphology and growth form, I added definitions for 
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the most frequently used terms (Table 1: slightly adapted from Myers-Smith et al. 2013, in 

review). 

Term Definition   

Tall shrub 
 
High canopy height – does not necessarily denote a closed canopy growth form  
(~50 cm or greater, e.g., Alnus, Betula and Salix spp.) 

Canopy-forming Canopy layer above the surrounding tundra 

Upright/Erect Vertical growth form– does not necessarily denote a closed canopy growth form  
(~30 cm or greater) 

Low shrub Intermediate canopy height between tall and dwarf/prostrate species  
(~20 – ~50 cm, e.g., Betula glandulosa, Potentilla spp., some Salix spp.) 

Decumbent Lying or growing on the ground but with erect or rising tips  
(~5 – ~30 cm, e.g., B. nana, some Salix spp.) 

Dwarf shrub Short canopy height. Growth form often prostrate or decumbent  
(less than ~20 cm, e.g., S. polaris, S. arctica) 

Prostrate Lateral growth, growing flat along the ground – lacking potential to grow vertically  
(less than ~10 cm, e.g., S. arctica) 
 

Table 1 Shrub terminology 

 

In their fundamental work of 2005, Schweingruber & Poschlod (Schweingruber &  Poschlod, 

2005) had collected all literature that had so far been available about studies on growth rings 

in herbs and shrubs, providing a list of numerous species that developed visible annual rings, 

including their maximum ages. However, before 2008, only a few studies of dwarf shrubs 

with rather local scope were available that did not only assess Arctic or alpine shrub growth 

for age determination but that also successfully related shrub growth to the local length of the 

snow free period, micro-site conditions, summer temperature or disturbance (Shiyatov et al., 

1996, Bär et al., 2006, Rayback & Henry, 2006, Schmidt et al., 2006, Au & Tardif, 2007). 

These studies demonstrated that shrubs could be used to assess environmental factors and 

sparked the hope that the analysis of annual shrub growth rings might also be useful to assess 

the recently proclaimed circumpolar shrub expansion:  

While remote sensing approaches are limited in their temporal coverage (ca. last 30 years) and 

so far also in their resolution (Tape et al., 2012), historical photographs of reasonable quality 

are often not available and experimental studies have shown that an increase in nutrients or 

temperature often resulted in increased shrub biomass but findings were partly contradictory, 
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referred to short term treatments (<5 years) and usually confined to small areas. Moreover, 

neither approach could causally link an expansion of shrubs to Arctic warming, nor could they 

bridge the gap between spatially limited plot-scale experiments and global large-scale 

assessments of plant productivity. It is exactly this research gap that the present doctoral 

thesis has been trying to bridge with the help of counting and measuring the annual ring 

widths of shrubs (shrubdendrochronology) and by relating shrub growth to environmental 

factors (shrubdendroecology). 

 

Research Questions, Study Area, General Methods and Thesis Outline 

This doctoral thesis was conducted to study shrub growth and to assess i) the applicability of 

traditional dendrochronological methods that had been successfully applied to trees on shrubs, 

ii) whether there were indications for a possible Scandinavian shrub range expansion, iii) 

which climatic factors – temperature, precipitation or snow – influenced shrub growth 

significantly, iv) the reason for the spatial and temporal heterogeneity of the shrub expansion 

and its relevance for smaller shrubs on the Alaskan tundra. Additionally, I hoped to be able to 

use shrub ring records as natural archive to assess past temperature dynamics in areas void of 

tree growth. 

 

I conducted my research in both Eurasian and North American tundra ecosystems: In the 

Scandic Mountains in North Sweden and north of the Alaskan Brooks Range, thereby 

comprising mountain (altitudinal) tundra as well as the (latitudinal) tundra of the North (Fig. 

3). The mountains near Abisko (68° 21’ N, 18° 49’ E), the main research area in Scandinavia 

at ca. 380 m above sea level (asl) are characterized by subalpine oceanic birch forest 

ascending up to 650-750 m asl. Above the tree line, willow and dwarf birch thickets abide in 

varying densities with interspersed juniper patches in favourable micro-habitats. Above 1000 

m asl dwarf shrub growth is confined to niches and alpine herbs and cryptogams are the 

dominant constituents of the flora. The whole area has been glaciated and permafrost occurs 

discontinuous. For a more detailed description see chapter 3 and Van Bogaert (2010) and 

Jonasson et al. (2012). In Alaska, shrub sampling sites were located on the river slopes of 

major rivers, the Nimiuktuk, Colville and Sagavanirktok River, descending from the tundra of 

the Arctic Foothills north of the Brooks Range – a rugged east-west stretching mountain range 

that has been partly glaciated – into the rolling tundra of the North Slope (300 m asl). Here, 

the whole area is underlain by continuous permafrost strongly affecting soil, vegetation and 
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hydrology in the area. For a more detailed description see chapter 6 and 8; respectively 

Schickhoff et al. (2002).  

 
 
 
 
 
 

 
 

The analysis of shrub growth basically followed the principles usually applied for 

dendrochronological analyses of trees (Fritts, 1976). However, usually, the main stem or if 

possible the whole plant was extracted from the soil and cut into stem disks in regular 

intervals, according to the serial-sectioning technique (Kolishchuk, 1990). Annual growth 

rings were measured under a stereo-microscope or, if the annual rings were too small and 

indistinct, thin-sections were prepared with a microtome, stained according to standard 

routines (Schweingruber et al., 2006) and counted on a computer screen. Then, in simple 

terms, ring widths were typically averaged into chronologies and those time series were then 

compared with correlation and regression methods to time series of climate variables or other 

environmental variables. 

 

The specific research questions and approaches followed, aiming to disentangle and unveil the 

influence of climate, soil and landscape position on shrub growth and the population 

dynamics of tundra shrubs for each publication are listed below: 

Figure 3 Main study areas (in 
red; denoted with the respective 
chapter numbers). For chapter 2, 
a site in SE Spain has been 
additionally visited (not shown). 
Chapter 5 assembles the 
majority of sites (>25), where 
shrub growth analyses have been 
conducted so far around the 
Arctic. Here, only the most 
important sites are shown 
(yellow dots; several sites in the 
European Alps, Alaska and 
Canada not shown, for all sites 
see map at http: //shrubhub. 
biology.ualberta). The red line 
denotes the 10 °C July isotherm, 
roughly representing the northern 
tree line and one of several 
conceptual border lines used to 
define the Arctic and separate it 
from the Sub-Arctic. 
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Chapter 2: 

Continuously missing outer rings in woody plants at their distributional margins 
(Dendrochronologia, 2012) 

 

In this chapter I compare shrub and tree growth concerning the formation of annual rings 

along the whole stem through the serial sectioning technique: Usually, a tree or shrub ring is 

formed with cambial activity progressing from the tip of a stem downwards to the root collar. 

However, during my work with shrubs, I noticed that the outermost rings at the stem base 

near the root collar were often missing, only to be found further up the stem. As these 

observations had also been made during another project of our working group, in small pine 

trees growing on an Estonian peatland, we hypothesized that wood forming species at their 

range margin under presumably high environmental stress would likely not form rings at 

lower stem sections. We tested the occurrence and distribution (on species and growth forms) 

of continuously missing outer rings (CMORs) in 13 species and different ecological settings: 

at latitudinal and altitudinal tree- and shrublines, under drought, nutrient limitation or cold. 

Samples were collected from Alaska, Russia, Central Europe, Scandinavia and Spain. 

 

 

Chapter 3: 

Establishing a missing link: warm summers and winter snow cover promote shrub expansion 
into alpine tundra in Scandinavia (New Phytologist, 2010) 

 

For ecosystem functioning, shrub expansion in alpine and Arctic areas has been perceived as a 

process with possibly profound implications (Chapin et al., 2005). But despite of single 

observations of a range margin extension of trees and shrubs in Scandinavia (Kullman, 2002), 

a thorough quantification of a possible larger scale trend and especially the evaluation of the 

environmental drivers behind the process had largely been missing. In this chapter I link 

dwarf juniper shrub growth to recent albeit comparably moderate climate change in northern 

Sweden, presenting a mechanism for the currently observed shrub expansion. In detail, I 

wanted to know a) if there had been an increase in shrub size (radially and vertically) over the 

recent decades, b) which climatic parameters were driving shrub growth, c) how the climate-

growth relationships changed over an elevational gradient, and d) whether age classes existed 

along an elevational gradient as a possible indication for an elevational shrubline advance. 
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Chapter 4: 

No change without a cause –why climate change remains the most plausible reason for shrub 
growth dynamics in Scandinavia (New Phytologist, 2011) 

 

This chapter is the scientific reply to a critical comment by Ulf Büntgen and Fritz 

Schweingruber in 2010 titled “Environmental change without climate change?” on my 

publication presented in chapter 3 (Hallinger et al., 2010). The critique was related to a) the 

long-term trend of temperature in northern Scandinavia and its effect on shrub growth, b) the 

methods of averaging different stem heights and the standardization of shrub growth rings and 

c) the ecological concept behind the observed relation of increasing average shrub ages with 

increasing elevation. In short, Büntgen & Schweingruber (2010) questioned whether the 

observed warming in North Sweden was responsible for the observed growth changes in 

shrubs and doubted that our methods were delivering reliable results. In my reply, all points of 

critique were addressed and refuted, the data re-analyzed and additional structural findings of 

shrub growth were presented (vertical growth and stem-height profiles). 

 

 

Chapter 5: 

Shrub expansion in tundra ecosystems: dynamics, impacts and research priorities 
(Environmental Research Letters, 2011) 

 

This chapter is a collaborative work of the majority of researchers that study tundra shrubs to 

summarize the current state-of-the art of shrub research in the Arctic, considering findings by 

remote sensing, repeat photography, experimental studies and dendrochronology. The 

discussion of identified mechanisms and constraints of the shrub expansion and its feedbacks 

to biota and climate is another important part of this research paper. Finally, potential lines of 

future investigation are proposed. 
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Chapter 6: 

Can shrubs help to reconstruct historical glacier retreats?  
(Environmental Research Letters, 2012) 

 

As shrubs usually form each year another growth ring, the sequential order of the ring widths 

should be readable, like treerings, as natural climate archive, at least in areas with one 

prevailing climatic factor. The position of the shrubline in the alpine tundra of southern 

Norway was supposedly temperature driven. Hence, if summer temperature determined shrub 

growth but also ablation in summer on the glacier nearby, should it then not be possible to use 

shrubs as a mean to reconstruct glacier summer mass balance? The current chapter is pursuing 

this hypothesis by calibrating and verifying a willow shrub ring based glacier summer 

ablation model. 

 

 

Chapter 7: 

Landscape Heterogeneity of Shrub Expansion in Arctic Alaska (Ecosystems, 2012) 
 

In Alaska, the expansion of shrubs into tundra area had been found to occur at different rates: 

As the repeat photography of historical pictures of the 1950s showed, some areas showed 

distinct increases in alder shrub cover (expanding patches), while other areas, often at a 

distance of not more than 100 m to the expanding patches, did not show any identifiable 

changes in alder shrub cover (stable patches). We characterized and compared these 

expanding and stable shrub patches across Arctic Alaska by sampling and analysing soil 

properties like pH, carbon and nitrogen content, active layer depth, temperature and moisture 

content, vegetation composition and shrubrings. Additionally, the influence of climate on 

shrub growth was studied. This study was conducted to find the mechanisms behind the 

spatial and temporal heterogeneity in shrub cover change on the Alaskan tundra. 
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Chapter 8: 

Growth variability of mixed Alder, Willow, and Birch shrubs in response to observed 
increases in temperature and snow in Arctic Alaska  

(submitted to Global Change Biology, 2013) 
 

Chapter 8 is an in-depth study of the trend of increasing shrub cover, biomass, and abundance 

in tundra areas in Alaska and thus directly builds upon chapter 7. For this study, the most 

frequent genuses of shrubs on the North American tundra – alder, willow and birch – were 

sampled over a large area north of the Brooks Range. Responses to soil and climate 

characteristics between the two different categories of shrub patches were evaluated. The 

main aim of the study was to refine our understanding of interspecific differences in shrub 

expansion dynamics and to also include the smaller but much more abundant birch and 

willow shrubs which could not be analyzed by other methods so far. Specific research 

questions were: a) Do all shrub species in expanding patches show greater radial growth than 

their counterpart shrubs in stable patches? b) Do shrubs from expanding patches exhibit 

positive growth trends? c) Have shrubs from expanding patches profited more from recent 

climate warming than shrubs from stable patches? d) Is shrub radial growth influenced by 

precipitation or snowfall? e) Are there interspecific differences in shrub response to recent 

climate variability? 

 

 

Chapter 9: 

Synthesis and General Discussion 
 

I conclude my doctoral thesis with a summary of the most important results and with a 

discussion of my major findings in the light of a broader context. I finally propose future 

fields of research that may stimulate fruitful research on shrubs based on the insights gained 

from this doctoral research project. 
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a b s t r a c t

Woody plants growing in seasonal climates normally form one growth ring each year. However, under

severe stress conditions they may not complete annual wood production all the way down to the root

collar resulting in continuously missing outer rings at lower stem sections (CMORs). Here we test whether

CMORs occur at different distributional margins of woody plant species, where stress levels are expected

to be high. We tested 13 species (202 individuals) of trees and shrubs growing at elevational and latitudinal

shrub and treelines, under conditions that are normally associated with a reduction of radial growth

such as drought, cold or nutrient deficiency. Samples were collected from Alaska, north western Russia,

Central Europe, Scandinavia and south eastern Spain. Annual radial growth was measured along several

disks or cores of each individual applying the serial sectioning technique. Individuals of nine species

showed CMORs. The proportion of individuals with CMORs within a sampled species and site ranged

from 0% to 80%. The number of CMORs within an individual increased with decreasing sampling height

on the stem. Significant correlations existed between the amount of CMORs and (i) cambial age, (ii) stem

length, (iii) stem proportion/length below peat surface, and (iv) herbivorecaused defoliation intensity

depending on the species and sampling location. Our results suggest that CMORs can be associated with a

cambium that may be inactive, yet functional, for up to 18 years. We conclude that CMORs can occur in a

wide variety of species, growth forms and biomes, suggesting a general strategy of woody plant growth. To

avoid missdating in dendrochronological studies, we further recommend the use of the serial sectioning

technique for woody plants growing in unfavorable environments, above all, when sample size is limited

and when no established chronology for crossdating is available.

© 2012 Istituto Italiano di Dendrocronologia. Published by Elsevier GmbH. All rights reserved.

Introduction

Sampling of woody material for age determination or other

dendrochronological analyses is usually performed at a certain

stem height. This sampling height can vary from breast height

(1.3–1.4 m), traditionally applied in forestry and dendrochronol

ogy, to ground surface in the case of smaller individuals, or even

be at the root collar if exact age determination is aimed for. The

underlying assumption is that a woody plant growing in a sea

sonal climate will form one growth ring per year from the tip of

∗ Corresponding author. Tel.: +49 3834 864095; fax: +49 3834 864096.

Email address: martinhallinger@gmx.de (M. Hallinger).
1 Both authors contributed equally to the work.

the branches to the root collar. This implies that in a living indi

vidual, the outermost ring is the growth ring formed in the year of

sampling or in the year before sampling if the new growing season

has not yet started.

However, there are three types of deviation from this rule: (1)

locally missing rings (LMR), where one or more growth rings are

missing in some part(s) of the plant; (2) totally missing rings (TMR),

where a plant does not produce wood anywhere in a specific year,

and (3) continuously missing outer rings at the stem base (CMORs).

This means that the last several growth rings of an individual are

missing at the stem base or lower portion of the stem, but that they

can be present higher up the stem.

LMRs have been frequently reported, generally resulting from

drought stress in woody plants (Stokes and Smiley, 1968;

Schweingruber, 1996). TMRs have not been reported widely (but

11257865/$ – see front matter © 2012 Istituto Italiano di Dendrocronologia. Published by Elsevier GmbH. All rights reserved.

doi:10.1016/j.dendro.2011.10.001
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Table 1

Tree and shrub species from different extreme environments and their position within the landscape analysed for this study.

Site characteristic Species Lat/Long Elevation (m asl) Aspect, slope

Elevational shrubline A. crispa, Alaska N 63◦24′ , E 148◦51′ 963 185◦ , 5◦

B. nana, Alaska N 63◦45′ , W 148◦51′ 1200 225◦ , 20◦

B. nana, NSweden N 68◦21′ , E 18◦41′ 700–1100 170–185◦ , 5–25◦

J. nana, Alaska N 63◦44′ , W 148◦51′ 1010 160◦ , 25◦

J. nana, NSweden N 68◦21′ , E 18◦41′ 700–1100 170–185◦ , 5–25◦

P. mugo, Czech Republic N 50◦45′ , E 15◦40′ 1330–1470 45◦/135◦/225◦ , 5–45◦ ,

S. alaxensis, Alaska N 63◦32′ , W 150◦05′ 1150 135◦ , 17◦

S. glauca, NSweden N 68◦21′ , E 18◦41′ 700–1100 170–185◦ , 5–25◦

Elevational treeline B. pubescens Ehrh. ssp.

czerepanovii, NSweden

N 68◦21′ , E 18◦41′; N

68◦29′ , E 18◦44′
700 90◦/180◦ , 5–15◦

B. pubescens Ehrh. ssp.

czerepanovii, NSweden

N 68◦27′ , E 18◦54′ 630 225◦ ,1025◦

Latitudinal treeline B. pubescens, NW Russia N 67◦22′ , E 62◦11′ 80 0◦ , 0◦

P. glauca, Alaska N 67◦57′ , W 161◦40′ 166 180◦ , 5◦

P. obovata, NW Russia N 67◦22′ , E 62◦11′ 78 0◦ , 0◦

Wet hydrological limit B. pubescens, NSweden, mire N 68◦20′ , E 18◦50′ 520 0◦ , 0◦

P. sylvestris, Finland N 62◦32′ , E 30◦29′ 148 0◦ , 0◦

Dry hydrological limit P. pinea, SE Spain N 38◦ 6′ , W 0◦40′ 5 0◦ , 0◦

P. halepensis, SE Spain N 38◦ 6′ , W 0◦40′ 5 0◦ , 0◦

Permafrost influences soils P. glauca N 65◦52′ , W 149◦25′ 95 0–5◦

P. mariana, Alaska N 66◦15′ , W147◦47′ 101 0◦

N 65◦52′ , W 149◦25′ 95 0◦

see Novak et al., 2011) because it is necessary to analyze several

stem and branch disks of a particular woody plant to discover

TMRs.

CMORs, on the other hand, have been reported notably from

trees growing in suppressed conditions under a closed forest

canopy (Niklasson, 2002), from trees with soil accumulation

around the lower stem (Peters et al., 2002), which often form

adventitious roots (DesRochers and Gagnon, 1997; Parent and

Morin, 2002), from (prostrate) shrubs (Kolishchuk, 1990; Hallinger

et al., 2010; Hallinger and Wilmking, 2011) or from woody plants

affected by combinations of some of these factors (Parent and

Morin, 2002). In these cases, simple ring count at stem base or the

apparent root collar often did not reveal the true age of an individ

ual (Kneeshaw and Claveau, 2001; Parent and Morin, 2002; Peters

et al., 2002; Lieffers and Stadt, 2003; Hallinger et al., 2010). True

age could only be determined by additional analyses, such as pith

node counting (Niklasson, 2002) or withintreecrossdating, also

Fig. 1. Map of sampling locations. 1: Noatak River, Alaska, U.S.A. (Picea glauca); 2:

Interior Alaska, U.S.A. (Picea mariana, Picea glauca); 3: Denali National Park, Alaska,

U.S.A. (Alnus crispa, Betula nana, Juniperus nana, Salix alaxensis); 4: Guardamar, SE

Spain (Pinus halepensis, Pinus pinea); 5: Giant mountains, Czech Republic (Pinus

mugo); 6: Abisko, Sweden (Betula nana, Betula pubescens Ehrh. ssp. czerepanovii,

Juniperus nana, Salix glauca); 7: Salmisuo, Finland (Pinus sylvestris); 8: Usa basin,

Komi Republic, Russia (Betula pubescens, Picea obovata).

called serial sectioning (Kolishchuk, 1990; DesRochers and Gagnon,

1997; Gutsell and Johnson, 2002; Niklasson, 2002; Bär et al., 2006).

Studies have suggested that CMORs are caused either by soil accu

mulation around the stem or by other limiting environmental

factors, e.g. light limitation (Gutsell and Johnson, 2002; Niklasson,

2002). This brings up the question if individual plants growing at

their species physiological limit, where adverse growing condi

tions are expected to be more frequent (Körner, 2003), also show

CMORs and whether those are distributed equally between differ

ent environments, growth forms and species (broad leaved versus

coniferous species). In this study we will explore this question by

testing seven tree and six shrub species growing at or near their

physiological limits: at high elevations and latitudes, on peatlands

and permafrost influenced soils, as well as in semiarid conditions.

Additionally, we introduce and discuss several hypotheses of how

the nonformation of growth rings can arise to stimulate further

research on this morphological phenomenon.

Materials and methods

Sample sites (Fig. 1, Table 1)

Shrubs at their elevational limit

Denali National Park, Alaska, USA: at three southfacing slopes in

and around Denali National Park we sampled six individuals each

of Salix alaxensis (Andersson) Coville, Alnus crispa (Aiton) Pursh and

Juniperus nana Wild, as well as five individuals of Betula nana. L. We

sampled the individuals of each species at their elevational margin

of distribution on southfacing slopes with an inclination of 5–25◦.

Distance between sampling disks was 20 cm.

Central Europe, Czech Republic: 26 individuals in three stands

(8, 11, and 7 individuals respectively) of Pinus mugo Turra were

sampled in the Giant Mountains (Krkonose Mountains) close to the

border between Poland and the Czech Republic. Individuals grew

between the treeline, consisting of Picea abies L. at 1350 m above

sea level (asl) and the upper limit of the P. mugodistribution at

1470 m asl. P. mugo shrubs were sampled by taking penetrating

cores with an increment borer with an irregular sampling interval
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Table 2

CMORs (continuously missing outer rings) could be found in nine out of 13 species or eleven out of 17 sites. All sites were resource limited and typically represented marginal

habitats for the woody plants growing there. On average, 29% of the sampled individuals contained CMORs.

Site specification Species # of individuals

sampled

Disk (D) or

core (C)

# of

disks/cores

# of radii %

individuals

with

CMORs

# of

CMORs:

min/

average/

max

Elevational shrubline A. crispa, Alaska 6 D 31 72 00 0

B. nana, Alaska 5 D 21 50 00 0

B. nana, NSweden 8 D 43 92 12 14/7/14

J. nana, Alaska 6 D 48 144 17 5/0.8/5

J. nana, NSweden 33 D 190 365 73 1/10/82

P. mugo, Czech Republic 26 C 79 158 38 3/11/72

S. alaxensis, Alaska 6 D 21 56 17 3/0.5/3

S. glauca, NSweden 2 D 10 25 50 1/0.5/1

Elevational treeline B. pubescens ssp. czerepanovii NSweden 81 C 162 324 30 1/1.6/8

B. pubescens ssp. czerepanovii NSweden 6 D 33 66 17 4/0.7/4

Latitudinal treeline B. pubescens, NW Russia 1 D 9 22 00 0

P. glauca, Alaska 3 D 14 28 00 0

P. obovata, NW Russia 3 D 22 64 00 0

Wet hydrological limit B. pubescens, NSweden, mire 5 D 51 123 80 2/6.8/15

P. sylvestris, Finland 5 D 51 128 80 2/4.8/13

Dry hydrological limit P. pinea, SE Spain 3 D 21 168 67 2/1.3/2

P. halepensis, SE Spain 3 D 14 112 67 1/0.6/1

Permafrost influences soils P. glauca 3 D 9 19 00 0

P. mariana, Alaska 19 D 41 67 00 0

Total amount/average 212 – 615 2055 29 0/3.7/82

of 37–299 cm. Basal stem parts were typically overgrown by a dense

mat of grasses. We sampled a total of 26 individuals

North Sweden: at a south slope in the Abisko valley (N 68◦21′,

E 18◦41′), 33 individuals of Juniperus nana (Willd.), eight individ

uals of Betula nana L. and two individuals of Salix glauca L. were

collected in an elevational belt stretching from treeline (700 m

asl) to the upper limit of the Juniperus distribution at 1100 m asl.

The vegetation surrounding the shrub patches mainly consisted

of dwarf shrub tundra or subalpine meadow communities. Only

shrubs without apparent signs of competition, herbivory, or ground

disturbance were sampled. The sampling interval between the

serial stem disks was 10 cm.

Trees at their elevational limit

North Sweden: six Betula pubescens Ehrh. ssp. czerepanovii

(Orlova) HämetAhti individuals with monocormic growth form

were sampled at the elevational treeline at the north side of Lake

Torneträsk. Six stem disks per tree were sampled at defined stem

heights (5 cm, 25 cm, 50 cm, 90 cm, 140 cm and 200 cm). In addition,

we sampled 81 Betula individuals with a less destructive sam

pling design by coring each tree at two different height levels with

an increment borer. Samples were retrieved from two transects

on mountain slopes east and west (westerly, respectively easterly

exposure) of Lake Torneträsk. Betula trees in some parts of the area

had suffered substantially from an outbreak of the autumnal moth

(Epirrita autumnata Bkh.) causing defoliation of the tree crowns in

2004 (see Babst et al., 2010 for methodology, disturbance distri

bution and intensity). In addition, 16 trees of those that had died

because of the moth infestation were sampled on the east side of

the lake, at the elevational margin of the Betula population.

Trees at their latitudinal limit

Noatak, NW Alaska: northern treeline in Alaska is formed by

Picea glauca (Moench) Voss. We sampled three individuals from

an advancing treeline in northwest Alaska, above Noatak Canyon.

There, trees are advancing into gently rolling upland tundra. Dis

tance between sampling disks was 25 or 50 cm respectively.

NW Russia: samples from Picea obovata L. were taken from

trees growing beyond the current northern treeline formed by the

same species (at N 67◦22′, E 62◦11′). The terrain was mainly flat

and mostly underlain by permafrost. The sampled trees, however,

most likely grew in permafrost free soil pockets, as P. obovata has

difficulty growing on permafrost (Virtanen et al., 2004). Distance

between sampling disks was 50 cm, starting at the root collar.

One B. pubescens individual was sampled several hundred

meters north of the northernmost Picea stand in the region at a

well drained and wind protected site at a river bluff. There, five

Betula individuals grew widely spaced without apparent competi

tion. Distance between sampling disks was 50 cm.

Trees at their wet hydrological limit

Eastern Finland: we sampled eight stunted Pinus sylvestris trees

growing mostly on top of small hummocks in the Salmisuo peat

land, an oligotrophic mire complex (Becker et al., 2008). Trees were

sampled by complete extraction including the main root system

and sectioned with a sampling interval between 5 and 30 cm, with

a minimum of five sections per individual.

North Sweden: five individuals of B. pubescens (Ehrh. ssp.

czerepanovii (Orlova) HämetAhti) were sampled in an oligotrophic

peatland about 2 km west of Abisko village. The Betula trees

were growing on small hummocks of Sphagnum mosses. Distance

between sampling disks was 50 cm.

Trees at their dry hydrological limit

SE Spain: three individuals of both, Aleppo pine (Pinus halepen

sis Mill.) and Stone pine (Pinus pinea L.) were sampled, growing

in a mixed evenaged pine forest on the southeast coast of Spain

(Guardamar del Segura, 38◦ 6′N, 0◦40′W). The trees were planted
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Fig. 2. Example for successful crossdating of several height levels of one individ

ual tree (Pinus sylvestris from a Finish peatland) collected at heights of −24 cm (E),

−14 cm (D),−5 cm (C), 0 cm (B) and +5 cm (A). At the lowest disk (E) growth started

in 1961 and no rings have formed since 1999, whereas at level (A) growth started

in 1972 and rings have formed until the year 2005 when the tree was sampled.

there at the beginning of the 20th century as protection against

sand dune movement. The climate at this study site is thermo

Mediterranean and semiarid. Trees without visible damages and

anomalies were felled and dissected at the base (0.33 m), at breast

height (1.4 m) and then with a distance of approximately 1 m

between the sampling disks up until the tree top (Novak et al.,

2011).

Trees on permafrost influenced soils

Interior Alaska: the trees sampled were growing along the Yukon

River on permafrost influenced soils. 19 Picea mariana (Mill.) Britt.,

E.E. Sterns & Poggenburg and three Picea glauca individuals were

sampled by felling and dissection at stem base, at 6 m height and

at the crown level (2–3 sections per individual).

Sample preparation

In most cases, the root collar was located in the field (in some

cases by digging) and extracted with the whole stem(s). Large trees

were cut as low as possible. Where applicable, one main stem per

shrub and polycormic tree and the whole stem of each monocormic

tree were dissected (Table 2). Where the dissection of the whole

plant was not feasible due to practical or conservational concerns,

trees (B. pubescens in Sweden) or shrubs (P. mugo) were cored at

different stem height levels. Disks or cores were labeled accord

ing to their former position on the stem and sanded with sand

papers of progressively finer grit size (80, 180, 240 or 300, 500, 800)

until growth ring structures were clearly visible. If this procedure

did not produce surfaces sufficient for ring boundary detection, we

thinsectioned the sample (B. nana, some P. sylvestris). The result

ing wood slices were between 10 and 20 mm thick. Thinsections

were transferred onto microscope slides, stained with a mixture of

Safranin and Astrablue to increase contrast and then sealed with

Euparal under a cover glass.

Ring width measurements and the serial sectioning technique

On each stem disk (height level), core or thinsection, ring

widths of two to eight radii were measured with an accuracy of

0.01–0.001 mm (LINTAB 5 and TSAPWin, Rinntech, Heidelberg)

depending on the sampled species. Normally, between six and 24

radii (minimum 4, maximum 72) per individual plant were mea

sured. First, all radii of one disk (height level) or the two radii of

one core were crossdated, compared, remeasured if necessary, and

finally averaged. Only a few radii, notably some close to the tip of

the shrub stems (usually those with less than 25 growth rings) had

to be excluded from further analysis, because they could not be

crossdated.
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Fig. 3. Five Pinus sylvestris trees from a peatland in Salmisuo, Finland. Number of

CMORs (xaxis) increases with depth of peat (here yaxis). 0 cm refers to the peat

surface at sampling time (2005). Please note that each tree established at the peat

surface and that peat accumulated in the following years, subsequently embedding

the stem.

Then all disks (height levels), cores or thin sections of each indi

vidual plant were crossdated, using the serial sectioning method

(Kolishchuk, 1990). Basically, the serial sectioning method treats

all samples within a stem as successively “floating”. The method

assumes that the samples from higher up on the plant are more

likely to show the last growth rings while samples from lower stem

portions might have CMORs (last years of growth). The successive

overlap of the separate treering series of each height level from

the top to the basal part of the stem insured the correct assign

ment of each sample (radius) to the period in time, when growth

had actually occurred (Fig. 2). In the case of the 81 B. pubescens

ssp. czerepanovii trees from the elevational treeline in Sweden, we

analyzed missing rings and CMORS by crossdating between all indi

viduals and also compared them with a B. pubescens and P. sylvestris

chronology from the area (Van Bogaert et al., 2009; Babst et al.,

2010).

Results

In total, 202 individuals (92 shrubs and 110 trees) were sam

pled (Fig. 1, Table 1) and ∼20% of all sampled individuals showed

CMORs. Within a single species, the proportion of individuals with

CMORs ranged from 0 to 80%. The number of CMORs within an indi

vidual generally decreased with increasing sampling height on the

stem (e.g. Fig. 3). CMORs occurred in the genera of Betula (shrubs

and trees), Juniperus, Salix and Pinus (shrubs and trees), but not in

Alnus and Picea. In the following, we will present the results of each

species near its distributional or local physiological limit.

Shrubs at their elevational limit

Alnus crispa (Alaska, n = 6): ring boundaries were clearly vis

ible after sanding. None of the individuals from the elevational

shrubline in central Alaska did show any CMORs. The age of the

individuals ranged between 25 and 68 years.

Betula nana (Alaska, n = 5; Sweden n = 8): ring boundaries were

very faint and therefore hard to distinguish so that all sam

ples were thinsectioned. Frost rings occurred infrequently. The

Swedish samples showed a high percentage of wedging rings. LMRs

within but even more between the different stem disks of one
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Fig. 4. Age (xaxis) of Juniperus nana individuals from Sweden correlated positively

with the number of missing outer rings at stem base (CMORs; yaxis). All individuals

more than 100 years old have CMORs, while younger individuals do not show a

general trend.

individual were the rule. Due to low synchronicity within the

individuals, seven individuals had to be rejected from further anal

ysis for this study. One individual from Sweden had CMORs; but

no CMORs occurred in the samples from Alaska. The individuals

from Alaska had a more erect growth form with a lot of branches,

whereas the samples from Sweden were dwarfed and often grew

in a prostrate cushion close to the ground. The mean age of the

Swedish samples was 53 years compared to 34 years for the sam

ples from Alaska, and the oldest individuals were respectively 71

and 51 years old.

Juniperus nana (Alaska, n = 6; Sweden n = 33): ring boundaries

were clearly distinctive. However, sometimes strong eccentricity,

wedging rings and the occurrence of compression wood made it

difficult to age and crossdate samples, often requiring more than

two measured radii per stem disk. In Sweden, out of 33 individuals,

24 individuals (73%) had CMORs. In one individual, 82 missing rings

at a stem height of 10 cm (the total stem length was 450 cm) were

recorded. The number of missing rings was related to the age of the

shrub specimen (Spearman correlation r = 0.58, P < 0.001; Fig. 4). In

Alaska, we analyzed six individuals, one had CMORs. Juniperus nana

from Sweden reached ages up to 174 years in living individuals and

323 years in a subfossil individual; the samples from Alaska were

between 50 and 149 years old.

Pinus mugo (Czech Rep., n = 26): ring boundaries were clearly

visible after sanding. Wedging rings occurred infrequently and

compression wood occurred mostly only in the upper part of stems.

In two of the three different pine stands investigated, 57% respec

tively 87% of all individuals had missing outer rings. For these two

stands the number of missing years at the stem base varied from

3 to 72 and showed a significant positive relationship with stem

length (Spearman correlation r = 0.57, P = 0.013, Fig. 5). The mean

age of all individuals was 117 years.

The third Pinus mugo stand (11 individuals) had been heavily

infested in the 1940s by the diptera species Thecodiplosius brachyn

tera Schwägrichen, a gall midge that reduces needle production. In

most cases, radial growth had ceased completely apart from the

uppermost parts of the branches in the year 1940 and the following

decade. In some cases, growth had not resumed until 1958 (Fig. 6).

Despite of up to 18 years of stagnation, growth resumed in all parts

of the stems and subsequent CMORs were only observed in one

individual of the stand from 2000 to 2003.

Salix alaxensis (Alaska, n = 6): ring boundaries were clearly visi

ble after sanding. However, all individuals of this species had been

attacked by wood decaying fungi. CMORs occurred in one of the six

individuals that were sampled. This plant was the oldest (48 years)
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Fig. 5. Shrub size (stem length in m) of Pinus mugo individuals from the treeline of

the Giant Mountains in the Czech Republic correlated positively with the number

of missing outer rings at stem base (CMORs; yaxis).

and showed the severest damage caused by these fungi. Half of the

plant’s cambium had been destroyed along the whole stem length

at the time of sampling. The mean age of the sampled individuals

was 32 years.

Salix glauca (Sweden, n = 2): due to growth rings with a width of

only one or a few cell rows, samples of Salix glauca had to be cut

with a razorblade after sanding and treated with chalk dust to make

all rings visible. Despite the occurrence of wedging rings, radii of

different disks had a comparably high synchronicity. Continuously

missing outer rings occurred in one of the two individuals sampled.

The individuals were 39 and 42 years old.

Tree species at their elevational limit

Betula pubescens ssp. czerepanovii (Sweden, n = 87): growth rings

of Betula were visible after sanding, but sometimes difficult to dis

tinguish due to the diffuseporous wood structure. Wedging rings

were common in all samples.

From the six stands (81 living trees) that were cored (Table 2),

four stands had trees with CMORs at the stem base (24 living trees

total). The proportion of trees with CMORs varied according to

the degree of defoliation caused by an outbreak of the autumnal

moth (Epirrita autumnata Bkh.) in the year 2004 (Fig. 7). Neither

the undamaged nor the moderately damaged stand had any trees

with CMORs, but the heavily damaged stands had between 25 and

80% of trees showing CMORs at stem base. In one severely affected

stand, 16 trees had died shortly after the moth outbreak. From the

six Betula samples that were completely dissected, CMORs only

occurred in the oldest individual (148 years). The mean age of all

birch trees was 74 years.

Tree species at their latitudinal limit

B. pubescens (NWRussia, n = 1): only one Betula tree was sam

pled, a single tree north of the latitudinal treeline formed by P.

obovata. Ring boundaries were distinctive and, despite one LMR,

neither wedging nor continuously missing outer rings occurred in

this 53year old sample.

Picea obovata (NWRussia, n = 3): growth rings of P. obovata were

generally distinctive. Wedging rings that were usually associated

with strong compression wood formation (with changing radial

direction) regularly occurred in all sampled trees. The synchronic

ity of all series within each tree was very high. No LMRs were

observed and none of the sampled trees showed any CMORs. The

oldest individual was 162 years old, the youngest 107 years.

Picea glauca (Alaska, n = 3): growth rings were distinctive and

eccentric growth existed. The sampled individuals at this advanc

ing treeline had a mean age of 64 years. Synchronicity of all series

within each tree was very high. No locally missing rings were

observed and none of the sampled trees showed any CMORs.
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Fig. 6. Four height levels of a 137 year old Pinus mugo individual from Central Europe in a stand heavily invested by a diptera species (Thecodiplosius brachyntera) in 1939. In

that year slow growth (0.08 mm on average) still occurred in all height levels (height levels in ascending order at 86, 100, 128 and 165 cm height from stem base; total shrub

size 300 cm). From 1940 onwards, no wood production occurred for 18 years (lowermost level), respectively for 13 years in the two height levels above. The shrub however

still produced very narrow annual rings at its top half (highest level, > 165 cm).

Tree species at their wet hydrological limit

B. pubescens ssp. czerepanovii (Sweden, n = 5): growth rings of

Betula were distinctive after sanding and preparing the surface with

razorblades and chalk. Often, three to five radii of each disk had

to be measured because of a lot of wedging rings. Also, up to five

locally missing rings occurred. Ages ranged from 61 to 160 years

with a mean age of 68 years. Four out of five individuals (80%) had

CMORs both at lower and higher stem height, with slightly more

rings missing at the base of the stem. Even in the single individual

that had no missing rings at the stem base, the outermost ring was

missing in the middle and the top part of the stem. The heartwood
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Fig. 7. Percentage of Betula individuals showing CMORs at six different sites

increased with increasing defoliation intensity during the 2004 outbreak of Epirrita

autumnata in the area of Lake Torneträsk, Sweden. The damage classes were derived

from a digital change detection method applied to Landsat TM/ETM + Normalized

Difference Vegetation Index (NDVI) images (Babst et al., 2010).

of the oldest individual was rotten and the foliage of all trees was

scarce.

Pinus sylvestris (Finland, n = 8): ring boundaries were clearly

visible and very distinctive. Wedging rings occurred frequently,

compression wood was seen in all samples. The root collar was

located between 60 and 24 cm below the peat surface (Fig. 3),

because the lower stem sections of the trees that originally had

established at the peat surface during germination were there

after successively encased by growing layers of peat. From the eight

pines sampled, the three youngest, all less than 45 years old, could

not be crossdated and were excluded from further analysis. Four

out of the five remaining samples showed CMORs (Fig. 3). The part

of the stem where CMORs occurred was nearly always below the

present peat level and adventitious roots had formed in some cases

below the peat surface. In two individuals, CMORs were also found

in sections of the stem above the peat surface. Tree age ranged

from 34 to 98 years and the number of CMORs was not related to

age but the height levels of the sampled disks in relation to the

present peat surface correlated significantly and negatively with

the amount of CMORs (Spearman correlation r =−0.47, P = 0.04), i.e.

the deeper the root collar was situated below the peat surface the

more CMORs occurred (Fig. 3).

Tree species at their dry hydrological limit

Pinus halepensis and Pinus pinea (Spain, n = 3 each): locally miss

ing rings (LMRs) occurred in 61% of the analyzed years in Pinus

halepensis and in 24% of the analyzed years in Pinus pinea. In both

species, the frequency of LMRs has increased in the last few decades

(Novak et al., 2011). The comparison of different stem height levels

showed that the frequency of LMR gradually decreased from the

lower to the upper part of all P. halepensis trees (P < 0.05). To the
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contrary, no significant relationship was established for P. pinea

trees. CMORs occurred in four samples (PIHA 1 in 1995, PIHA 2 in

1995, PIPN 1 in 1995 and 2001, PIPN 2 in 1995 and 1999) from the

ground level to above breast height (Novak et al., 2011).

Tree species on permafrost influenced soil

Picea mariana (n = 19) and Picea glauca (n = 3) (Alaska): the

growth rings of this species were distinctive and eccentric tree

growth existed. The sampled individuals at the two sites had a

mean age of 137 and 197 years, respectively. Synchronicity of all

growth ring curves among the two to three sampled height lev

els within each tree was very high. Nearly no locally missing rings

(LMRs) were observed and none of the sampled trees showed any

CMORs.

Discussion

Generally, the occurrence of a successively increasing number of

missing outer rings within the lower portion of the stems (CMORs)

of several shrub and tree species is surprising, since it is generally

assumed that woody plants growing in a seasonal climate form

every year a ring extending from the tip of the branches to the root

collar. Even though our sample size varied a lot (ranging from a sin

gle individual to 81 individuals of a species) we found CMORs both

in angiosperms and gymnosperms, and both in shrubs and trees. Of

the 13 sampled species, only five did not show CMORs. However,

we assume that a larger sample size and the inclusion of other types

and conditions of environments (e.g. a retreating treeline) would

have resulted in an even higher proportion of species with CMORs.

Our results suggest that CMORs are a general strategy of woody

plants to deal with extreme environmental conditions and that they

might favorably occur in prostrate growth forms, where structural

support is of less importance than for upright growth forms such

as monocormic trees and therefore annual radial growth along the

whole stem might not be necessary.

To gain a better understanding of the processes leading to the

(non)formation of growth rings, it is useful to briefly recapitulate

the physiological processes leading to radial growth. In simpli

fied terms, at the beginning of the growing season, when buds

break, auxin or indole3acetic acid (IAA) is produced in the apical

meristem and transported actively downward in the stem, with

additional influence of gravity; (Forest et al., 2006). IAA triggers

the cambium to become active and to start xylogenesis. This pro

cess is dependent on (i) the concentration of IAA per unit area in the

cambium: i.e. the more the IAA, the higher the rate of xylem produc

tion (Tuominen et al., 1997; Uggla et al., 1998; Kramer, 2001), (ii)

the temperature regime in the stem (Begum et al., 2008), and (iii)

the availability of “resources” such as water, sugars and cellulose.

The individual thus needs a functioning canopy and root system.

In addition, other factors might play a role in the formation of new

cells such as the age of the cambium (Rossi et al., 2008).

For the start of the earlywood formation and the formation of a

detectable growth ring, each of these physiological processes has to

be functional and certain environmental conditions have to be met.

If one of these prerequisites is not met, no radial growth will occur

at specific places within the stem (LMR) or along the entire length

of the stem (CMORs). In the following, we will briefly discuss the

possible influences of each of these factors on the nonformation

of growth rings.

Auxin (IAA)

Since continuously missing outer rings (CMORs) occur mainly

at lower stem portions, IAA (produced in the apical meristem)

transport speed might play a role in the nonformation of growth

rings. Growing seasons in arctic or alpine regions can be very short

and low stem temperatures might additionally slow down trans

port speed. Published values of IAA transport speed range from 2

to 15 mm/h (Hussey and Gregory, 1954; Morris, 1979), but none of

these studies was carried out at individuals at their physiological

growth limit and we can thus assume IAA transport speeds in most

of our sampled individuals to be at the lower end of the spectrum

or even below. However, even if we assume transport speeds of

around 1–2 mm/h, it would take around one to two weeks for IAA

to reach the lower portions of a 3 m tall (or long) individual (e.g. a P.

sylvestris or J. nana stem). Therefore, it is unlikely that IAA transport

speed alone accounts for the observed CMORs in our samples.

Several other facts argue against a direct link between IAA defi

ciency and CMORs: (i) In some species, such as P. sylvestris, IAA can

be stored locally over the dormant season (Egierszdorff, 1981) or be

synthesized to some degree in the stem (Sundberg and Uggla, 1998;

Kramer, 2001) and made available to activate cambial activity even

before the newly formed IAA reaches lower stem portions. (ii) Every

individual needs to produce new fine roots during every season to

acquire nutrients and root growth depends on IAA formed in the

apical meristem (as well as on IAA formed in situ). This implies

that at least some IAA needs to be transported to the root system

bypassing the zone of stopped cambial activity (CMORs). It is there

fore unlikely that the reason for cambial inactivity in the lower stem

portions of individuals showing CMORs is a simple IAA deficiency.

On the other hand, there was a significant positive correlation

(r = 0.47, P = 0.036) between stem length and CMORs in two stands

of P. mugo (R2 = 0.23; Fig. 5). In combination with other factors

affecting cambial activity and cell formation processes, such as

temperature within the stem and age of the plant, nonfunctioning

or slowed IAA transport could still cause a delayed cambial activ

ity in the basal areas of the stem and a subsequent lack of ring

formation there.

Temperature

Temperature highly affects plant processes and is as such closely

linked to both IAA production and transport, and to cambial activ

ity. Since IAA is actively transported, we would expect temperature

to have a significant effect on transportation rates, slowing down

or effectively stopping transport at very low or high temperatures.

Cooling or warming of stem portions of P. abies resulted in reduced

respectively enhanced cambial activity (Gričar et al., 2007), mea

sured by the number of cells formed during the treatment. Under

natural conditions, temperature seems to be the main factor con

trolling initial divisions in the xylem and in the radial cell expansion

in Larix sibirica Ledeb. and P. sylvestris (Antonova and Stasova, 1997;

Gruber et al., 2010). In general, optimum functions (Antonova and

Stasova, 1997) and threshold effects (Rossi et al., 2007, 2008) char

acterize the relationship between temperature and the onset of

xylem differentiation. Critical temperature values for the differen

tiation of xylem cells of conifers in cold climates seem to converge

around 5–9 ◦C (Rossi et al., 2007, 2008). Even though daily tem

peratures below these values are still favorable for photosynthesis,

they could inhibit the allocation of assimilated carbon into struc

tural investment, i.e. xylem growth (Rossi et al., 2008) and thereby

growth ring formation.

In our samples, shrub or tree stems that were in contact with

the ground surface and were partly overgrown by soil or encased

in peat should not have been as exposed to diurnal temperature

fluctuations as woody plants with an erect growth form. However,

because soil temperatures are likely to be lower than the surface

and airtemperatures affecting the upper part of the plant, the onset

of the cambial activity at the stem base may have been delayed.
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This might also apply for woody plants growing on permafrost;

however, our sampled P. mariana trees from Alaska did not show

any CMORS. In P. abies and P. cembra individuals growing at tree

line in the Alps, cell tissue in the basal parts of stems was frozen

four times longer than in the upper parts, causing cambium activity

to be decoupled within one stem (Mayr et al., 2006). A reduction

of the growing season length in the lowermost parts of the plant

stems could be a possible factor explaining the increasing number

of CMORs with decreasing sampling height on the stem as observed

in all our samples.

Resources

In addition to a favorable temperature regime and the presence

of hormones initiating cambial activity, “resources” such as water,

nutrients and carbohydrates need to be available for the formation

of new cells. In some cases, a lack of resources might be the rea

son for a reduction of radial growth in certain stem portions. Insect

outbreaks and subsequent defoliation may cause reduced radial

growth or even a complete growth inhibition for several years. In

northern Sweden, Betula trees in stands that had experienced more

severe defoliation as compared to other stands also showed more

CMORs (Fig. 7). For B. pubescens, strong decreases of ringwidth

following severe defoliation have been reported (Hoogesteger and

Karlsson, 1992). The same could be true in our case, where only

the strongly defoliated stands showed CMORs. As observed in our

samples of P. mugo from Central Europe that suffered from an insect

attack, cambial division can resume even after more than a decade

of inactivity at the stem base if the upper stem part stays alive

and growth can continue after recuperation of the canopy (Fig. 6).

Ring formation after recuperation reached predefoliation levels

and the individuals were able to survive this extended period of

stress without any visible longterm damages, such as subsequent

reduced growth or structural anomalies. This suggests that woody

plants at their range margin, in extreme environments or under

adverse growing conditions can have very plastic resource alloca

tion patterns. The cambium of such plants may be inactive at the

stem base, yet resume vital for many years.

Resource deficiency may also explain the occurrence of CMORs

observed in four of our samples from the semiarid site in Spain.

Due to water deficiency (drought) and subsequent stomata clo

sure, photosynthetic rates typically drop and fewer carbohydrates

are available for radial growth (McDowell et al., 2008). Since radial

growth starts at the top of the plant, not enough resources seem

to have been available for cytogenesis in the basal stem area of the

two pine species (P. halepensis, P. pinea) in the years with no wood

formation at the stem base. In addition, both sampled species at

this site showed a high frequency of LMRs and even TMRs, espe

cially in recent years (Novak et al., 2011). While LMRs occurred at

each height level, they were more likely to occur in lower stem

portions of P. halepensis, but not in P. pinea. LMRs seem to be the

first indication that an individual is under stress. If stress levels

increase, LMRs seem to occur at more height levels. If stress levels

continue to increase and other factors that favor the nonformation

of wood, such as tree height (Novak et al., 2011) come into play,

CMORs might be the result.

Influence of cambial age

The age of woody plants has been identified as one factor pos

sibly influencing timing and duration of xylogenesis. For example,

in three conifer species growing at treeline in the Alps, the onset

of cell production in older individuals in comparison with younger

individuals at the same sites was delayed and the total duration

of cambial activity shortened by two to three weeks (Rossi et al.,

2008). However, it is difficult to distinguish age from size effects:

at the end of winter, larger stems with thicker bark remain colder

for longer periods (Mayr et al., 2006), thereby shifting the start of

temperaturedependent xylogenesis back in time (see “Tempera

ture” section). The resulting shorter period of cambial activity in

larger and/or older individuals might be a factor contributing to

the observed CMORs in this study. We found evidence for the influ

ence of both parameters (age and size) in our dataset: we observed

a significant positive correlation between individual ages and the

number of CMORs in J. nana as well as a significant positive rela

tionship between stem length and CMORs in P. mugo (Figs. 4 and 5).

Influence of growth form

For polycormic individuals, an additional factor needs to be con

sidered. Since we only sampled one stem of the multiple stems

belonging to each individual, we do not know if lower portions of

the other stems possibly had formed the growth rings that were

missing in our sample. It is thus possible that the individual plant

might have allocated growth resources selectively to only some

stems of the plant, even though the underlying physiological pro

cesses for this mechanism are unclear. However, the fact that it was

possible to successfully crossdate (a) different height levels of the

sampled main stems and (b) different individuals shows that the

allocation of resources cannot occur completely random within sin

gle plants, as the upper parts of the sampled stems showing CMORs

did grow in these specific years.

The fact that the circumference of some shrub stems stays the

same over large portions of these stems (as opposed to coneshaped

tree stems) also suggests a lower investment of resources into

radial growth in the lower stem portions, making the occurrence of

CMORs more likely. The stunted and twisted growth form of some

shrubs, especially at elevational shrublines, reduces the need for a

thick lower stem, since it maximizes canopy area sideways, reduces

wind exposure and thus also structural requirements. While this

observation remains hypothetical, it does fit well with our obser

vations of high numbers of CMORs in species following this general

growth pattern (i.e. J. nana or P. mugo). This hypothesis is further

supported by the fact that CMORs in B. nana only occurred in one

Swedish sample, an individual that grew close to the ground sur

face in contrast to the more erect samples from Alaska showing no

CMORs.

Finally, many trees and shrubs in our sample set were grow

ing at their absolute distributional limit; either regionally (e.g. at

high elevation) or locally (e.g. on peatlands). Often these individu

als had a poor canopy, both in size and foliage area, relative to their

stem size. This observation could be an additional factor affecting

the supply of “resources” for radial growth. The canopy size might

simply not be sufficient to produce enough carbohydrates for the

formation of a new growth ring along the whole length of the stem.

This hypothesis would be a logical extension of the well known fact

that increased shading or reduced canopy size reduces stem wood

production in forest trees (Schweingruber, 1996).

Combined factors

Altogether, none of the factors mentioned alone seems to be able

to sufficiently explain the occurrence of CMORs in such a diverse

array of species and environments. Under different environmental

conditions different factors can influence the formation of wood

negatively and most likely, several factors act interlinked to pro

duce CMORs. For example in some of the older Juniperus samples

high cambial age cooccurs with colder microsite conditions close

to the ground and a sparse canopy relative to the length of the

stem. Therefore it seems that radial growth of woody plants under
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accumulated stress is controlled by environmental factors acting

differently on different parts of the individual. Also, internal regu

latory mechanisms such as IAA, activating xylogenesis, or cambial

age likely play an important role by selectively activating cambial

regions and preferentially investing resources in upper stem parts

with the cost of reduced or halted radial growth in the lower stem

portions.

Conclusion

We found CMORs in about 20% of our sampled 202 individu

als and in eight of 13 species. Sampled woody plants had a wide

variety of growth forms and species and they came from very differ

ent landscapes and microtopographic and climatic settings. Their

common feature was that all specimens were growing near or at

the margins of their distribution and were obviously affected by

unfavorable growing conditions, some even suffering additional

stress from herbivory. Therefore, we conclude that CMORs are nei

ther restricted to certain (prostrate) growth forms nor to a single

type of marginal environment. However, some environmental set

tings seemed to increase the chances of a woody plant to have

CMORs, since the highest percentages of CMORs were consistently

observed in trees growing on peatlands and in coniferous shrubs at

high elevations. It remains to be seen, whether an increased sam

ple size would lead to the discovery of CMORs in the species that

did not show CMORs in our study. Some species (e.g. Picea sp., A.

crispa) might just have different physiological mechanisms leading

to a continuous xylogenesis all along the stem. At this point, we

would recommend the use of the serial sectioning technique for all

woody plants growing in unfavorable environments to avoid miss

dating, particularly in the case of low sample numbers and in the

absence of an established ring width chronology as verification for

the crossdating process.

According to our findings, the cambium as the key element

for xylogenesis can be inactive for several years or even decades

and then become active again. The cambial response to stress thus

might be much more flexible than previously assumed. The cam

bium can be inactive in small parts of the stem or in the whole

stem or only at the stem base. Pinning experiments performed

on trees and shrubs growing under extreme conditions covering

the whole length of the stem could provide better insights into

the phenomenon of CMORs concerning hormone transport and

cambial activity. Cooling and heating experiments on the stems of

such woody plants could help to gain more knowledge about the

influence of temperatures for xylogenesis, and dendrochronologi

cal studies of whole individuals could help to disentangle resource

allocation patterns in prostrate and erect woody plants.
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Summary

• Shrub expansion in alpine and arctic areas is a process with possibly profound

implications for ecosystem functioning. The recent shrub expansion has been

mainly documented by remote sensing techniques, but the drivers for this process

largely remain hypotheses.

• Here, we outline a dendrochronological method, adapted to shrubs, to address

these hypotheses and then present a mechanism for the current shrub expansion

by linking recent climate change to shrub growth performance in northern

Sweden.

• A pronounced increase in radial and vertical growth during recent decades along

an elevational gradient from treeline to shrubline indicates an ongoing shrub

expansion. Age distribution of the shrub population indicates the new colonization

of shrubs at high elevations.

• Shrub growth is correlated with warm summers and winter snow cover and sug-

gests the potential for large-scale ecosystem changes if climate change continues

as projected.

Introduction

In contrast to the long tradition of tree-line research, the
examination of changes in the cover and position of shrub
vegetation in the treeless tundra regions has just begun. In
2001, Sturm et al. reported on increasing shrub abundance
in the Alaskan Arctic, where shrub-dominated vegetation
had partly doubled during the last 50 yr, over an area of c.
320 km2. In 2006, evidence from time series of aerial
photography in arctic Alaska indicated that shrub cover was
expanding over an area of c. 200 000 km2 (Tape et al.,
2006), and the pan-Arctic trend of increasing photosyn-
thetic activity of herbaceous and shrub vegetation types sug-
gests a similarly widespread shrub expansion (Jia et al.,
2004; Bunn et al., 2007). This shrub expansion is com-
monly attributed to climate warming (Forbes et al., 2009)
whose current rate in the arctic (of c. 0.5°C per decade) is
five times faster than the global average (Serreze et al.,
2000; ACIA, 2005). However, the exact role of summer or
winter temperatures, snow cover or the change in growing
season length remains unclear (Sturm et al., 2005a; Tape
et al., 2006) and so the actual mechanisms and processes

behind the current shrub expansion merit examination.
Although there are estimates of tundra shrub colonization
rates derived from repeat photography, no in situ quantifica-
tion of the growth rates of tundra shrubs has been achieved.
Shrubs are likely to take full advantage of the current cli-

mate warming, because they profit from climate-induced
ecosystem changes, such as soil disturbances or shifts in
nutrient availability, more than other plant functional types
(Lantz et al., 2009). Most shrubs produce highly decom-
posable litter (Lett & Knapp, 2003) and shrubs have the
highest resource uptake potential of all tundra plants
(Sturm et al., 2005b). Once established, shrubs thrive and
dominate the lower vegetation by canopy shading (Bret-
Harte et al., 2002; Mack et al., 2004), leading to wide-
spread changes in tundra-ecosystems.
A change in shrub cover could alter the hydrology of the

tundra by influencing the active layer depth through
increasing summer transpiration and accumulation of win-
ter snow (Sturm et al., 2005b). An increased accumulation
of snow in winter would also alter soil thermal regimes lead-
ing to warmer soil temperatures, whereas shading in the
summer could possibly reduce summer soil temperatures.
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Shrub expansion will also change the carbon balance of
tundra ecosystems: more carbon will be sequestered by
increased growth of existing shrubs and colonization of
former shrub free areas (Oechel et al., 2000; Sturm et al.,
2005a) but carbon losses might also occur from greater soil
microbial activity because of easily decomposable litter,
increased nutrient supply and generally warmer soil temper-
atures resulting in faster soil carbon turnover rates (Mack
et al., 2004; Chapin et al., 2005; Sturm et al., 2005a). In
permafrost areas sensitive to thaw, the additional warming
resulting from higher snow accumulation in winter could
possibly tip the scale to a large-scale release of old carbon
currently stored in the frozen ground (Michaelson et al.,
1996; Sturm et al., 2005b) further amplifying global warm-
ing. Evidence also suggests a reduction of albedo: in sum-
mer, solar radiation will be absorbed to a greater extent by
the darker surface of the shrub canopies compared with the
brighter tundra vegetation (Beringer et al., 2005). In winter,
those shrubs that protrude above the snow surface might
further add to the absorption of solar radiation (Chapin
et al., 2005; Sturm et al., 2005a). Both processes will reduce
albedo and lead to regional warming (Sturm et al., 2005a).
A full conversion of arctic tundra to shrub tundra would
increase summer atmospheric heating. The resulting energy
fluxes are estimated to be twice as high as those resulting
from a potential doubling of the present CO2 concentration
in the atmosphere (Chapin et al., 2005).
Shrub expansion has three characteristics: (1) an increas-

ing shrub density, that is, the infilling of shrub patches, (2)
an increase of shrub size (radial and vertical growth) and (3)
the new colonization of formerly shrubless areas (Tape
et al., 2006). Here, we outline a strategy to apply methods
of dendrochronology – the analysis of tree or shrub rings –
as a tool to examine the current shrub expansion.
For our study, we chose the alpine tundra area of North-

ern Sweden, near Abisko. Evidence of shrub expansion
there relies on early observations that have not been quanti-
fied (Sandberg, 1963). Similar to many Arctic areas (Serreze
et al., 2000), winter and summer warming around Abisko
has been pronounced in recent decades, leading to a signifi-
cant lengthening of the growing season within the last dec-
ade (Kohler et al., 2006). We chose Juniperus nana as our
study species for three reasons: (1) the species is generally
not browsed and thus the influence of browsing on growth
performance can be neglected; (2) it is possible to sample
single individuals without apparent concurrence effects, as
induced by growth in thickets; (3) it is the only medium-
size shrub species existing from treeline all the way up the
mountain slopes to form the highest shrub communities.
Our research questions were: Has there been an increase in
shrub size (radial and vertical shrub growth) over recent
decades? Which climatic parameters (if any) drive shrub
growth? How do climate–growth relationships change over
an elevational gradient? Do distinct age classes exist along

an elevational gradient as a possible indication for an eleva-
tional shrubline advance?

Materials and Methods

Study area

The study area is situated in the Northern Swedish Scandes
near Abisko (68°21¢ N, 18°49¢ E) with a mean annual tem-
perature of 0.7°C and, because of the rain shadow of the
Scandes, a mean annual precipitation of 310 mm (1913–
2000). Over 40% of the annual precipitation occurs in
summer (June–August) and July is both the warmest and
wettest month (Kohler et al., 2006). Tree line in this area is
formed by mountain birch (Betula pubescens Ehrh. ssp.
tortuosa (Ledeb.) Nyman), and reaches upper elevations of
between 670 m above sea level (asl) on northern and 780 m
asl on southern mountain slopes. Above the tree line until c.
850 m asl there is a vegetation belt dominated by medium
sized shrubs (0.2–1.8 m) including various willow species
(Salix sp.), dwarf birches (Betula nana L.) and prostrate
junipers (Juniperus nana Willd.). At higher elevations, the
vegetation cover comprises dwarf shrub heath- and meadow
communities and shrubs retreat to sheltered microsites.
Juniperus nana is the only medium-sized shrub on the
southern mountain slopes, ascending from tree line, where
it grows in its erect form, to c. 1100 m asl, where it grows
in its prostrate growth form. It is a dioecious evergreen
shrub with a circumpolar subcontinental and subalpine
distribution that can reach ages of up to 850 yr and stem
diameters of 18 cm (Shiyatov et al., 2002). No signs of
herbivory were found in the study area, but seeds of J. nana
are distributed by birds that feed on the blue berries.
In Juniperus trees, differences in resource allocation

among different genders can influence mean ring width,
because of long-term differential reproductive costs (Rozas
et al., 2009). To exclude the possibility of the influence of
gender related growth differences in Juniperus shrubs, we
sampled only male shrubs. Three female shrubs at 770 m
asl were sampled to test for differences in mean ring width
and growth trend. Sampling plots were placed on the south
slope (180° ± 10°) of Mount Slåttatjocka, c. 3 km west of
Abisko. Starting at the J. nana shrubline at 1100 m asl we
sampled five to eight shrubs (a total of 35) every 100 m
(1100, 1000, 900, 800 m asl) of elevation until above the
tree line at 770 m asl. Sampling plots were placed on a
straight transect with slope angles of c. 20°. If possible,
complete individuals, including the root and the whole
branch system, were extracted from the soil. The main stem
(the one with the biggest diameter), including the root, was
retained for further analysis. In cases where this was not
possible, the main stem was cut just below the root collar.
To be accepted as sample, shrubs had to be spatially dis-
tinct, and in larger mats only one sample was taken to pre-

New
Phytologist Research 891

Ó The Authors (2010)

Journal compilation Ó New Phytologist Trust (2010)

New Phytologist (2010) 186: 890–899
www.newphytologist.com

45



vent collection of the same genotype twice. Large vital
shrubs, indicated by many green needles and intact stems,
were collected, as well as two dead individuals. The length
of the main stem, the maximum diameter and the zone with
adventitious roots of each individual was measured.

Climate data

Temperature, precipitation and snow depth have been mea-
sured at Abisko Scientific Research Station (385 m asl)
since 1913 (Kohler et al., 2006). The research station is
located c. 3 km away from the sampled shrub plots. Since
1956, average annual temperature in Abisko has been rising
at an average of 0.2°C per decade. Winter temperatures
(December, January, February) have increased 0.6°C per
decade, spring temperatures (March, April, May) 0.3°C per
decade and summer temperatures (June, July, August)
0.1°C per decade, accompanied by a lengthening of the veg-
etation period since 1997 (Kohler et al., 2006). Warmer
winters have caused an increase in snowfall (c. 4 cm per dec-
ade) since the 1930–40s. We used snow depth data from a
newly digitized record provided by Kohler et al. (2006).
For years with incomplete or missing measurements (11 yr
between 1930 and 1956), values from a snow depth-model
for Abisko were inserted (Kohler et al., 2006).

Ring-width measurements

Ring-width measurements were performed to measure
radial and vertical growth, to track growth changes over
time, to age the shrub individuals and to correlate annual
shrub growth with climate. Key challenges of dealing with
growth rings of shrubs are small annual ring widths (0.3–
0.01 mm), rings that are absent in parts of the stem and
rings that are wedging out in a stem disk because of the fail-
ure of cambial activity. Because of the wavy growth of sub-
alpine shrubs, the pith of shrub stems is often not found in
the centre of a stem disk, which present difficulties for the
measurement of radii, which ideally should comprise the
same number of growth rings.
All shrub stems were treated and analysed according to

the serial sectioning technique (Kolishchuk, 1990), advised
for shrub ring analysis. Each main stem was dissected with a
saw every 10 cm into stem disks with a height of typically
2–3 cm. As it was sometimes very difficult to visually distin-
guish the root from the stem, in most cases the whole stem
of each individual was dissected, including the root system.
The retrieved disks were labelled according to their former
position on the stem, sanded with sandpapers of increas-
ingly finer grain size and finally polished with sand paper of
800 grit. Between four and 12 stem disks were chosen from
each individual, depending on its total length, so that ring-
width measurements along the entire stem could be analy-
sed in regular intervals. Disks with stem wounds or extre-

mely eccentric growth were excluded from the dendro-
chronological analysis.
On each stem disk, a minimum of two and a maximum

of four radii were measured with a precision of 0.001 mm,
using a ring-width measuring stage (LINTAB 5; Rinn,
1996). One radius comprised the thicknesses of all annual
growth rings in a line between the pith and the bark of a
shrub disk. Depending on the length of the stem, and thus
the number of shrub disks analysed, between 6 and 24 radii
per individual plant were measured.

Chronology development

First, all radii of one disk (one height level of the stem) were
averaged after accounting for missing or wedging rings in
parts of the disk. Then, the radii of all disks of one individ-
ual plant were cross-dated and averaged. The successive
overlap of the disk averages (here referred to as ring-width
curves) from the top to the basal part of the stem ensured
the correct assignment of each ring-width curve to the cor-
rect period in time (Kolishchuk, 1990). The ring-width
curves of all individual shrubs were then cross-dated among
each other (Holmes, 1983; Rinn, 1996) to confirm their
correct dating. Eleven ring-width curves without any miss-
ing outer rings served as the reference for this procedure.
Only one subfossil individual (found dead without green
needles) of 322 yr could not be dated and was excluded
from further analysis.
Next, the dated ring-width curves were standardized by

removing any age-related growth trend, as well as part of the
variance at very low frequencies to eliminate physiologically
induced trends in the data that could obscure the climate sig-
nal (Fritts, 1976; Cook, 1985; Cook & Kairiukstis, 1990).
For that purpose, a horizontal line through the mean
(n = 29), a linear regression line (with negative slope; n = 4)
or a negative exponential curve (n = 1) was fitted to the ring-
width curves. The measured ring widths were then divided
by the fitted regression functions producing dimensionless
index series, which were averaged to form chronologies
(Cook, 1985; Cook & Kairiukstis, 1990). Standard chronol-
ogies were established, as well as residual chronologies, with
the first-order autocorrelation removed, thus eliminating the
influence of previous year’s growth on the growth of the next
years (Cook & Holmes, 1986). These analysis steps were
conducted for all shrub ring-width curves, giving the main
chronology, and for a subset of ring-width curves from the
five elevational levels (five to eight individuals per elevation),
giving the five elevational chronologies.

Radial and vertical shrub growth

The standardized ring widths were also used to assess radial
growth changes of individuals over time by dividing the
arithmetic mean of the annual growth increment of the first
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25 yr of the life of a shrub by the average annual growth
increment of the last 25 yr. Thus, our calculations were
rather conservative, as ring growth during 1981–2006 was
compared with the, usually strong, growth of the individual
as a sapling. The 25-yr period was chosen as some of the
youngest shrubs were c. 50 yr old and climate warming was
pronounced during the last 25 yr (Kohler et al., 2006), thus
making it possible to quantify the effect of the warming on
radial growth. For shrubs with an age of < 50 yr (three indi-
viduals), the average for the full period 1981–2006 was
compared with the average of the remaining years before
1981 ad.
Generally, the long-term pattern of shrub radial growth

of the whole population could be best modelled with a
third-order polynomial. Polynomial growth curves are com-
monly used to model plant growth (Snipen, 1998) and
northern latitude temperatures during the 20th century
(Grudd et al., 2002; ACIA, 2005).
Vertical growth rates were calculated by dividing the

length (cm) of the stem section between consecutive disks
by the number of years separating the onset of growth
between the disks. Vertical growth rate changes were
calculated comparably to the radial growth rate changes by
dividing the average vertical shrub growth of 1981–2006 by
the individual’s average vertical growth as a sapling (first
25 yr).

Climate–growth analysis

Climate–growth relationships were assessed with the
dendroclim2002 program (Biondi & Waikul, 2004),
which uses bootstrapped confidence intervals to estimate
the significance of correlation function coefficients. Mean
monthly temperatures, total monthly precipitation and
mean monthly snow depth were the predictor variables. We
computed simple correlations for all chronologies and a
moving correlation analysis for the main chronology to
assess the temporal stability of climate–growth relation-
ships. Correlation coefficients were calculated and reported
for the residual main chronology, and the residual eleva-
tional chronologies. Correlations with the respective shrub
standard chronologies were computed as control.

Results

The key findings of our study were that shrubs at the
highest elevations are comparatively young and show the
strongest relative radial growth increase compared with
shrubs at other elevational levels. For the whole slope at all
elevational levels, average radial growth and average vertical
growth have increased over the last 25 yr. Shrub growth cor-
related positively with summer temperatures but frequently
also with winter snow, winter precipitation and winter
temperatures.

Chronology quality and shrub ring growth patterns

In all chronologies, autocorrelation and (inter-) serial corre-
lation was comparatively high and mean sensitivity low
(Fritts, 1976). Expressed population signal (EPS) values of
the main chronology exceeded 0.85 from 1920 onwards,
indicating, as a standard measure of chronology goodness, a
strong common signal within the chronology.
With increasing elevation, average total ring width

decreased almost linearly (Table 1) from a maximum of
0.370 mm at 800 m asl to a minimum of 0.050 mm at
1100 m asl, thus, a negative correlation between average
ring width and elevation existed (r = )0.75; P < 0.01). No
differences between different genders in mean ring width or
general growth trend could be found and therefore the three
female shrubs were included in the chronologies. Eccentric
piths and locally missing rings (especially on the shorter
radii) were a common feature in J. nana.
Serial sectioning revealed that the biggest diameter of the

stem did not always comprise the most number of years and
that there oftenwas amore or less continuous loss of the outer,
most recent, shrub rings, proceeding from the tip of the plant
towards the root collar. In two out of three cases, the outer-
most ring measured at the stem base did not refer to the last
year of growth. Instead, the actual date of the formation of the
outermost ring was up to 82 yr ago. On average, 10 consecu-
tive annual rings were absent at the root collar. The occur-
rence of consecutively missing outer rings was not correlated
with stem size below and above ground, shrub age or the
length of the zone along the stemwith adventitious roots. The
average radial growth did not significantly decrease with
shrub age (linear regression: r2 = )0.06). The average age of
the shrubs was 84 (SE = 7) yr.

Age classes

Grouped by elevation, average ages increased from 65 yr at
770 m asl to 97 yr at 1000 m asl, and then decreased to 73 yr
at 1100 m asl. The latter, highest elevation shrubs were
> 30 yr younger than predicted by a simple linear extrapola-

Table 1 Average radial growth increases at five different elevational
levels, comparing the first 25 yr with the last 25 yr (1981–2006) of
individual shrub growth

Elevation
(m asl)

Radial growth
increase (%)

Average ring
width (mm)

770 18 0.321
800 60 0.251
900 59 0.183
1000 54 0.161
1100 73 0.117

One outlier removed from calculation (at 770 m above sea level
(asl), with an increase of 228%). Average ring-width decreases with
increasing elevation as expected.
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tion of average age vs elevation (Fig. 1).Maximum shrub ages
over the elevational gradient followed the same trend, first
increasing from 96 yr (770 m asl) to 200 yr (1000 m asl),
then decreasing to 159 yr at the shrubline. At the highest ele-
vations, we also observed a lot of shrub saplings compared
with the small total number ofmature individuals present.

Main climate–growth relationships

All correlations reported in this section were significant at
the 0.05 level. The strongest correlations between ring
width of the main chronology and climate variables were
those with June and July temperatures (r = 0.31; r = 0.33).
Correlations with June and July temperature were tempo-
rally stable over the whole period of the climate record
(1913–2004). June and July temperatures combined (JJ)
correlated with the main chronology at r = 0.40. In addi-
tion, there was a positive correlation with December tem-
perature and a negative relationship with June snowfall. A
substantial amount of snow in June occurred in 5 yr. Also,
the correlation with June snowfall was unstable through
time. For the main chronology, no significant correlations
with precipitation values were observed. Correlations with
August temperature were weak at the beginning of the 20th
century, but consistent and significantly positive over the
2nd half of the 19th century and of a similar magnitude as
the JJ temperatures. The correlation with December tem-
peratures faded out c. 1995, although it had been constantly
stable before. Around the same time, a positive correlation
with November snow started to influence growth.

Climate–growth relationships and elevational
gradients

Shrubs at lower elevations had positive correlations with late
summer temperatures (August), while shrubs at higher

elevations had positive correlations with early summer tem-
peratures (July and June). The 770-m chronology showed
positive correlations with November temperature of the
year before growth (r = 0.20), August temperature of the
year of growth (r = 0.23) and April snow depth (r = 0.20).
A negative correlation with September precipitation of the
previous year (r = )0.19) was observed (Fig. 2). The
800-m chronology showed positive correlations with sum-
mer temperatures (July, r = 0.20; and previous August,
r = 0.26) as well as previous December (r = 0.25) tempera-
tures and March precipitation (r = 0.24; Fig. 2). The
900-m chronology showed a strong positive correlation

Fig. 1 Average shrub ages (squares) along the elevational gradient
do not follow the expected linear extrapolation of increasing age
with increasing elevation (standard errors shown with horizontal
lines). The highest shrub communities at 1100 m above sea level
(asl) are c. 30 yr younger than expected, suggesting recent shrub
expansion up the slope. Maximum shrub ages (triangles) show the
same pattern.

Fig. 2 Correlations of shrub radial growth (ring width) with monthly
climate data of the main and elevational chronologies from May of
the year before growth (capital letters: M, J, J…, etc.) to September
of the year of growth (small letters:…j, a, s). Asterisks indicate
significant (p < 0.05) correlation coefficients. Note that the highest
correlation with summer temperatures shifts from August to June
with increasing elevation. Also note significant positive correlations
with snow, winter precipitation and winter temperatures. Black bars,
correlations with mean monthly temperature; white bars,
correlations with total monthly snowfall; grey bars, correlations with
total monthly precipitation.
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with July temperature (r = 0.46) and a weak negative corre-
lation with June snow cover (r = )0.14; Fig. 2). The
1000-m chronology showed positive correlations with
October temperatures of the previous year (r = 0.17) and
June temperatures of the current year (r = 0.19; Fig. 2).
The 1100-m chronology showed positive correlations with
June and August temperature (r = 0.42; r = 0.20) and snow
depth in February (r = 0.16; Fig. 2). The previous year’s
July temperature was negatively (r = )0.24) correlated with
growth while the precipitation correlated positively
(r = 0.21; Fig. 2).

Changes in radial growth over time

Individual shrub growth rates showed a distinct recent
increase in growth. Both differences in measured (raw, as
well as indexed) ring width of individual shrubs as well as
the general radial growth trend displayed by the main chro-
nology clearly showed this increase. The result for the stan-
dardized values, accounting for the possibly decreasing ring
width with increasing stem diameter, was a mean increase
of 61% during the last 25 yr, with 74% of all shrubs show-
ing an increase. The individual growth changes ranged from
an increase in ring width of 240% to a decrease of 25%.
The average values for the positive growth changes of the
last 25 yr rose with elevation, with a maximum at 1100 m
asl (73%; Table 1). Between 1886 and 1946, shrub growth
of the whole population (standard chronology) increased
and the only marked decrease in growth from 1940–60 was
followed by a distinct increase from 1970 until 2006
(Fig. 3). The average measured ring width increased over
time from 0.110 mm in the 1850s to 1860s to 0.215 mm
from 1980 to 2006. Total average ring width was
0.127 mm. Increases in growth were not restricted to youn-

ger individuals only, as almost all J. nana individuals older
than 100 yr increased their annual radial growth substan-
tially over the last three decades.

Changes in vertical growth over time

The highest average vertical growth rates occurred at 770 m
asl (2.9 cm yr)1), followed by 900 m asl and 800 m asl
(2.1 cm yr)1) and 1100 m asl (1.9 cm yr)1). Shrubs at 1000
m asl had the lowest vertical growth rate (1.6 cm yr)1).
Average vertical growth increased by 77% after 1981 with

highly variable individual changes, ranging from a more
than threefold increase (from 2.1 to 7.2 cm yr)1) to a maxi-
mum decrease of )75% (from 2.6 to 0.6 cm yr)1; Fig. 4).
A marked increase in vertical growth (shoot elongation)
existed during recent decades at all elevational levels. This
increase started in 1970 and was most prominent at higher
elevations (Fig. 4). There, maximum shrub growth rates in
the last three decades were as high as shrub growth rates for-
merly only found in low-elevation shrubs (770 m asl).

Discussion

To study the effects of climate on shrub growth, shrubs
have typically been exposed to experimental treatments
(Serreze et al., 2000; Bret-Harte et al., 2002). Experimental
studies are very useful to assess plant responses to various
possible changes in (micro-) climate induced by climate
change over short observational periods. Results suggest that
increased temperatures and increased levels of nutrients will
promote shrub growth (Bret-Harte et al., 2002).
In this study, we have used dendrochronological meth-

ods, developed mostly to study tree growth and, with one
additional step (serial sectioning), applied them to shrubs.
We found that the warming climate has indeed increased
shrub growth over the last decades to centuries in natural
shrub populations. In the following, we will first discuss the
dendrochronological method necessary to analyse shrub
growth changes. We will then discuss the rates of shrub size
increase, the starting period of shrub expansion, the possi-
bility of ongoing elevational shrubline dynamics and the
climatic factors responsible for the shrub expansion.

Dendrochronology applied to shrubs

The method of serial sectioning, as advised by Kolishchuk
(1990), was necessary because two-thirds of all samples were
missing outer, recent rings at the stem base. Without serial
sectioning, the radii of two-thirds of all shrubs would have
been assigned to the wrong period of time, thus making the
chronologies erroneous.
The most probable reasons for continuously missing

outer rings at lower stem sections are the short growing sea-
sons and limited resource availability during certain years.

Fig. 3 Indexed radial growth of the main chronology smoothed
with a 10-yr filter (broken and solid black lines, left y-axis) and sam-
ple size (grey line, right y-axis) over time. Radial growth is best mod-
elled (r2 = 0.77) with a third-order polynomial indicated by a thick
black line. The growth model was only calculated for a sample of
four or more shrubs (1850–2006). Before 1850 (broken line), sample
size is too small and ring width in the chronology therefore too vari-
able to reliably model shrub growth. Note the growth decrease in
the middle of the 20th century and the subsequent radial growth
increase.
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Shrub growth is initiated by the apical buds shedding the
hormone auxin (Forest et al., 2006), causing the cambium
to become active and produce cells (Kolishchuk, 1990; Sitte
et al., 1991). With increasing age, the stem gets longer, the
growth-stimulating cells move further away from the root
collar, and thus hormones probably need more time to
reach the lower stem parts. In years with unfavourable
growing conditions (cold growing season), hormones may
not reach lower stem portions and ⁄or the amount of
resources might not be sufficient for the shrub to produce
cell layers along the whole length of the plant. In these
years, the cambium in the basal part of the stem remains
inactive (F. Schweingruber, pers. comm.) and growth
occurs only in the upper part of the stem.
Consecutively missing outer rings might be the reason

for a stem diameter in J. nana, whose dimensions, unlike
in trees, remained constant over long parts of the basal
stem. These findings are in accordance with the studies of
Kolishchuk (1990) on Pinus mugo, where no age-related
radial growth trend was apparent. Similarly, Salix arctica
from northeast Greenland did not show a visible growth
trend (Schmidt et al., 2006), suggesting that this growth
pattern might be characteristic for high latitude or altitude
shrubs.

Three lines of evidence for shrub expansion

The first line of evidence for a shrub expansion is the
observed distinct, sometimes even exponential increase, in
radial growth at all elevational levels since the 1970s. Individ-
ual shrubs showed a strong increase in radial growth (61%
increase on average), when the first 25 yr and the last 25 yr of
growth were compared (Table 1). While the lowest average
increase occurred at 770 m asl (18%, one outlier removed),
the highest relative radial growth increase occurred at
1100 m asl (73%), suggesting that shrubs at highest eleva-
tions profit most in relative radial growth from recent
warming.
Radial growth over time could be best modelled by a

third-order polynomial (Fig. 3). This growth model sets the
onset of the shrub expansion right after 1860, when shrub
radial growth was at its minimum. Because of a very small
sample size before 1850 of less than four individuals and
EPS values approaching zero (indicating diverse responses
of those four or less individual shrubs), the growth model
could not be extended with reasonable confidence further
into the past. However, it still makes sense to assume the
start of the shrub expansion at c. 1860, as it coincides with
the end of the little ice age in Scandinavia (Grudd et al.,

Fig. 4 Vertical growth rates and growth trends at the five elevational levels over time indicate recent growth increases. Absolute vertical
growth rates are lowest at 1100 m above sea level (asl) and increase steadily with decreasing elevation until 770 m asl. Relative vertical growth
rate increases over time were most prominent at higher elevations, where shrubs currently grow with growth rates formerly restricted to lower
elevations only.
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2002). Thus, the expansion predates the current climate
warming, a conclusion that is confirmed by the most exten-
sive Alaskan shrub expansion study so far. There, the shrub
expansion has been modelled to have begun similarly early,
between 1875 and 1925, and was probably also connected
with the end of the little ice age and the subsequent warm-
ing (Tape et al., 2006).
Generally, long-term radial growth dynamics in shrubs at

our sample site covary with average annual temperatures in
Abisko and ring width in the Torneträsk pine chronology
from the same area (Grudd et al., 2002). All those time-
series can be best modelled by a third-order polynomial,
which is the typical trend approximation underlying north-
ern latitude temperatures since the beginning of the 19th
century (ACIA, 2005). This coherence in curve shape and
timing further suggests links between climate and vegeta-
tion dynamics since the little ice age.
The second line of evidence for a shrub expansion is the

increased vertical shrub growth since the 1970s, which is
simultaneous with the radial growth increase. While the
highest total growth rates were found among the 770–800 m
asl shrubs, the greatest relative vertical growth increases were
found at higher elevations, concurrent with the changes in
radial shrub growth (Fig. 4, Table 1). Because temperature
limitation is more severe at higher elevations, shrubs there
might profit most from warming temperatures.
The third line of evidence for an ongoing shrub expan-

sion in the area is the comparatively young average age and
young maximum age of the highest shrub population and
the presence of a fairly large number of shrub saplings there.
Woody plants at high elevations often grow much older
than at lower elevations because of the severe growing con-
ditions that result in slow but prolonged growth (Fritts,
1976; Schweingruber & Poschlod, 2005; Bär et al., 2006,
2008). Thus, the average age of shrubs commonly increases
with elevation (Schweingruber & Poschlod, 2005; Bär
et al., 2006). In our study however, this relationship existed
only from 770 m asl up to 1000 m asl. If we assume this
general trend of increasing age with increasing elevation to
be valid, shrubs at 1100 m asl should have had an average
age of > 100 yr (Fig. 1), but instead they showed an average
age of 73 yr, suggesting recent colonization.
We have to keep in mind that another reason for the

observed age trend could be an oscillatory pattern of young
shrubs establishing at high elevations during favourable
conditions, just to be killed-off during periods of unfavour-
able conditions. However, maximum ages of up to 159 yr
and average ages of 73 yr at the highest elevation make a
short-term oscillation of the shrubline unlikely. We also did
not find any dead individuals preserved at 1100 m asl as
evidence for this explanation. We thus conclude that cli-
mate conditions might have become suitable for shrub
growth at higher elevations in our study area, concurrent
with the general trend of climate warming.

Main chronology climate–growth relationships: the
possible mechanism

The main chronology had marked and significant positive
correlations with early summer temperature (JJ) that were
stable over time. This finding and the similar shape and
timing of longer-term temperature trends and long-term
vegetation dynamics (our shrub records, Fig. 3 and Grudd
et al., 2002) point towards a causal relationship between
warmer temperatures and the ongoing shrub expansion in
our study area.
The main chronology also had significant positive corre-

lations with December temperature that were stable for
much of the record. Positive correlations with winter tem-
peratures have been rarely reported so far, but have recently
been identified as potential co-drivers for shrub growth
(Sturm et al., 2005a).
Warmer winters in Abisko have been associated with an

increase in winter mean snow depth (2 cm per decade
1913–2004; Kohler et al., 2006). A greater snow cover is
thought to provide better insulation and thus to increase
temperatures and promote microbial life under the snow,
resulting in an increased nutrient supply for shrubs at the
beginning of the growth period of the following year (Mack
et al., 2004; Chapin et al., 2005). This positive feedback
loop may be one of the reasons for the currently observed
shrub expansion (Sturm et al., 2005a). The correlation with
December temperature might therefore further support the
beneficial influence of snow cover on shrub growth and via-
bility (Sturm et al., 2005b).
However, there can be a tipping point, when the

amount of snow becomes so much that the advantage of
better insulation is outweighed by the disadvantage of a
shortening of the vegetation period. Then, snow has a neg-
ative effect on growth, as reported for Salix arctica in
Greenland (Schmidt et al., 2006). The very weak negative
correlation with June snow observed in the main and the
900 m chronology has to be interpreted with caution, as
there were only 5 yr with snow cover in June within the
whole record. However, a delay in the onset or an inter-
ruption of the growing period by snowfall in June would
certainly be detrimental to any plant growth (Schmidt
et al., 2006).
The stronger correlations with snow depth of the stan-

dard chronologies (not shown) compared with the residual
chronologies indicate that several year’s snow depth influ-
ences the ring width of 1 yr. Thus, the influence of snow on
shrub growth seems a highly autocorrelated process. How-
ever, one has to keep in mind that all correlations with win-
ter snow depth or winter precipitation (which both refer to
snow), are based on data from Abisko valley and exposure
and topography might have altered the spatial distribution
of precipitation, snowfall and especially snow depth consid-
erably. Therefore, at this stage, we suggest that the observed
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correlations provide an indication that snow cover is likely
to influence shrub growth mostly in a positive way (Sturm
et al., 2005b).

Elevational levels: influence of climate and environ-
ment

The significant correlation coefficients of the elevational
chronologies with climate data shifted from late summer
temperatures (August) at low elevations to early summer
temperatures (June) at high elevations (Fig. 2). This might
reflect the importance for woody plants at high elevations
to experience a warm early summer and thereby an immedi-
ate onset of the growing period (Körner, 2003). For J. nana
shrubs at lower elevations, however, the late summer tem-
perature and the length of the growing season seems more
important. Shrubs at lower elevations may therefore
additionally benefit from a significant lengthening of
the growing season since 1997 that has been observed for
Abisko (Kohler et al., 2006).
In the future, other processes and mechanisms might play

an increasing role as shrubs colonize formerly shrub-free
high-elevation sites. For example, the 1100-m chronology
showed a negative correlation with temperature and a posi-
tive correlation with precipitation of the previous July, sug-
gesting drought sensitivity of J. nana on the shallow-soiled,
lichen-covered, stony slope.
This finding, together with the strong decline in ring

width with increasing elevation, might indicate that the
elevational advance of J. nana might come to a halt at
1200–1300 m asl, as the ring size would approach zero
under current conditions. The lowest average annual ring
width (0.05 mm) of a J. nana shrub found at 1100 m asl is
among the lowest values that have ever been reported for
coniferous species and equals typical average values for
dwarf shrubs such as Loiseleuria procumbens (Schweingruber
& Dietz, 2001).
However, these restrictions for growth might only be rel-

evant for high-elevation shrubs today and in the long run a
warming climate and the presence of suitable microsites
could allow the permanent establishment of shrubs also at
elevations of 1200 m asl and above.

Conclusion

We documented a distinct increase in radial and vertical
growth rates of J. nana shrubs during recent decades in the
subalpine zone of North Sweden. The age structure of
shrubs along the elevational gradient provides evidence that
an upslope advance of the altitudinal shrubline is underway.
We observed significant, strong and stable correlations
between annual ring width and summer temperatures (June,
July, August). The acceleration of radial and vertical growth
since 1970 also coincides with the recent three decades of

rising arctic air temperatures (Overpeck et al., 1997) and
the warming trend of 0.2°C per decade for the average tem-
perature since 1956 at Abisko (Kohler et al., 2006). While
numerous experimental studies showed the effect of artificial
warming on shrub growth (Serreze et al., 2000; Bret-Harte
et al., 2002), dendrochronology enabled us to establish and
confirm the mechanistic link between actual climate warm-
ing and the observed shrub expansion and to quantify shrub
growth rates in situ. There is mounting evidence that shrubs
are expanding into alpine and arctic areas because of climate
warming, and that this expansion occurs in both evergreen
and deciduous shrub types (Forbes et al., 2009).
The implications of a pan-Arctic shrub increase would be

substantial and would include important consequences for
the hydrology, the energy balance and the carbon budget of
high-latitude ecosystems (Chapin et al., 2005; Sturm et al.,
2005a; Tape et al., 2006). A large-scale conversion of tun-
dra into boreal forest is unlikely to happen in the near
future because of lag effects in seed distribution (Rupp
et al., 2001). Shrubs, however, are already present in most
tundra ecosystems and highly responsive to environmental
changes, increasing the likelihood of a large-scale range
margin expansion (Bret-Harte et al., 2002; Epstein et al.,
2004). Whereas the findings presented here add evidence to
the postulated pan-Arctic shrub expansion (Tape et al.,
2006) it would be desirable to further corroborate our con-
clusions. This could be done by expanding the dendrochro-
nological approach to include different shrub species and
study sites, or by combining remote sensing and repeat aer-
ial photography approaches with the in situ technique of
dendrochronology. In light of the increasing evidence for a
climatically driven shrub expansion into tundra areas, the
regional and global feedbacks resulting from this alteration
(Chapin et al., 2005; Sturm et al., 2005a) will have to be
included in future models of climate change.
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Letters

No change without a cause –
why climate change remains
the most plausible reason for
shrub growth dynamics in
Scandinavia

Büntgen & Schweingruber (2010) challenge the methods
and the main conclusions of our recently published research
article ‘Establishing a missing link: warm summers and
winter snow cover promote shrub expansion into alpine
tundra in Scandinavia’ (Hallinger et al., 2010). Therein, we
present three main lines of evidence for an elevational
shrubline expansion in northern Sweden: a pronounced
increase of radial and vertical shrub growth; an age structure
that indicates an up-slope range expansion of shrubs; and
significant positive climate–growth relationships with
summer temperatures and winter snow cover.
Over the last few years, mounting evidence from around

the arctic has suggested that shrub growth in northern
tundra biomes has increased over the last decades (Sturm
et al., 2001; Kullman, 2002; Jia et al., 2004; Jagerbrand,
2005; Tape et al., 2006; Bunn et al., 2007) and is probably
linked to summer warmth or increasing mean air tempera-
ture (Shiyatov et al., 2002; Rayback & Henry, 2006; Bär
et al., 2008; Forbes et al., 2009; Rozema et al., 2009). Our
results contribute to this growing amount of indication for
a pan-Arctic shrub expansion, as postulated by Tape et al.
(2006), and include analyses of both radial and vertical
growth changes in shrubs.

To address the critique of Büntgen & Schweingruber
(2010), we have re-analyzed our data and present addi-
tional morphological findings on vertical growth. However,
none of our re-analyses changes or questions our main
conclusions. The seemingly relevant pitfalls of our work
concerned: climate change in Scandinavia, ring-width
increase and ecology (issues not enumerated separately but
addressed repeatedly in Büntgen & Schweingruber, 2010);
averaging different stem heights and tree-ring standardiza-
tion and the danger of artificial index inflation. In the
following, we will first address each issue raised by Büntgen
& Schweingruber (2010) and then present additional
evidence for a shrub expansion and its possible causes in
our research area.

Climate change in Scandinavia

Büntgen & Schweingruber (2010) present a well-replicated
tree-ring data set from northern Scandinavia spanning the
last 1500 yr to show that there is no long-term trend from
generally colder Little Ice Age conditions to recent warmer
summer temperatures in Scandinavia (i.e. during the last
200 yr). According to Büntgen & Schweingruber (2010),
the nonexistent long-term trend of summer warming (sup-
ported by climate data; cf. Callaghan et al., 2010) questions
the link between warm summer temperatures and shrub
growth. While we agree that there has been no long-term
trend in summer temperatures over the last 200 yr (and
never stated this in Hallinger et al., 2010), the conclusion
drawn by Büntgen & Schweingruber (2010) is question-
able: shrubs do not need long-term (200-yr-long) trends of
increasing temperatures to increase growth but often react
rapidly to changes in the environment occurring on yearly
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to decadal resolution (Bret-Harte et al., 2002; Epstein
et al., 2004). In periods with above-average temperatures,
such as 1920 to 1930 and 1970 to present, shrubs are able
to increase growth, while they react with decreasing growth
in colder periods (such as 1940 to 1960, Hallinger et al.,
2010; Fig. 3). The warming events in the first half of the
20th century and in the present century are sufficient to
explain elevated radial and vertical shrub growth. Moreover,
while no trend in summer temperatures has been observed,
significant increases in autumn and spring temperatures
(2.5 and 2.9°C) imply an increase in growing degree days
over the last century (Callaghan et al., 2010).

Ring-width increase and shrub ecology

As we have the impression that our results regarding ring-
width increase have been profoundly misunderstood, we
present some of them here in a different way (Fig. 1a,c),
including information that was only shown in part in
Hallinger et al. (2010) as a result of space considerations
(Fig. 1b). It should be noted that we did not employ the
standardized ring-width curves to extrapolate vertical
growth, as incorrectly stated by Büntgen & Schweingruber
(2010) but clearly described by Hallinger et al. (2010). In
our study, we report a substantial vertical growth increase
(shoot elongation) at all elevational levels starting in 1970.
After assuming growth rates to remain constant between
consecutive shrub disks (respectively between the onset of
growth (pith date) between those disks) and subsequent
averaging of all individuals, it is apparent that there was an
earlier peak of vertical growth c. 1930 and a growth reduc-
tion before the recent increase (Fig. 1a). This growth
pattern strongly resembles the radial growth pattern
(Fig. 1c); also described in Hallinger et al. (2010, Fig. 3).
Thus, we acknowledge the influence of the 1930 warm-

ing peak on shrub growth and support the thought of
Büntgen & Schweingruber (2010) that our average shrub
ages of 84 yr correspond to germination conditions during
this period that were characterized by both warm summers
and winters. As current climatic conditions are similar, the
numerous shrub saplings that we observed at higher
elevations might be an indication for yet another (climate-
driven) germination event in our study area. The long-term
survival of saplings will, of course, depend on mortality
rates that might be rather high in the northern mountain
tundra (Körner, 2003). Büntgen & Schweingruber (2010)
speculate sapling establishment of shrubs to start with a dec-
ade-long period of suppressed growth and a subsequent
growth release, similar to conifers in North Russia (Esper &
Schweingruber, 2004). We are, however, sceptical of
whether this also applies to the shrub species we sampled.
We record 13 individuals (of 34) that show a growth pat-
tern similar to the one described for the Russian conifer
saplings, but all except one of these shrubs germinated in

the 1950s to 1960s, when shrub growth was generally low.
In shrubs that had germinated before 1950, shrub growth
was regularly not suppressed and we therefore assume that
the observed suppression is caused by external forcing (low
temperatures). This also justifies the inclusion of the first
25 yr of shrub growth in our calculations of radial growth
(Hallinger et al., 2010). Even if we – to be on the safe side
– divide the mean ring-width of the period 1955 to 1980
(and not the mean of the first 25 yr of shrub ring-width) by
the mean of the last 25 yr of radial growth (1981 to 2006),
we still receive an average radial growth increase of 51%,
with the highest shrubs almost doubling (91%) their aver-
age ring width after 1980 (compared with 61% and 73%,
respectively, in Hallinger et al., 2010).
Büntgen & Schweingruber (2010) just state that our

thought model of a positive relationship between plant age
and elevation (an age–class structure with increasing plant

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 1 Vertical and radial growth of Juniperus nana shrubs in
northern Sweden. (a) Vertical growth (cm yr)1) at (i) 770 m, (ii)
800 m, (iii) 900 m, (iv) 1000 m and (v) 1100 m above sea level
(asl), and (vi) arithmetic mean. (b) Raw measurements before
power-transformation (PT). (c) Chronologies: (I) index calculation:
ratios; (II) PT, individual stem-height levels standardized using
conservative methods and index calculation: residuals; (III) PT,
individual stem-height levels standardized using the regional curve
standardization (RCS) method, index calculation: residuals; (d)
sample depths: black, number of individuals; grey, number of radii;
(e) difference between chronology I and chronology II; (f) difference
between chronology I and chronology III. RW, ring width.
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age with increasing elevation) lacks scientific grounds but
fail in specifically stating why they come to this opinion and
do not provide any evidence for it. This comes as a surprise
as it is written in Schweingruber & Poschlod (2005) that
(first described for alpine and arctic environments) environ-
mental stress reduces plant growth and therefore prolongs
individual plant life. As environmental stress usually
increases with increasing elevation (Körner, 2003), we deem
it logical to assume increasing average plant ages with
increasing elevation. In the case of an up-slope shrub
increase, however, we would expect average shrub ages at
shrubline to be younger than further down-slope as a sign
for increased recruitment at the margins of the distribu-
tional range (Hallinger et al., 2010). Generally, younger
individuals can also denote regular recruitment without the
actual movement of the upper limit: this would result in a
thickening of shrub patches and is, by definition (Tape
et al., 2006; Hallinger et al., 2010), one of the criteria for
shrub expansion. It is also true that older individuals can be
relicts of an earlier favourable period for recruitment, but
there has to be a reason why they are not distributed evenly
along the elevational gradient. Similar reasoning can be
found for a possible elevational willow expansion in north-
west Canada (Danby & Hik, 2007) and for an elevational
treeline advance in northeast Canada (Gamache & Payette,
2005). Ward (1982) reported that slow-growing juniper
shrubs tend to live for longer, and Clifton et al. (1996)
found that shrub longevity increased with latitude and
attributed it to increasingly extreme climatic conditions.

Cross-dating method

The prostrate growth form of many shrubs, including
the dwarf junipers (Juniperus nana Willd.) studied in
Hallinger et al. (2010), causes wedging and missing rings,

and eccentricity of the pith. The comparison and final
averaging of several radii from different stem heights
(serial-sectioning) is therefore beneficial for the accurate
cross-dating and the development of shrub growth curves
(Kolishchuk, 1990; Bär et al., 2006; Hallinger, 2007;
Hallinger et al., 2010). Büntgen & Schweingruber (2010)
now argue that the continuous inclusion of successively
younger wood with potentially higher mean ring-width (at
higher stem levels) will result in an average growth curve
that is systematically elevated and thus biased towards its
end. While this reasoning is understandable, it generally
does not apply to the shrub species we studied. Fig. 2(a,b)
shows the ring width–stem height profiles of 34 dwarf
juniper shrubs. Thus, the average shrub usually shows
wider rings at the stem base than at all height levels higher
up (Fig. 2b) and the averaging of successive height levels
will therefore systematically lessen the magnitude of the
(average) outermost rings. Only the typical ring width–
stem height profile of a tree (Fig. 2c; adapted from Krause
& Eckstein, 1992) would result in the schematic diagram
of biased mean growth curves presented by Büntgen &
Schweingruber (2010).

Shrub chronology building

Before studying the influence of external factors, such as
climate, on shrub- or tree-rings, it is essential to remove
biological age trends (Cook & Kairiukstis, 1990; Esper
et al., 2003). Thereby, artificial index inflation (end-effect)
is possible when ring indices are calculated by division of
actual growth by a standardization curve and if this curve
decreases towards zero and ⁄ or underestimates the measure-
ments (Cook & Peters, 1997). As a remedy, Büntgen &
Schweingruber (2010) recommend the use of an adaptive
power transformation (PT) to make the measurements

(a) (b) (c)

Fig. 2 Ring width (RW) profiles of 34 Juniperus nana shrubs. (a) Individual shrub stem-height profiles (average RW of up to 12 height levels
scaled to the maximum level that occurred at 400 cm). (b) Arithmetic mean and smoothed (10 successive stem heights) average RW profile
indicating that the largest rings occur at the stem base. (c) Typical RW profile of a tree with increasing ring width towards the top of the stem
(spruce, generalized after Krause & Eckstein, 1992).
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homoscedastic (and thus stabilize the variance), permitting
differencing instead of dividing for index calculation.
Additionally, they advise the standardization of individual
radii from different stem heights before averaging them into
growth curves or chronologies to circumvent the potentially
biasing effects (see below) of averaging individual height
levels of different length and mean growth.
Our standardization involved only five shrubs (15%)

with sloping standardization curves (slope different from 0)
and in those cases, the fitted growth curve did not under-
shoot the actual measurements (Hallinger et al., 2010; the
resulting chronology is displayed in Fig. 1c, I). Still, follow-
ing the protocol suggested by Büntgen & Schweingruber
(2010), we power-transformed and detrended individual
height levels (horizontal line, but for the same 15% of
samples negative linear regression or negative exponential
where appropriate), used differencing for index calculation
and stabilized the variance of the resulting chronology
(Osborn et al., 1997; Fig. 1c, II). In addition, we repeated
the protocol but applied the method of regional curve
standardization (based on a regional curve showing declin-
ing radial growth trend with age, Fig. 1c, III). The original
as well as the recalculated chronologies, and the resulting
differences, are displayed in Fig. 1(c–f). The differences,
especially concerning the suspected end-effects, are negligi-
ble in the main period of interest (pre-1920 differences
probably relate to decreasing sample size), which is not
surprising as a result of our conservative detrending applied
(Hallinger et al., 2010) and the slight, but systematic, under-
estimation of average mean growth curves in the original
chronology (Fig. 2b). Optimized correlation between all
different standard shrub chronologies and the June to July
temperature improved (from an average r = 0.4, 1913 to
2004; Hallinger et al., 2010) during the second half of the
20th century (r = 0.6–0.7 for the year of growth and
r = 0.4 for the year before growth; P < 0.05; 1970 to
2004). Recent research has shown an increase in the
smoothed mean annual air temperatures in North Sweden
by 2.5°C between 1913 and 2005, mainly through an
increase in spring and autumn temperatures causing an
increase in the number of growing degree days (Callaghan
et al., 2010). Additionally, most recent warming (since
2005) has exceeded that of the 1930s (Callaghan et al.,
2010), with summers being exceptionally warm since 1996
(Van Bogaert et al., 2009). Shrubs have been found to
strongly react on artificially elevated temperature (Bret-
Harte et al., 2002; van Wijk et al., 2004; Jonsdottir et al.,
2005; Rozema et al., 2009) and they increased during the
last 10 yr within the direct vicinity (Olofsson et al., 2009),
and during the last 50 yr within the larger vicinity
(Kullman, 2007), of our research area. Therefore, an
increase of the juniper population studied would be no
surprise, as nonclimatic factors presumably do not signifi-
cantly apply, as discussed later.

Additional evidence and possible causes for a
shrub expansion

Recent findings from our research area show that woody
species have increased their growth and (elevational) range:
shrub biomass and shrub height of Betula nana L. increased
during the recent abnormally warm decade (Olofsson et al.,
2009). Aspen (Populus tremula L.), a thermophilic tree spe-
cies, increased its range in the subalpine birch forest as well
as at treeline, where it was found to be up to 180 m higher
than at the beginning of the 20th century (Van Bogaert
et al., 2010). The birch (Betula pubescens Ehrh. ssp.
czerepanovii (Orlova) Hämet-Ahti) treeline increased locally
up to 145 m up-slope (Van Bogaert et al., 2011). In the
Scandes of West-Central Sweden, subalpine and alpine
plant species shifted 200 m on average up-slope. There,
juniper was found at a location 105 m higher than in the
early 1950s (Kullman, 2007). These findings support our
conclusions (Hallinger et al., 2010) and rebut the assump-
tions of Büntgen & Schweingruber (2010) that recent
decades compared with earlier decades are not marked by
an elevated degree of ecological changes.
In detail, the causes attributed to the observed vegetation

dynamics vary according to life form and ecology of the
respective species: for birches at treeline, warm summer
temperatures seem to be of high importance for yearly
growth and snow depth is positively correlated with
elevational shifts of the treeline (Van Bogaert et al., 2011).
Herding disturbances and browsing by reindeers, as well as
defoliation caused by moth outbreaks, are the main causes
preventing a uniform treeline rise (or even causing retreat of
the treeline) in the area (Van Bogaert et al., 2011). For
aspen, a positive relationship of germination with summer
temperature of the year before, summer precipitation and
decreased competition by birch has been found (Van
Bogaert et al., 2010). The shrub expansion first mentioned
in the area (Sandberg, 1963) was a strong growth increase
and range expansion of willows (Salix sp.) in the two rather
cool decades following the 1930 warming event and a strong
reduction of the reindeer population in the 1930s (Van
Bogaert et al., 2011). Both factors probably influenced
willow germination and establishment rates positively.
Whereas herbivory has been found to play a role for

deciduous shrubs and trees in the study area, juniper in our
study area is probably, if at all, only indirectly influenced by
herbivores: juniper shrubs are not browsed by reindeers,
and rodents and insects have not been reported to feed on it
with significant impact as far north in its distributional
range (Ward, 1977; Manseau et al., 1996; Moen & Danell,
2003; Thomas et al., 2007; Olofsson et al., 2009; Verheyen
et al., 2009). In three field seasons in various places of the
northernmost juniper distributional range we have never
seen herbivory-related damage to juniper shrubs. Whereas
the browsing of deciduous shrubs in the vicinity of juniper
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stands might potentially reduce competition and thus fur-
ther juniper growth, there was little competition by other
shrub species > 900 m above sea level (asl), where growth
increases were high. It could be speculated that trampling
by the highest number of reindeers on record in the 1930s
might have destroyed some of the ground vegetation and
created seed beds suitable for germination, while the subse-
quent strong decline in reindeer numbers (probably caused
by a Clostridium infection; Moen & Danell, 2003) would
have allowed establishment of the saplings. Similar
decreases in herbivores have been reported to stimulate syn-
chronous waves of establishment in juniper (Fitter &
Jennings, 1975). However, our data do not support this
hypothesis as most of the germination in our research area
occurred in the 1950s (eight specimens) when reindeer
numbers were moderate and in the early 1920s (six speci-
mens) when reindeer numbers were still increasing (1930s,
three specimens; 1940s, five specimens). It must be noted,
however, that the numbers of specimens used to denote
recruitment are rather low in this study and should be fur-
ther increased to allow a more powerful assessment of
germination events. While juniper is generally frost tolerant
(Raatikainen & Tanska, 1993; Thomas et al., 2007), it can
be susceptible to frost drought as a result of reduced snow
cover (Kullman, 2007) or because of thawing and refreezing
events, although these factors rather apply to stands below
the treeline where winter temperatures are higher and snow
cover therefore is more vulnerable (Bokhorst et al., 2009).
While we have so far found no signs of frost drought or
frost-related dieback in our research area, with the current
trend of reduced snow cover (Callaghan et al., 2010), win-
ter-warming events might potentially become an obstacle to
shrub increases in the future.
Another factor that may influence shrub growth is altered

nutrient supplies by atmospheric nitrogen deposition that
has steadily increased in central Europe during the 20th
century until the 1970s to 1980s, whereupon depositions
declined again (Remke et al., 2009). Whether shrubs
respond in a positive or a negative way to enhanced nutrient
concentrations depends on the in situ nutrient status, on the
amount of fertilization, on the genetic potential and on the
individual physiology of the genus and of the plants
(Chapin & Shaver, 1985, 1996; Kellner & Marshagen,
1991; Mäkipää, 1995; Turkington et al., 1998). Whereas
significant increases in vertical and radial growth could be
reported from a fertilization experiment on Juniperus
communis growing on nutrient-deficient soil (peaty podzol;
Broome, 2003), J. nana has disappeared after 4 yr of
combined fertilization with nitrogen, phosphorus and
potassium (ultrabasic ranker; Ferreira & Wormell, 1971)
despite a general increase in vegetation cover from 5–10%
to 60%. Generally, species that are typically found on nutri-
ent-rich sites respond more strongly to nutrient addition
than species that are adapted to nutrient-poor environments

(Chapin & Shaver, 1985). The genus Juniperus has a low
nitrogen requirement (Ellenberg indicator value of 3 on a
scale of 1 to 9; Hill et al., 1999). Wet deposition for the
subalpine area at Abisko, which is less exposed to airborne
pollutants than the boreal part of Sweden (Malmer &
Wallén, 2004), has decreased since 1983 (wet deposition;
http://www.ivl.se) and has been stable over the last two
decades at a comparatively low rate (the total deposition of
nitrogen is c. 0.3 g m)2a)2 (Malmer & Wallén, 2004). As a
result of the low nitrogen requirement and the recent small
and stable deposition rates at Abisko that do not show any
synchronicity with the recent increase in ring widths, we
deem it rather unlikely that nitrogen deposition is linked to
the recent increase in shrub growth, although we cannot
preclude that elevated concentrations of nitrogen (despite
the potential intolerance of J. nana to higher concentrations
of nitrogen) have stimulated shrub growth earlier on.
Again, we point out that an expansion of our approach to

multiple sites within the area and around the arctic would
be desirable to corroborate our results and potentially
increase the evidence for a circumpolar shrub expansion. An
increased sample number would be beneficial for a more
detailed exploration of the timing of the germination
phases. We are aware that the factors influencing plant
growth are numerous, complex and interacting, and that
quantification of single factors will therefore remain a diffi-
cult proposition. Future studies delivering further insight
into the different potential factors at work would certainly
be worthwhile.

Conclusions

After careful consideration of all possible influences present
in our study area, of the data available to us and after the
partial re-assessment of our methods according to the rou-
tine recommended by Büntgen & Schweingruber (2010),
the results of our study have been confirmed. As juniper was
not found to be significantly subject to herbivory in our
research area, as other shrubs and another thermophilic
species have increased within the vicinity of the research
area and according to our results (Hallinger et al., 2010),
we conclude, in line with Olofsson et al. (2009) and
Kullman (2007), that climate is the most likely driver for
the observed and documented increases in radial and verti-
cal shrub growth, as well as for the up-slope establishment
of shrubs at high elevations in northern Sweden. While
none of the other environmental factors can be precluded
by itself, little evidence was found to support their influence
in this study. In line with Büntgen & Schweingruber
(2010), we agree that premature conclusions can jeopardize
the long-term reliability of science but would like to stress
that this not only applies to authors of research articles but
also to the scientific community who read and comment on
them.
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Abstract
Recent research using repeat photography, long-term ecological monitoring and
dendrochronology has documented shrub expansion in arctic, high-latitude and alpine tundra
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ecosystems. Here, we (1) synthesize these findings, (2) present a conceptual framework that
identifies mechanisms and constraints on shrub increase, (3) explore causes, feedbacks and
implications of the increased shrub cover in tundra ecosystems, and (4) address potential lines
of investigation for future research. Satellite observations from around the circumpolar Arctic,
showing increased productivity, measured as changes in ‘greenness’, have coincided with a
general rise in high-latitude air temperatures and have been partly attributed to increases in
shrub cover. Studies indicate that warming temperatures, changes in snow cover, altered
disturbance regimes as a result of permafrost thaw, tundra fires, and anthropogenic activities or
changes in herbivory intensity are all contributing to observed changes in shrub abundance.
A large-scale increase in shrub cover will change the structure of tundra ecosystems and alter
energy fluxes, regional climate, soil–atmosphere exchange of water, carbon and nutrients, and
ecological interactions between species. In order to project future rates of shrub expansion and
understand the feedbacks to ecosystem and climate processes, future research should
investigate the species or trait-specific responses of shrubs to climate change including: (1) the
temperature sensitivity of shrub growth, (2) factors controlling the recruitment of new
individuals, and (3) the relative influence of the positive and negative feedbacks involved in
shrub expansion.

Keywords: shrubs, vegetation, tundra, Arctic, alpine, climate change, feedbacks, ecosystem
structure, ecosystem function, disturbance

1. Introduction

High-latitude ecosystems have experienced warmer temper-
atures in recent decades, and are projected to continue to
warm in the future [1]. The implications of this warming for
tundra ecosystems are widespread and diverse [2], including
permafrost thaw [3], more frequent tundra fires [4] and
changing tundra vegetation [5]. Climate change is projected
to alter ecosystem boundaries between the various tundra
vegetation communities by increasing the relative abundances
and cover of shrub species (such as birch, willow and alder:
Betula, Salix and Alnus spp. respectively).

Shrubs are woody plants with diverse growth forms
including tall multi-stemmed shrubs (0.4–4.0 m), erect dwarf
shrubs (0.1–0.4 m) and prostrate dwarf shrubs (<0.1 m)
that grow laterally along the ground surface. In this paper
we refer to erect dwarf shrubs and prostrate dwarf shrubs
simply as dwarf shrubs. Shrub species are often the tallest
plants occupying tundra ecosystems upslope or northward
of the treeline ecotone, and can form dense thickets with
closed canopies in suitable habitats. Shrub species differ
in their potential to gain dominance in tundra ecosystems,
and some shrub species have a competitive advantage over
other tundra plants. In warming and fertilization experiments,
woody deciduous shrubs have been reported to increase in
canopy cover and height to dominate treatment plots [6–9].
Certain shrub species such as the dwarf birch Betula nana can
take advantage of more favorable growing conditions, such
as an increase in air temperature and nitrogen availability, by
rapidly elongating ‘short shoots’. These increases in cover and
height potentially restrict the growth of other plant species
by limiting light availability [6, 7, 10, 11]. The formation of
a closed shrub canopy can drastically alter the structure and
function of tundra ecosystems.

Changes to tundra vegetation structure, such as an
increase in tall shrub species, may either mitigate or

exacerbate warming in tundra ecosystems [10]. Shrubs
modify a wide range of ecosystem processes including snow
depth and associated hydrologic dynamics, nutrient exchange
and associated net carbon balance, as well as albedo and
associated energy fluxes. At present there is considerable
uncertainty about the magnitude and direction of these
feedbacks, and it is likely that different processes will drive
feedbacks in opposite directions. However, dramatic changes
to shrub abundance in tundra ecosystems could result in
significant alterations to the global carbon cycle [9], surface
reflectance [12] and tundra disturbance regimes [4]. In this
review, we document current observations of changes in
tundra shrubs, explore ecosystem processes modified by the
shrub increases, and outline research priorities to advance a
more synthetic understanding of the implications of increased
tundra shrub cover.

2. Observations of shrub increase

Increases in shrub biomass, cover and abundance (colloquially
termed shrubification) have been observed in many Arctic,
high-latitude and alpine tundra ecosystems over the past
century (table 1, figure 2) [13], including in northern Alaska
(primarily alder) [14, 15], the western Canadian Arctic
(primarily alder and willow) [16–19, 26], the Canadian High
Arctic (dwarf willow and evergreen shrub species) [20, 21],
northern Quebec (primarily birch) [22] and Arctic Russia
(primarily willow) [23]. Studies in high-latitude mountain and
other alpine ecosystems indicate the upslope advancement
of willow and alder species in Alaska [24], the Yukon
Territory [25], juniper in subarctic Sweden [27] and a variety
of shrub species in the Alps [28–30]. In addition to these
published studies, northern peoples are observing increases in
shrub cover in their traditional lands [31, 32].
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a) b) c)

Figure 1. The three general categories of shrub increase including (a) infilling of existing patches, (b) increase in growth and (c) an
advancing shrubline.

Figure 2. Map of sites at high latitudes where shrub change has been observed (table 1) and some examples of shrub change. (a) Shrubline
advance of Juniperus nana shrubs, with proliferating patches of Salix glauca and Betula nana in the background on a south slope in the
mountains of North Sweden about 900 m above sea level ( c©Hallinger, Abisko, Sweden, July 2008). (b) Trampling of ground cover on
caribou trails allows for establishment of Betula glandulosa seedlings (indicated with red arrows) in Northern Québec ( c©Ropars, Boniface
River, Québec, July 2010). (c) Dieback of Betula nana growing on previously ice-rich palsas with shallow active layers located between wet
graminoid patches. As palsas degrade, Betula nana shrubs are gradually exposed to higher soil moisture and finally drowned in water, while
Eriophorum and Carex species invade the areas. ( c©Schaepman-Strub, Kytalyk, Indigirka lowlands, NE Siberia, July 2010.) (d) Rock
ptarmigan (Lagopus muta) standing in a patch of Betula gladulosa and next to a patch of Salix pulchra. Ptarmigan feed on buds in spring
and are one of the major herbivores on willow species in the western North American Arctic [55]. ( c©Myers-Smith, Pika Valley, Yukon
Territory, May 2007.)

Increases in shrub species can be classified into three
categories involving either a change in clonal growth or seed
recruitment (figure 1). These three categories are: (a) infilling,
an increase in shrub cover through lateral growth of currently

existing shrubs as well as recruitment between existing
patches; (b) increase in growth potential, such as a change
of growth form including an increase in the canopy height of
shrub cover; and (c) an advanced shrubline, or colonization
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Figure 3. Potential feedbacks from increased density and cover of shrubs to ecosystems processes and properties. Red arrows indicate
positive relationships, and blue arrows indicate negative relationships between the two connecting factors; gray arrows indicate as yet
undetermined influences.

of areas beyond the previous range limit. Observations of
all three types of shrub expansion have been reported in the
literature (table 1). The low Arctic transition zone between tall
and dwarf shrub tundra is predicted to respond most rapidly
to warming [26, 33]; however, advances of shrub species
northward into the high Arctic or upslope in mountainous
regions are also projected [5].

The ground-based observations of shrub increase are
supported by trends observed with satellite imagery [23,
34–36]. Multi-decadal records of the normalized difference
vegetation index (NDVI), an indicator of vegetation green-
ness, show a greening of the Arctic tundra at sites in
Alaska, western Canada and Siberia [35–42]. However, the
spatial resolution of continuous long-term satellite records
(i.e. AVHRR, MODIS or Landsat) covering timespans
relevant to climate warming is coarse (250 m–8 km) compared
to the spatial heterogeneity of shrub patches in tundra
ecosystems (1–200 m) [26]. Changes in NDVI observed
using these larger pixel sizes integrate various factors at the
landscape scale, including water bodies and changes in NPP
and biomass of all functional groups [43]. Therefore, low
resolution satellite images can provide indirect evidence of
shrub growth, but only when they are validated with high
resolution imagery and in situ ‘ground-truthed’ observations
as have been conducted at sites in Alaska [15, 44], western
Canada [26] and Siberia [23, 34].

Contemporary shrub expansion parallels past episodes
of Arctic vegetation change. Paleoecological records suggest
that shrub species are well adapted to colonize and/or extend
their presence in tundra ecosystems during periods with
favorable growing conditions. Pollen records indicate that
alder, birch and willow species were more widespread in
circumpolar mid and high Arctic ecosystems during periods

after the last glacial maximum that were warmer and wetter
than the present [13, 45–49]. The onset of relatively cool
conditions may have restricted the reproduction of shrubs,
pushing back the distributions of these species to more
southerly limits or to locally favorable environments. For
example, the dwarf birch Betula glandulosa persists clonally
in late snow melt areas at its northern limit on Baffin Island,
but it is unable to reproduce sexually due to loss of pollen
viability [50]. By contrast, as conditions warm, reproduction
can be greatly enhanced. For example, the number of
locations with Empetrum nigrum ssp hermaphroditum (an
erect dwarf evergreen shrub) is increasing markedly on
Svalbard [51] and range extension of this species is expected
with continued climate warming. Together, evidence of
higher shrub abundance and expanded northern distributions
during warmer periods in the past, combined with current
observations of increases in shrub growth and colonization
(table 1), suggest that if growing conditions continue to
improve, shrubs will become widespread across the Arctic
biome [12].

3. Factors influencing shrub increase

Although growth of tundra plants is limited by temperature
in Arctic and alpine environments [52, 53], many other
factors influence shrub growth (figure 3). Incoming solar
radiation, precipitation, soil moisture, nutrient availability,
CO2 concentrations, disturbances, snow pack and melt timing,
active layer depth, soil temperatures, and growing season
length interact, making it difficult to pinpoint which specific
factors control the growth and recruitment of shrub species at
a given location. Biotic interactions with herbivores [54, 55],
pollinators [56], pathogens [57] or soil mycorrhizae [58], and

6

71



Environ. Res. Lett. 6 (2011) 045509 I H Myers-Smith et al

competing tundra plants [59, 60] add even greater complexity.
In the following sections we explore three key drivers of shrub
change in tundra ecosystems: temperature, soil disturbances
and herbivory.

3.1. Temperature

Temperature limits both the reproduction and growth of shrub
species in tundra ecosystems. Growing season temperatures
are increasing in northern North America and northwestern
Russia [12, 61, 62], and, concurrent with this, the conditions
for recruitment and growth of shrub species are also likely
changing. Observations of low pollen or seed viability in
populations of alder (Alnus viridis subsp. fruticosa), dwarf
birch (Betula glandulosa) and willows (Salix spp.) near
their range limits suggest that temperature limitation of
reproduction may determine the northern extent of many
shrubs in the low Arctic [16, 50, 63]. Studies of age
distributions of shrub species in tundra ecosystems indicate
that recruitment has increased in recent years at sites in the
western North American and European Arctic [16, 25, 27, 64].
However, there are currently few studies that link warming
and new recruitment to shrub increase in tundra ecosystems.

Several recent studies have documented significant
positive correlations between ring widths or shoot lengths and
early and mid growing season temperatures for some of the
most common tall [23, 25, 27, 34, 65] and dwarf [66–70]
shrub species found in tundra ecosystems. In some studies,
winter temperatures and snow have been found to correlate
with growth in the following summer [27, 71–73]. Snow
melt timing determines the length of the growing season and
the snowpack provides protection from frost damage during
the winter and spring [74–76]. These analyses suggest that
warmer conditions are likely to promote shrub growth either
directly by altering physiological processes or indirectly by
enhancing soil microbial activities that supply nutrients for
shrub uptake, as long as other factors are not limiting [77].
Also, increased summer temperatures are often accompanied
by greater summer moisture deficits, which could offset
the expected growth increase created by higher summer
temperature alone, as has been observed in boreal trees [78].

3.2. Soil disturbance

Tundra disturbances caused by fire, permafrost degradation,
stream channels, animal burrowing or trampling, or human
activities create and maintain microsites where tall shrubs
can establish and remain dominant for decades to centuries.
Recent evidence indicates that many of these disturbances,
such as fire [4, 79] and permafrost degradation [3, 80–84], are
increasing in high-latitude ecosystems. Increased abundance
and growth of tall shrubs on thaw slumps [17], drained lake
basins [85], pingos [18], tundra fires [16], vehicle tracks [86]
and drilling mud sumps [87] suggest that increases in
natural and anthropogenic disturbance could be contributing
to increased shrub abundance and distribution.

In the low Arctic, disturbances that expose mineral soils
and deepen active layers show rapid changes in functional

group abundance, and after several decades are typically
dominated by tall shrubs [16, 17, 87, 88]. In the short-term,
landscape and soil disturbances are likely to stimulate
more rapid recruitment than warming alone [16, 17]. The
rate of shrub expansion on recently burned tundra sites is
twice as fast as on comparable undisturbed surfaces (Lantz
et al unpubl. data). Caribou and other animal species can
create disturbances by trampling ground cover [89], creating
trails that erode soils resulting in either damaged biomass
and reduced shrub cover or the provision of sites for the
recruitment of shrub seedlings [90]. Soil disturbances could
also be a precondition for shrubs to take advantage of
improved climate conditions and increase in abundance across
the landscape. In contrast, in some ecosystems, landscape
disturbances can also reduce shrub abundance. Decreases in
shrub cover were observed in northwestern Arctic Russia
where willows failed to regenerate in vehicle tracks two
decades after the initial disturbance, due to the development
of a graminoid-dominated sward [91]. Landscape-scale fires
have set back potential shrub increase in Australian alpine
areas for 5–20 yr, except in burn scars where species are
able to re-sprout [92]. In addition, permafrost degradation of
ice-rich palsas in northeast Siberia has resulted in dieback
of large Betula nana patches and a conversion to graminoid
cover (figure 2). Thus, future disturbances and recovery after
disturbance in tundra ecosystems could lead to both increases
and decreases in shrub abundance.

3.3. Herbivory

Herbivores can reduce the survival of shrubs and limit
or reduce shrub patch expansion, as shown by enclosure
and exclosure experiments [54, 93]. Animals such as
sheep, reindeer, muskoxen, lemmings, ptarmigan, moose and
hares have been shown to decrease tundra tree and shrub
abundance and canopy structure in Scandinavia, Greenland
and Alaska [54, 55, 93–96]. However, current knowledge of
the influence of different herbivores on seedling recruitment
is limited, and little is known about the influence of insect
herbivory and seed predation.

The influence of herbivory on shrub abundance in tundra
ecosystems will depend on the size and density of the
herbivore populations, intensity of grazing, palatability of the
shrub species, and plant and herbivore phenologies [95]. Wild
herbivores can migrate over large areas and exhibit cyclic
population dynamics; therefore the influence of herbivory on
shrub populations will likely change over time and space [5].
Shrub abundance has been reduced by mammalian herbivores
in low Arctic Greenland [93] and Norway [96], while no
evidence of reduction in shrub expansion by mammalian
herbivores was found on the Arctic coast of the Yukon [19].

In tundra ecosystems, the dominant herbivores can be
either wild or domesticated. In Fennoscandia and Siberia, land
use is dominated by extensive grazing by reindeer and sheep,
and this has strongly influenced the abundance of woody
species in tundra environments [23, 54, 96, 97]. In northern
Scandinavia, herbivory by sheep or reindeer is thought to be
the primary factor determining the elevational position of the
treeline ecotone [94, 95, 98], and declined use of pastures has
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Table 2. Observed impacts of shrub canopies on tundra ecosystem function.

Ecosystem function Influence of canopy observed References

Energy exchanges Higher sensible heat fluxes during melt, and reduced
sublimation in winter, from tall shrub canopies

[102, 109]

Reflectance Lower albedo over shrub tundra [12, 102–106, 110], Ménard et al unpubl. data
Snow melt Faster snow melt in areas with shrub canopies extending

above the snowpack
[12, 102–104]

Soil temperature
dynamics

Snow trapping and soil warming in winter, shading and soil
cooling in summer under shrub canopies relative to tundra
plots

[25, 102, 107, 110, 120], Lévesque unpubl. data

Nitrogen cycling Greater N availability or faster N-cycling in tall shrub versus
low shrub tundra plots

[114, 119, 142]

No difference in NO3 and NH4 availability during summer
between shrub and tundra plots

[25]

No influence of shrub canopies and snow on winter
N-mineralization rates, greater summer N-mineralization
from soils under a high shrub canopy and with snow addition
differences in SOM quality can drive larger differences in net
N-mineralization than changes in soil microclimate

[120]

Carbon storage Greater carbon storage in shrub versus tundra plots [9, 25, 143]
Carbon flux No difference in CO2 soil respiration between shrub and

tundra plots
[25]

Decomposition More recalcitrant litter from shrub species than other tundra
plants

[113]

Greater decomposition rates in tall shrub versus low shrub
tundra plots

[143]

Little difference in decomposition rates between shrub and
tundra plots

[25]

Biodiversity Lower biomass and diversity of species under shrub canopies [122], Myers-Smith and Hik unpubl. data

resulted in increases in shrubs in the Alps [28]. Herbivores
can also influence seed production and seedbed size [89, 99],
transport seeds [100] and fertilize soils, which can in turn alter
recruitment, dispersal, growth and potential rates of shrub
increase.

4. Feedbacks and impacts of shrub increase

Interactions among shrubs, microclimate, litter inputs, carbon
storage, nutrient cycling, organic matter decomposition,
surface reflectance, erosion, ground temperatures, thaw
depth and disturbance have been hypothesized to result in
positive and negative feedbacks to further shrub expansion
(figure 3, table 2) [12]. In the following sections, we explore
feedback mechanisms involving shrubs and albedo, snow
cover, soil temperatures, thaw depth, nutrient availability and
biodiversity.

4.1. Surface energy exchange and soil temperatures

Tundra shrubs can significantly influence the exchange of en-
ergy among the atmosphere, vegetation and soils [101–103].
With an increasing canopy height and density, a higher
fraction of the incoming shortwave radiation is absorbed
by the canopy and less is reflected to the atmosphere and,
therefore, albedo decreases [12, 104–106]. Lower spring
and summer albedo has been observed over shrub versus
shrub-free tundra in Arctic Alaska [12, 105], alpine areas
of the Yukon Territory [102], upland tundra north of Inuvik,
NWT (Lantz et al unpubl. data) and across the tundra
biome [105]. Shrub expansion can therefore significantly alter

the interaction of the atmosphere with vegetation, soil and
permafrost through changes in energy fluxes.

Shrub canopies and snow cover interact to influence
soil and permafrost temperatures. Tundra shrubs can
significantly modify the accumulation, timing and physical
characteristics of snow, thereby influencing the exchanges
of energy and moisture between terrestrial ecosystems and
the atmosphere [101–103]. In winter, snow cover protects
plant buds and tissue from the effects of extreme cold [74,
75]. Shrubs trap snow, leading to localized increases in
snowpack, and also reducing the thermal conductivity of the
snowpack by preventing the formation of highly conductive
wind-compacted snow layers [110]. As a consequence,
winter soil temperatures can be up to 30 ◦C warmer than
air temperatures under shrub canopies [108], whereas soil
temperatures may be almost equal to air temperatures in
adjacent shrub-free sites [25]. The effect of tall shrubs
on snow trapping and albedo can also be moderated by
shrubs bending and being buried in the snowpack under
the weight of snow [102–104]. In spring, snow melt is first
accelerated as a result of the lowered albedo around shrub
branches that protrude above the snowpack, but subsequent
shading by shrub canopies may promote longer duration snow
patches [103, 107, 109]. In summer, shading under shrub
canopies decreases soil temperatures [103] and active layer
depths [107]. Removal of the Betula nana shrub canopy in
experimental plots in Siberia resulted in greater active layer
depths due the loss of soil shading, despite the increase
in surface albedo accompanying shrub removal [107]. Near
surface soil temperatures under shrub canopies were found
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to be ∼2 ◦C cooler in summer and ∼5 ◦C warmer in winter
in an experimental canopy manipulation conducted in alpine
tundra of the Kluane Region [25]. The results of these studies
suggest that both the summer soil cooling effect of shading
and the winter soil warming effect of snow trapping must be
considered to determine the year-round effect of changes in
shrub cover on soil temperatures and permafrost conditions.

4.2. Nutrient cycling

Interactions between the abiotic and biotic influences of
shrub canopies can alter tundra nutrient cycling. Fertilization
experiments show that vascular plant productivity is nutrient
limited in tundra ecosystems, as demonstrated by an
increase in shrub biomass after nitrogen and phosphorus
fertilization [6, 9, 111, 112]. Increases in canopy cover
and height of shrub species can increase litter inputs to
soils [113], nitrogen mineralization rates [114] and the amount
of carbon stored in above and below ground biomass [9].
Although deciduous shrub species produce more litter than
other tundra species, this litter is relatively recalcitrant; thus,
increases in shrubs could reduce overall decomposition rates
in tundra soils [113]. In winter, snow trapped by shrub
canopies insulates soils and has been hypothesized to increase
decomposition and nutrient release [108]. Experimental
manipulations demonstrate that greater snow depth and
warmer winter soils under shrub canopies can increase litter
decomposition [115] and nitrogen cycling [114, 116–119].
Recent work at Toolik Lake, Alaska showed a positive effect
of winter snow addition on summer, but not winter, nitrogen
mineralization rates [120]; however, there have not been
experimental tests of the influence of summer canopy shading
on nutrient cycling and decomposition rates. Carbon dioxide
and methane fluxes are likely also altered by shrub canopies.
Differences in growing season carbon dioxide effluxes were
not explained by the presence of a half-meter-tall willow
canopy in alpine tundra in the Kluane region, Yukon
Territory [25]. However, increased evapotranspiration from
greater shrub biomass could dry soils, and has been suggested
to reduce methane emissions and increase carbon dioxide
fluxes in areas with expanding shrub cover [121]. This same
mechanism of soil drying from increased evapotranspiration
when combined with the greater fuel load in shrub tundra
could result in increased frequency and intensity of tundra
fires with increases in shrubs [48].

4.3. Biodiversity and ecosystem services

Increases in shrub abundance could have negative effects on
tundra species richness, through the loss of shade-intolerant
species under shrub canopies [122]. At tundra sites in
northwestern Fennoscandia and the Yamal Peninsula in
Russia, the species richness of vegetation declined with
increasing shrub height and cover [122]. The richness of
herbaceous species decreased significantly over 20 yr with
increasing dwarf shrub cover on an Arctic mountainside in
northern Sweden [123]. Fewer species and lower biomass
of tundra plants, excluding tall shrub canopies, were found

in shrub versus adjacent shrub-free plots in alpine tundra of
the Kluane Region in the Yukon Territory [25]. The loss of
particular species or functional groups may have implications
for tundra food webs and ecosystem services. Lichens have
been shown to decline with increases in shrub cover [8,
124, 125]. As important forage species, lichen decline could
negatively impact caribou and reindeer populations, and thus
influence hunting or herding activities. Increased shrub cover
could also reduce moss biomass, which is an important
soil insulator. Thus, the loss of the moss layer may alter
soil temperatures, active layer depths, and rates of soil
decomposition [126]. Willows are an important forage species
for caribou, moose, ptarmigan and other wildlife species [55,
127, 128], and either increases or decreases in willow cover
may influence the populations of these species. In addition
to the potential impacts on biodiversity, ecosystem function
and wildlife, altered vegetation structure in tundra ecosystems
might influence human access to traditional travel routes,
berry harvesting, reindeer herding or hunting of wildlife
species.

5. Future research needs

Our analysis of the literature indicates that the following
questions must be addressed in order to determine future
patterns and impacts of shrub encroachment on tundra
ecosystems.

5.1. How will shrub species vary in response to climate and
environmental change in tundra ecosystems?

Our review highlights the growing number of observations
of shrub increase around the circumpolar Arctic and in
high-latitude and alpine tundra ecosystems (figure 2 and
table 1); however, the differences in species specific responses
to warming have yet to be adequately quantified within
and between sites. The International Tundra Experiment
(ITEX) tested the response of tundra plots to warming
across the Arctic [129, 130]; however, warming experiments
with larger plots encompassing larger statured shrub species
have only been conducted at a few locations [9, 111, 131].
Understanding the key differences among shrub species
responses to climate warming could improve predictions of
vegetation change across the Arctic. Birch has been the
focus of many experimental field studies [6, 50, 58, 107],
but the potential responses of willow, alder and other shrub
species to changes in environmental conditions are less well
characterized. Furthermore, a whole host of species-level
interactions may determine future shrub distributions, with,
for example, caribou preferentially browsing willow over
birch or alder, birch roots forming an association with
an ectomycorrhizal fungal partner, or alder forming a
symbiosis with nitrogen-fixing bacteria. Species-level studies
are urgently required to evaluate and interpret current patterns
of shrub change, as well as to predict future change.
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5.2. To what extent is the potential expansion of shrubs
across Arctic landscapes constrained by landscape position?

Many of the observations of increasing shrubs are from
discrete locations, and variation in rate of shrub change
is seldom quantified across the landscape (figure 2 and
table 1). Studies that have conducted landscape-level analyses
of shrub change find both increasing and more stable patches
sometimes located in close proximity [15, 132]. Tall shrubs
generally occur in patches across the tundra landscape where
conditions favor enhanced nutrient cycling and productivity,
such as areas of preferential water flow, or areas where snow
accumulates and protects the shoots from winter damage [15].
Topography therefore is likely to be an important constraint on
the potential for increased shrub growth and expansion as the
climate warms. Thus, landscape-scale studies are required to
parameterize realistic models of shrub proliferation and close
examination of the current patterns of shrub expansion for
key species in relation to local hydrology and wind protection
are needed. New applications of remote sensing to measure
shrub distributions and changes in shrub cover and associated
ecosystem processes in greater detail over large areas will
facilitate these avenues of research.

5.3. What controls the recruitment of new individuals that
will lead to range expansion of shrub species?

Much of the current research on shrub expansion focuses on
the factors that control shrub growth (figure 2 and table 1), and
only a few studies have addressed changes in recruitment of
shrub species [16, 17, 99]. Since shifts in abundance and range
expansions will be mediated primarily by the establishment of
new individuals, future research should focus on the factors
controlling pollination, germination, recruitment and survival.
The interactions between warming, disturbance and increased
recruitment of shrub species should also be further explored so
that we can better project future shrub increase. Seed viability
experiments, demographic studies of shrub populations and
experimental studies of seedling establishment would all
contribute to our understanding of shrub recruitment in tundra
ecosystems.

5.4. Can shrubs growing at the latitudinal or elevational
range edge form more dominant and tall canopies if growing
conditions improve?

A growing number of studies have identified increases in
shrub cover at low Arctic sites, but few have investigated
change at the range edge of shrub species (figure 2
and table 1). Many tundra shrub species have very large
geographic ranges, and at higher latitudes these species have
a more diminutive growth form with lower canopy heights
and reduced ground cover [26]. Little is known about whether
individuals growing at the range edge have the ability to
form larger more dominant canopies if growing conditions
improve. The current size and growth form of northern or
high-elevation populations of tall shrub species may represent
genetically-based local adaptation to extremely harsh growing
conditions. The ITEX experiments [129, 130] examined

phenological variation in rates of plant growth between
warmed and control plots. Common garden experiments or
reciprocal transplants [133, 134] have tested how individuals
from different sites at different latitudes grow under the
same conditions. However, further work exploring phenotypic
plasticity, local adaptation and latitudinal clines in size and
fecundity should be conducted to improve our understanding
of future shrub change at the range edge of tundra shrub
species.

5.5. What is the balance between summer and winter
feedbacks to shrub encroachment?

Feedbacks of shrub expansion to abiotic processes remain
poorly understood (figure 3). Several studies have proposed
hypotheses and experimentally tested ecosystem impacts
of increasing shrub cover (table 2); however, studies that
integrate processes across the entire year have yet to
be conducted. Winter biological processes were initially
hypothesized to create positive feedbacks to future shrub
encroachment [108, 109]; however, recent studies have also
highlighted the importance of the summer season [25, 107].
Further observational and experimental work is required to
answer questions, such as what the overall effect is of shrubs
on soil nutrient availability, integrating the influence of soil
temperatures in the summer, winter and shoulder seasons.

5.6. How do feedbacks to shrub encroachment vary across
different densities and canopy heights of shrub cover?

The influence of shrub canopies on ground shading, snow
depth, soil temperatures and biological processes varies
with the cover, height, density and structure of the shrub
canopy [135, 136], but additional research is required
to characterize the nature of these linear or non-linear
relationships. For example, we do not yet know whether shrub
expansion is accelerated by positive feedbacks involving
snow cover and thickness, surface albedo and atmospheric
heating. Nor do we know whether the strength of these
potential feedbacks varies with shrub density, cover and
canopy height. Future investigations using canopy removals,
artificial canopies and other experimental techniques across
variation in shrub cover, density and canopy heights will
improve our understanding of the relative balance of positive
and negative feedbacks to shrub encroachment.

6. Conclusions

Our review highlights the growing number of observations
of increases in shrub species in tundra ecosystems at sites
around the circumpolar Arctic, high-latitude and alpine areas.
These changes are likely to cause significant modifications to
the structure and functioning of tundra ecosystems. Recent
research highlights that: (1) growth in shrub species is
often strongly correlated with growing season temperatures;
(2) disturbances such as fire and permafrost thaw can enhance
shrub expansion; (3) herbivory can control shrub canopy
architecture and limit expansion rates; (4) shrub canopies can
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alter surface albedo and increase atmospheric heating; and
(5) shrub canopies can trap snow and insulate soils in the
winter, yet shade soils and maintain shallower active layer
depths during the summer. There is growing recognition that
increasing rates of shrub encroachment in tundra ecosystems
will be determined by large-scale factors such as atmospheric
heating, regional factors such as altered disturbance regimes
or herbivore populations and site specific factors such as soil
moisture conditions or snow insulation. The prediction of
future shrub patterns in the tundra biome requires continued
monitoring of changes in shrub abundance and research to
identify key drivers of this change. Much of the current
evidence for increasing shrub cover comes from low Arctic
sites in the western North American Arctic, Subarctic
Scandinavia and the eastern European Arctic (figure 2).
Further research on the patterns of shrub increase and the
impacts on ecosystem function at sites across the Arctic biome
will improve circumpolar projections of shrub abundance in
tundra ecosystems and their role in land–surface feedbacks to
climate change.
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Abstract
In the 21st century, most of the world’s glaciers are expected to retreat due to further global
warming. The range of this predicted retreat varies widely as a result of uncertainties in
climate and glacier models. To calibrate and validate glacier models, past records of glacier
mass balance are necessary, which often only span several decades. Long-term reconstructions
of glacier mass balance could increase the precision of glacier models by providing the
required calibration data. Here we show the possibility of applying shrub growth increments
as an on-site proxy for glacier summer mass balance, exemplified by Salix shrubs in Finse,
Norway. We further discuss the challenges which this method needs to meet and address the
high potential of shrub growth increments for reconstructing glacier summer mass balance in
remote areas.

Keywords: dendrochronology, glaciology, climate change, extension of glacier records

1. Introduction

In terms of climate change research, glacier dynamics have
experienced a strong focus throughout the past decade (e.g.
Nordli et al 2005, Oerlemans 2005, Rosenzweig et al 2008).
This is because most of the glaciers world wide have been
retreating since the end of the climatic depression in the
18th century, known as the Little Ice Age (e.g. Overpeck
et al 1997, Maisch 2000, Mann 2002). For the 21st century,
further glacier retreat, resulting from global warming, is
predicted (e.g. Maisch 2000, Hall and Fagre 2003). Yet,
glacier dynamic models are getting increasingly complex and
long-term glacier mass balance records are needed for the
validation of such models (Marshall 2005).

However, most of available glacier mass balance records
only span several decades and show data gaps, due to
the location of most glaciers in remote Arctic or Alpine
areas (e.g. Oerlemans 2005, Kjøllmoen 2011). Proxies are

Content from this work may be used under the terms
of the Creative Commons Attribution-NonCommercial-

ShareAlike 3.0 licence. Any further distribution of this work must maintain
attribution to the author(s) and the title of the work, journal citation and DOI.

frequently used to close such gaps and prolong these records
(e.g. Holzhauser et al 2005, Loso and Doak 2006). The
two main components of a glacier’s mass balance are
winter mass balance—when a glacier accumulates mass due
to snowfall—and summer mass balance—when a glacier
loses mass due to melting (e.g. Nordli, 2005). The age of
terminal moraines can be dated through lichenological studies
(Beschel 1973, Bradwell 2001, Reyes et al 2006, Bradwell
2007) and winter mass balances can be reconstructed by
ice-core analyses or by ground penetrating radar sounding
measurements above the equilibrium line (Kohler et al 1997).
Past glacial summer mass balance (GSM) has earlier been
derived from tree-rings growing in the vicinity of the glaciers
(e.g. Watson and Luckman 2004, Laroque and Smith 2005,
Wood et al 2011). One advantage of using tree-rings for the
approximation of GSM is their annual resolution. Trees are,
however, often absent near glaciers, in particular in the Arctic
(Weijers 2012). Shrubs are, in contrast, known to grow far
beyond the tree-line and could serve as a substitute for trees.
Several studies have shown that shrubs act as good proxies
for the regional climate, in particular summer temperatures
(e.g. Baer et al 2008, Hallinger et al 2010, Weijers et al 2010,
Hallinger and Wilmking 2011, Myers-Smith et al 2011). As

11748-9326/12/044031+08$33.00 c© 2012 IOP Publishing Ltd Printed in the UK
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Figure 1. Location of the study site (for coordinates: see text) in
the vicinity of the Hardangerjøkulen icecap, Lake Finsevatnet and
the Finse Research Center.

summer temperature is the main driver of GSM (Braithwaite
and Olesen 1989, Giesen and Oerlemans 2009), it therefore
seems likely that shrubs may act as on-site proxy for the
reconstruction of GSM. The aims of our study were to
investigate whether shrubs can serve as a proxy for past
GSM and to discuss the challenges and requirements of this
approach.

2. Material and methods

The study site is located in the Scandic Mountains of southern
Norway at the south facing slope of the mountain ‘Lille
Finsenuten’, roughly 3 km north of the Hardangerjøkulen
icecap (lat: 60◦35′59′′N; long: 7◦28′32′′E; figure 1). The site
was chosen for the length of the mass balance record of this
local icecap (1963–now) and the availability of several shrub
species close to the glacier.

In total, 24 shrub samples were taken near the local
shrub line, between 1310 and 1360 m above sea level
(asl), 12 of each of two investigated shrub species (Salix
lapponum L. and S. glauca L.). We chose Salix shrubs
as they were the dominant shrub species growing at the
site and are abundant throughout the Arctic (which would
lead to a widespread applicability of the method, if proven
successful). The sampled shrubs were harvested in August
2011 and treated according to the serial sectioning technique
(Kolishchuk 1990, Hallinger et al 2010).

The basal shrub sections (i.e. the above-ground stem
section nearest to the roots) were prepared as colored
microtome thin sections and ring widths were measured along
two radii at a resolution of 0.01 mm using a ring-width
measuring stage (LINTABLE 5, RINNTECH, Heidelberg,
Germany). For two individuals (one for each species) all
sampled stem discs (i.e. five and seven, respectively) were
measured to locate possible missing outer rings which enables
correct dating of ring-width series. Radial measurements were
cross-dated visually and averaged using TsapWin professional
(version 0.59, RINNTECH, Heidelberg, Germany). Average
Gleichlaeufigkeit (glk; i.e. a measure of the similarity between
two chronologies), average inter-serial correlation (rbar, i.e.
average of all possible correlation coefficients), expressed

population signal (EPS, i.e. a probability, that all shrubs
contributing to a master chronology may represent the total
population), and mean sensitivity (i.e. a measure of the
year-to-year variability of a chronology) were calculated
(see also Schweingruber (1988) for further details). In
addition, running EPS (rEPS) values over a moving window
spanning 15 yr were computed for each single year.
We did that to highlight the periods of the respective
chronology which express an EPS above 0.85, a value
that is considered as a threshold of acceptable statistical
quality for dendroclimatological analyses (Wigley et al 1984).
Three master chronologies (i.e. the average ring-width series,
derived from all series included) were built, one for each of
the two species and one including both species with prior
detrending of individual series using a cubic smoothing spline.
This detrending method was chosen in order to remove the
low-frequency variability of radial growth that may be the
result of biological or stand effects (dplR package in ‘R’;
Bunn 2008, 2012). Age related trends which could have
justified the application of a negative exponential detrending
were not observed in the raw data. For further explanation of
the dendrochronological methodologies, we refer to Cook and
Kairiukstis (1990).

Monthly precipitation and temperature data (1961–2012)
of the climate station ‘Finsevatnet’ (1210 m asl; figure 1) was
retrieved from the Norwegian Meteorological Office (http://
eklima.met.no). This data series is, however, not continuous:
it has gaps between 1994 and 2002. We therefore estimated
monthly climate data for this period through linear regression
between the Finsevatnet and Geilo (841 m asl) climate
stations for temperature (r2

= 0.98, p � 0.001) and the
Finsevatnet and Eikemo (178 m asl) climate stations for
precipitation (r2

= 0.75, p� 0.001). Finally, on-site monthly
mean temperatures were approximated by subtracting 0.65 K
from the ‘Finsevatnet’ temperature for each 100 m of
altitudinal difference.

Glacial net-, winter-, and summer mass balance of
the Hardangerjøkulen icecap between 1963 and 2010 were
extracted from Elvehøj (2011). There, annual net balances
had been obtained by application of the ‘stratigraphic method’
(Østrem and Brugman 1991), which determines the altitudinal
difference of glacier surface between two consecutive years.
Winter and summer mass balances had been determined
separately by stake measurements (Kjøllmoen 2011).

The detrended ring-width series (RWI), glacier mass
balance series and monthly climate data series were tested
for correlations (Pearson correlation) between each other. In
addition, Gleichlaeufigkeit (glk) was calculated among these
variables. To verify the reconstruction of GSM from RWI,
two models calculating GSM from RWI were calibrated for
the periods from 1975–1992 and 1993–2010. These periods
were chosen, as rEPS revealed to be higher than 0.85 for the
period from 1975–2010. The resulting model parameters from
the respective calibration period were subsequently used to
reconstruct GSM of the respective other (verification) period
from RWI. Finally, the complete reconstructed and recorded
GSM series combined from the two verification periods were
compared to each other visually and statistically using the
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Figure 2. The GSM of the Hardangerjøkulen icecap (solid line,
inverted y-axis) and average June–September temperatures at the
Finsevatnet station (dashed line) were highly correlated
(r = −0.81, p� 0.001, glk = 0.77).

squared Pearsons’ correlation coefficient (r2), reduction of
error (RE), sign test, and product means (PM) test (for detailed
descriptions on the calibration/verification procedure we refer
to Fritts (1976) and Fritts et al (1990)). Further, correlation
coefficients between RWI and summer temperatures and
among RWI and GSM were computed over different periods
with different sample depths (i.e. the number of samples
included in the RWI varies throughout the time series as
shrubs were not even aged) and then these period and sample
dependent correlation coefficients were tested for Spearman’s
rank correlation (accounting for non-normal distribution of
the data, determined with Shapiro-test) with the number of
samples representing this particular period. We did so to
analyze the influence of sample depth on the model error.
This is of higher interest, if the described method is applied to
reconstruct GSM beyond instrumental records, as the sample
depth of the chronology can often be regarded as a measure
of reliability. All statistical analyses were carried out in
‘R’ (version 2.12.0, R Foundation for Statistical Computing,
Vienna).

3. Results

GSM showed strong and significant negative correlations with
average June, July, August and September temperatures (r =
−0.49,−0.40,−0.66 and −0.40 respectively, all p-values <

0.01) and the strongest and most significant correlation
(r = −0.81, p � 0.001) if these were averaged to ‘melting
season temperatures’ (i.e. average temperature from June to
September; figure 2). Glacial winter mass balance showed
the strongest correlation with winter precipitation sums
(i.e. precipitation sum from January to March; r = 0.85, p�
0.001).

The maximum measured shrub age was 77 yr (Salix
glauca), and average shrub age 28 yr. Wedging rings were
observed frequently. Only a few missing outer rings were
observed in the basal stem discs, which lead to a decrease in
sample depth of the chronologies from 2006 onward. Basic
statistics of the chronologies are given in table 1. rEPS of
the master chronology was higher than 0.85 from 1975 to
2010, i.e. for the period with a sample depth larger than 5.
The master chronologies of both species were significantly

Figure 3. The combined master chronology of Salix glauca and
S. lapponum (solid line) and average July–August temperatures
(dashed line) were positively correlated (r = 0.45, p < 0.001,
glk = 0.72 and 0.67, p� 0.001, glk = 0.78 if only the period with
rEPS > 0.85 (i.e. 1975–2010) is considered). n = sample depth,
rEPS = running EPS.

Table 1. Basic dendrochronological statistics of the three computed
chronologies.

Species glk rbar Mean sensitivity EPS

S. glauca 0.67 0.44 0.50 0.90a

S. lapponum 0.65 0.42 0.44 0.89b

S. spec. 0.66 0.42 0.47 0.94c

a (rEPS > 0.85 from 1982 to 2010).
b (rEPS > 0.85 from 1981 to 2010).
c (rEPS > 0.85 from 1975 to 2010).

Table 2. Correlation coefficients of the three chronologies with
GSM over three different periods, all correlations are significant
(p < 0.01 in all cases).

Chronology 1963–2010 1975–2010 1995–2006

S. glauca −0.45 −0.62 −0.76
S. lapponum −0.52 −0.62 −0.66
Combined −0.48 −0.67 −0.80

correlated with each other (r = 0.67, p � 0.001, glk =
0.70) and showed significant positive correlations with
average peak growing season temperatures (i.e. July–August
temperatures—the time of the growing season with the
strongest impact on shrub growth according to correlation
analyses, r = 0.36, p < 0.01, glk = 0.67 for S. glauca
and r = 0.61, p � 0.001, glk = 0.65 for S. lapponum).
The master chronology consisting of both species was
positively correlated (r = 0.45, p < 0.001) with peak season
temperatures as well (figure 3). Sample depth and correlation
coefficients among RWI and peak season temperature showed
a strong positive correlation (r = 0.91, p� 0.001; figure 4),
i.e. the higher the sample depth (and thus in general, the
shorter the time series), the higher the correlation among
RWI and temperature data. In the same way, the correlation
coefficients among RWI and GSM were positively correlated
with the sample depth (r = 0.49, p= 0.01), but the correlation
coefficients only improved slightly above a sample size of 4
(figure 4).

GSM was negatively correlated with each chronology
(r = −0.45, p < 0.01, glk = 0.35 for S. glauca and r =
−0.52, p < 0.001, glk = 0.33 for S. lapponum chronologies,
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Figure 4. Correlation coefficients among RWI and peak season temperatures (left) or GSM (right, inverted y-axis) were positively
(left)/negatively (right) correlated with sample depth of shrubs included in the chronology (r = 0.92, p� 0.001 and r = 0.49, p = 0.01,
respectively).

Table 3. Calibration/verification statistics of GSM reconstructions from RWI. (Note: RE: reduction of error, PM: product means test.)

Calibration period r2 calibration r2 verification RE Sign test (hit/miss) PM

1993–2010 0.51a 0.39b 0.22 11/7b 2.75c

1975–1992 0.39b 0.51a 0.43 13/5b 3.74b

a Level of significance: <0.001.
b Level of significance: <0.01.
c Level of significance: <0.05.

Figure 5. The combined master chronology of Salix glauca and
S. lapponum (solid line) and GSM of the Hardangerjøkulen icecap
(dashed line, inverted y-axis) were significantly correlated
(r = −0.48, p < 0.001, glk = 0.28 and −0.67, p� 0.001,
glk = 0.78 if only the period with EPS > 0.85 (i.e. 1975–2010) was
considered). n = sample depth, rEPS = running EPS.

respectively, and r = −0.48, p < 0.001, glk = 0.28 for the
combined master chronology, see also figure 5). If only the
period 1975–2010 (i.e. with EPS > 0.85 of the combined
master chronology) was considered the correlation coefficient
among GSM and RWI of the combined chronology was−0.67
(p � 0.001, glk = 0.28) and even −0.80 (p� 0.001, glk =
0.18) if the maximum available sample depth (i.e. 24 shrubs,
from 1995 to 2006) was considered (see also table 2 for
correlation coefficients of the other chronologies). Please
note that the mentioned glk values among GSM and RWI
are lower than 0.5 due to the negative correlation among
these two variables. Comparison of the complete (1975–2010)
reconstructed and measured GSM revealed a significant and
high correlation (r = 0.67, p < 0.001) and a glk of 0.71 (see
also figure 6). The verification statistics further reveal that the
reconstruction of GSM from RWI is robust for the considered

Figure 6. Measured (solid line) and reconstructed (dashed) GSM
are closely correlated in the calibration/verification period (for test
statistics see text and table 3). The dotted vertical line indicates the
separation among the two calibration/verification periods.

period, due to positive RE values and significant sign and
product means tests (table 3).

4. Discussion

4.1. The potential of shrub RWI as proxy for GSM

The results indicate that RWI of S. glauca and S. lapponum are
suitable proxies for GSM. Both, the RWI chronologies and
the GSM of the Hardangerjøkulen icecap were significantly
correlated with summer temperatures. Summer temperature
is known to influence GSM (e.g. Braithwaite and Olesen
1989, Hagen and Liestøl 1990, Giesen and Oerlemans
2009) and several investigations have shown that shrub
growth is strongly affected by summer temperatures in
cold environments (Baer et al 2008, Forbes et al 2010,
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Hallinger et al 2010, Weijers et al 2010, Hallinger and
Wilmking 2011, Weijers 2012). I.e. in summers warmer
than average, shrubs will generally express above average
growth increments while GSM will be lower than average
(i.e. values will be more negative and more melting will
occur) and vice versa for summers cooler than average.
Due to summer temperature as the common driver, it is
reasonable to use RWI as proxy for GSM, despite the
lack of a mechanistic link between these components. As
RWI of the investigated shrub species only correlated with
July and August temperatures, while GSM correlated with
June–September temperatures, the explanatory power of RWI
on GSM was lower compared to that of the climate data.
Further, other environmental parameters than temperatures
also affect shrub growth, contributing additional noise to the
RWI–GSM relationship.

The reconstruction of GSM from RWI (with model
parameters derived from two different calibration periods and
applied to the respective other period) revealed fairly high
correlation coefficients and glk with recorded GSM over the
whole calibration/verification period (i.e. 1975–2010, rEPS >

0.85). In addition, the calibration/verification statistics
(table 3) give confidence in the reconstructed GSM.
Therefore, we consider the observed relationships among
RWI and GSM as robust and thus reliable in terms of
reconstructions.

Our findings are in line with Xiao et al (2007), who
found a similar indirect relationship in the Qilian Mountains,
north-western China. However, these authors reported a
weaker correlation between RWI and the glacier equilibrium
line altitude. This is likely caused by too short a calibration
period (only 9 yr) but possibly also due to a stronger noise
in their data related to micro-topographical conditions of the
shrub habitats (Xiao et al 2007).

We explain the discrepancy between the effective period
of correlations among temperatures and RWI (July–August)
and temperatures and GSM (June–September), by the onset
of ice melting as soon as air temperatures exceed 0 ◦C. In
contrast, cambial activity in woody plant species commonly
initiates when air temperatures have exceeded 5 ◦C for several
days and ceases as soon as daylight duration surpasses a
specific threshold or first remarkable night-time freezing
temperatures occur (e.g. Körner 2003, Rossi et al 2007, Xiao
et al 2007). Therefore, the GSM variability of a certain part of
the melting season (i.e. the spring period when temperatures
are between 0 and 5 ◦C and the autumn period after the first
frost and/or daytime threshold but with temperatures still
above 0 ◦C) can most likely not be approximated by RWI.
The lower correlation coefficients of the S. glauca chronology
with GSM when compared to the S. lapponum chronology can
be explained by the fact that at its beginning the S. glauca
chronology consists of only one individual over a period of
14 yr (instead of only 1 yr with a sample depth of 1 in
the S. lapponum chronology). When looking at correlation
coefficients for periods with higher sample depths in the S.
glauca chronology, this discrepancy was no longer observed.
Therefore, parts of the chronologies with such a low sample
depth should not be considered as already suggested by
rEPS-values lower than 0.85 in the respective period.

Thus, as long as monthly, ‘on-site’ climate data are
available, they have to be considered as more precise proxies
for GSM. However, in many remote areas—such as Arctic or
Alpine areas—the density of climate stations is low, while the
spatial variability of climate can be rather high (especially
in mountainous regions, e.g. Körner 2003). Approximating
GSM by ‘off-site’ climate station data in these areas would
likely produce a remarkable error. In addition, only few
climate records are longer than hundred years and those
that are, are often not situated in the vicinity of glaciers.
Watson and Luckman (2004) and Laroque and Smith (2005)
successfully reconstructed GSM of selected North American
glaciers over the past 300 yr from tree-ring records, explaining
GSM variances between 26% and 51%. If only considering
the period with EPS > 0.85 (i.e. 1975–2010), models derived
from the data in our study would be able to explain 45% and
even 64% of GSM variation for the period with the maximum
sample depth (i.e. 24 from 1995 to 2006). Recalling that
trees in many cases are absent in the vicinity of glaciers (in
particular in the Arctic), RWI of selected shrub species (e.g.
Juniperus with known ages of >200 yr; Hallinger et al 2010)
could thus serve as the most suitable proxy known for the
reconstruction of GSM, in case climate data are absent, and
as long as growth of these shrubs is mainly determined by
summer temperatures.

Giesen and Oerlemans (2009) computed a two-
dimensional ice-flow model for the Hardangerjøkulen icecap
and compared their model output with the same glacier mass
balance data as used in our study (Kjøllmoen 2011). The
winter mass balance was modeled with a high precision
(r = 0.92), while modeled GSM showed a lower correlation
with measured data (r = 0.75). Thus, regarding GSM, the
explanatory power of the RWI investigated in our study for
the same data set is comparably high (r = −0.67 for the part
of the chronology with EPS > 0.85, i.e. 1975–2010).

Weijers et al (2010) found up to 183 yr old Cassiope
tetragona shrubs growing in Endalen on Svalbard, of which
the growth variability was well explained (r2

= 0.41) by
July temperatures in the period between 1912 and 2008.
Several shrub species are known to reach ages of more than
70 yr (Schweingruber and Poschlod 2005). Currently, several
shrub chronologies from all over the Arctic are available;
many of them positively correlated to summer temperatures
(Myers-Smith et al 2011). Thus, it seems likely that more
long-lived shrub species are suitable for the reconstruction
of GSM. Investigations of the available data sets within a
network could allow for large-scale GSM reconstructions in
areas where no GSM data is available.

On the one hand, such reconstructions would provide
detailed information on historical land–surface albedo
changes in Arctic and Alpine areas, which would increase
our understanding of the observed increase of global air
temperatures throughout the 20th century. On the other hand,
such reconstructions could provide an opportunity to better
reconstruct the contribution of glacier ablation in Arctic and
Alpine environments to the observed global sea level rise in
the past century (e.g. Shepherd and Wingman 2007, Radic and
Hock 2009).
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4.2. Challenges and potential causes of errors

Concerning the increasing variance that was explained by
our models with increasing sample depth, we want to stress
that the rEPS value should ideally be higher than 0.85 for
the reliable reconstruction of GSM as also stated by Wigley
et al (1984). This means, that a sufficient amount of shrub
individuals needs to be sampled—in the case of our study at
least five. In addition, the reliability of a master chronology
also increases with higher sample depths, as it enables the
detection of (partly) missing rings.

A possible explanation for the increase in correlation
strength (among climate and growth) with higher sample
depths is the elimination of micro-site effects from individual
shrubs through the incorporation of more shrubs in the
master chronology (e.g. Cook and Kairiukstis 1990). Thus,
individuals reflecting specific micro-site conditions will have
less impact on the master chronology if other samples even
out this noise. A possibility to lower model errors related
to such kind of unrepresentative individuals would be to
eliminate shrubs from the master chronology, which express
low correlation and Gleichlaeufigkeit coefficients (e.g. Tape
et al 2012). Another explanation for the observed increase in
explained variance with increasing sample depth (and thus a
shorter period of model calibration) could be, that the climate
has changed throughout the investigated time period in a way
that it becomes more important for shrub growth, leading
to a successively better correlation among RWI and GSM.
However, a time-series analysis of the main drivers of glacier
dynamics (i.e. summer temperature and winter precipitation)
did not indicate such a change.

In our study we detrended the ring-width series by
application of a smoothing spline, which removes low-
frequency variability in time series that is assumed to be
caused by biological or stand effects (Cook and Kairiukstis
1990). We also investigated the correlations among raw
ring-width series and GSM and found similar but slightly
lower correlation coefficients (r =−0.6 instead of−0.7). This
is likely related to some unknown biological effects in the
sampled shrubs that were not related to summer temperatures
and therefore added an additional noise to shrub RWI, thus
decreasing the explained variance of the computed models.
However, as soon as long-term reconstructions of GSM by
RWI are aimed at, it seems possible that the application
of a smoothing spline may remove a part of the desired
signal in shrub RWI, in particular the observed increase
in air temperatures since the Little Ice Age. To test the
validity of the applied detrending, the investigation of a
longer time series would be helpful. Possibilities to solve
this problem (if it occurs) could be (I) the application of
a regional curve standardization (e.g. Esper et al 2003),
(II) a power transformation of ring widths with subsequent
standardization and variance stabilization (Tape et al 2012), or
(III) standardization by dividing ring-width series with their
horizontal mean to conserve the temperature signal (Weijers
et al 2012).

One major challenge of the described reconstruction is
to find a sufficiently large number of high-aged and suitable

(i.e. sensitive) shrubs. For instance, in our investigation the
oldest shrub had an age of 77 yr, while the second oldest
was only 44 yr old. In our study, a sample depth of five
was necessary to achieve rEPS-values above 0.85. Thus our
data would only allow for reliable GSM approximations
throughout the past 36 yr, i.e. from 1975 to 2010, which would
be no gain to the local GSM record of the Hardangerjøkulen
icecap (1963–2012). However, there are several monitored
glaciers in Norway (and most likely also in other parts of
the world) where GSM measurements (if any) last back
for shorter time periods (Kjøllmoen 2011), and there, the
development and application of the described method with
a larger sample size of comparably old shrubs could achieve
valuable reconstructions. In addition, other long-lived shrub
species across Arctic–Alpine habitats may provide longer
time series for the reconstruction of GSM.

Possible causes of error in the described method are
missing and wedging rings, commonly observed in shrubs
growing at high altitudes/latitudes (Myers-Smith et al 2011,
Wilmking et al 2012). To minimize this, the application
of the serial sectioning technique (Kolishchuk 1990) and
measurements along at least two radii of colored thin sections
is strongly recommended. Another, more time consuming
but likely more precise measurement technique would be the
direct measurement of basal area increments as suggested by
Baer et al (2006).

An additional requirement of the described method is
calibration data of GSM. Many glaciers in remote areas
have not been investigated for their mass balance. In that
case, it seems possible to derive GSM approximations either
from remote sensing images or from physical models, linking
summer temperatures (which also can be reconstructed
from RWI) with GSM (e.g. Braithwaite and Olesen 1989,
Braithwaite and Zhang 2000). In the latter case, summer
temperatures would be reconstructed from shrub RWI
and these summer temperatures would then allow for the
calculation of GSM with physical/glaciological models.

4.3. Conclusion

Our study shows that RWI from shrubs growing near
glaciers can serve as proxies for GSM. If successfully
applied to respectively longer chronologies, this method
allows for extending GSM time series beyond instrumental
records. Extended GSM records may bear the potential to
(I) assess the impact of glacier melt within a particular
area on the observed sea level rise of the 20th century if
the method is applied to a network of shrub RWI (e.g.
reconstructing the summer ablation of the Greenlandic Ice
Shield), (II) increase the reliability of glacier models through
extended calibration/verification periods and (III) reconstruct
historical glacier retreats if successfully combined with
lichenological and glaciological investigations. However, to
examine these potentials in detail further investigations are
needed.
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ABSTRACT

The expansion of shrubs into tundra areas is a key

terrestrial change underway in the Arctic in re-

sponse to elevated temperatures during the twen-

tieth century. Repeat photography permits a

glimpse into greening satellite pixels, and it shows

that, since 1950, some shrub patches have in-

creased rapidly (hereafter expanding), while others

have increased little or not at all (hereafter stable).

We characterized and compared adjacent expand-

ing and stable shrub patches across Arctic Alaska by

sampling a wide range of physical and chemical soil

and vegetation properties, including shrub growth

rings. Expanding patches of Alnus viridis ssp. fruti-

cosa (Siberian alder) contained shrub stems with

thicker growth rings than in stable patches. Alder

growth in expanding patches also showed strong

correlation with spring and summer warming,

whereas alder growth in stable patches showed

little correlation with temperature. Expanding

patches had different vegetation composition,

deeper thaw depth, higher mean annual ground

temperature, higher mean growing season tem-

perature, lower soil moisture, less carbon in min-

eral soil, and lower C:N values in soils and shrub

leaves. Expanding patches—higher resource envi-

ronments—were associated with floodplains,

stream corridors, and outcrops. Stable patch-

es—lower resource environments—were associated

with poorly drained tussock tundra. Collectively,

we interpret these differences as implying that

preexisting soil conditions predispose parts of the

landscape to a rapid response to climate change,

and we therefore expect shrub expansion to con-

tinue penetrating the landscape via dendritic

floodplains, streams, and scattered rock outcrops.

Key words: Arctic Alaska; shrub; climate;

dendrochronology; soil.

INTRODUCTION

The encroachment of shrubs into tundra landscapes

is a prominent change linked to the warming Arctic

climate. This shift toward a shrubbier arctic has

been documented primarily using time-series

photography (Sturm and others 2001; Tape and

others 2006), plot studies (Joly and others 2007),

and satellite images (Myneni and others 1997; Jia

and others 2003; Goetz and others 2005; Bhatt and

others 2010). This vegetation shift appears to be

associated with elevated temperatures during the

twentieth century (Hinzman and others 2005).

This causal relationship is based on (1) vegetation

responses to plot-level temperature manipulations

(Chapin and others 1995; Walker and others 2006),

(2) correlations between summer air temperature

and growth ring widths and shrub height (Walker

1987; Forbes and others 2010; Blok and others

2011), (3) the abundance of shrubs at lower arctic

latitudes (Walker and others 2005), (4) the broad
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scale of the vegetation shift (Myneni and others

1997; Jia and others 2003; Goetz and others 2005;

Ukraintseva 2008; Verbyla 2008; Bhatt and others

2010; Forbes and others 2010), and (5) the corre-

lation between summer warming and Normalized

Difference Vegetation Index (NDVI) values (Ray-

nolds and others 2008). A shift toward a shrubbier

arctic has profound implications, such as increasing

drifted snow (Liston and others 2002), inducing

positive feedbacks to warming due to the effects of

taller shrubs decreasing albedo (Chapin and others

2005), increasing evapotranspiration (Swann and

others 2010), and altering geomorphic processes

such as drainage and erosion (Tape and others

2011). Increasing shrub dominance has the po-

tential to release stored deep soil carbon through

thawing and accelerated decomposition (Mack and

others 2004; Schuur and others 2007). Shrub

expansion is also reducing primary caribou forage

through the loss of lichens (Joly and others 2007),

meanwhile improving shrub forage availability for

moose, ptarmigan, and hare (Tape and others

2010).

Shrub expansion is expected to be spatially and

temporally variable. The spatial heterogeneity of

greening, characterized by time-series satellite

imagery, is primarily derived from satellites with

coarser resolution sensors (>8-km pixels) that

have high spatial coverage. At the largest scale,

greening has occurred preferentially in the arctic

tundra, while the boreal forest has been in decline,

referred to as ‘‘browning’’ (Goetz and others 2005;

Bunn and Goetz 2006). From 1982 to 2003, 62% of

North American tundra pixels had NDVI slopes

near zero, while 12% had strong positive slopes,

and 2% had strong negative slopes (Goetz and

others 2005). In Arctic Alaska from 1982 to 2003,

Global Inventory Modeling and Mapping Studies

(GIMMS) data showed more greening on the

coastal plain than in the North Slope foothills, and

no trends across most of the Brooks Range (Verbyla

2008). Interannual fluctuations in peak-season and

time-integrated NDVI produced dissimilar results,

explained by graminoids being more sensitive to

interannual temperature fluctuations than shrubs

(Jia and others 2006).

Temporal series of coarse satellite imagery,

though very convincing in its widespread coverage,

understandably lacks information about heteroge-

neity of change within pixels. Though NDVI is

strongly controlled by shrub biomass and leaf area

(Jia and others 2002), other functional groups also

contribute to the signal. NDVI also does not dis-

tinguish whether increases in shrub cover are due

to the enhanced growth of individual stems or to

the initiation of new stems, or both. This patch-

scale heterogeneity can be easily underestimated or

even overlooked due to the large size of pixels for

which a single rate of change is assigned in most

satellite greening studies. As longer time series of

moderate-scale (for example, Landsat 30 m pixels)

and fine-scale sensors (for example, Ikonos <1 m

pixels) become available (Munger and others

2008), what is now sub-pixel variability will be

resolved.

Repeat photography (pixel size �10 cm) permits

a unique glimpse into those larger NDVI pixels, and

shows that, since 1950, some shrub patches have

expanded rapidly (hereafter ‘‘expanding’’), while

others have expanded little or not at all (hereafter

‘‘stable’’)(Naito and Cairns 2011). We sought to

compare expanding and stable shrub patches across

Arctic Alaska based on a wide range of physical and

chemical soil and vegetation parameters, including

shrub growth rings. Because the recent increase in

air temperature above adjacent expanding and

stable shrub patches was presumably the same, dif-

ferences in soil conditions between expanding and

stable patches may explain the differing responses

of shrubs observed in repeat photography. If pres-

ent, diagnostic characteristics of expanding or

stable soils and shrubs could permit finer-scale

generalizations regarding which parts of the land-

scape have experienced shrub expansion and

associated ecosystem changes.

MATERIALS AND METHODS

Study Area

Sampling was conducted in the Arctic tundra along

the Nimiuktuk River in the Brooks Range, and along

the Colville and Sagavanirktok Rivers of the North

Slope foothills (Figure 1). The shrub patches that are

the focus of this studywere located on slopes leading

down to the river valley fills, and contained pri-

marily 0.5–3-m tall shrubs: Alnus viridis ssp. fruticosa

(Siberian alder, hereafter alder), Betula nana or

glandulosa (hereafter birch), and Salix spp. (hereafter

willow). These tall shrub patches generally occur in

or near riparian areas (Schickhoff and others 2002;

Selkowitz 2010;Beck andothers 2011), andadjacent

to rock outcrops. Such restricted distribution of

shrubs in an otherwise tundra landscape causes tall

shrubs to blend into larger pixels that are dominated

by smaller or non-shrub tundra and thus to be

overlooked in coarse vegetation maps, though

approaches that use smaller- and nested-scale frac-

tional cover mapping can detect shrubs (Selkowitz

2010; Beck and others 2011) and describe these
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communities as ‘‘riparian shrublands’’ (Walker

and others 1994), ‘‘Upland Tall Alder Shrub’’ and

‘‘Upland Shrubby Tussock Tundra’’ (Jorgenson and

Heiner 2003).

Sampling

Twenty-six transects were sampled where repeat

photography showed shrub patches that were ei-

ther expanding (n = 16) or stable (n = 10) (Tape

and others 2006). The first four patches (2 E, 2 S)

were along the Sagavanirktok River and were

sampled in early August 2006. The next eight pat-

ches (4 E, 4 S) were located along the Nimiuktuk

River, a tributary of the Noatak River, and were

sampled in June/July 2008. The last 14 patches (10

E, 4 S) were located along the Colville River and

were sampled in July/August 2008 (Figure 1).

One 80-m transect was placed in each patch, and

sampling intervals (hereafter ‘‘locations’’) were

established at 0, 20, 40, 60, and 80 m along each

transect. Each location consisted of a 1 9 1 m

quadrat nested within a 6 9 6 m location (Fig-

ure 2). The 1 9 1 m quadrat was used to record

vascular species presence and percent cover, the

latter using ocular estimates. Non-vascular species

were recorded as percent cover of moss or lichen. A

diagonal (8.5 m) was run within the 6 9 6 m plot

Figure 1. Study area and location of 26 shrub patches sampled, indicated as either expanding or stable (background relief:

USGS).

Figure 2. Placement of

expanding (E) and stable

(S) transects upon repeat

photography (A 1950 and

B 2002) from the

Nimiuktuk River

(Figure 1) (USGS/Navy,

Ken Tape). Smaller boxes

along the transects are

6 9 6 m plots (referred to

as ‘‘locations’’ in the

text), and not shown are

the 1 9 1 m quadrats

nested in each 6 9 6 plot.
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such that it did not interfere with the 1 9 1 m

quadrat, and active layer depth was measured with

a probe at 1-m intervals along the diagonal.

The remainder of the sampling applies to the 22

shrub patches from the Nimiuktuk and Colville

Rivers. From each location an inverted cone of soil

was extracted using a shovel, with the depth of

extraction being 70 cm, unless frozen ground or

rocky substrate interfered. Triplicate volumetric

pedons of mineral and organic soils were extracted

from the wall of the soil pit using steel cylinders,

sharpened on one end and open on both ends

(diameter = 3.9 cm, length = 3.5 cm). The cone of

soil from the pit was reinserted into the vacancy,

such that no surface disturbance was visible.

Pedons were bagged in Ziplocs and weighed on a

digital balance in the field. Instantaneous soil

temperature was measured at 10-cm depth in three

locations near the soil pit, using a Campbell Sci-

entific Australia HydroSenseä device. Soil moisture

in the top 10 cm was measured at three locations

using the same device.

Ten shrub leaves at each location, by genus

(Alnus, Salix, and Betula), were picked and placed in

coin envelopes, with no more than three leaves

from any single shrub. Leaf samples, pooled by

genus and location (as collected), were stored in

coin envelopes. In the laboratory, samples were

dried at 40°C, ground using a ball mill, and then

analyzed for total C and N, d13C, and d
15N using a

Elemental Analyzer (Costech) in line with a Ther-

moFinnigan stable isotope mass spectrometer. Soil

samples were freeze-dried at -40°C for 5 days, and

bulk density was determined. An equal mass of

each of the dried triplicate pedons was then com-

bined into one soil sample per horizon per location

for subsequent analyses. Soils were analyzed for pH

(saturated soil with de-ionized water), and %C and

%N (Bran-Luebbe GmbH AutoAnalyzer 3, Nor-

derstedt, Germany).

The largest alder stem at each of the five loca-

tions per transect was cut near the ground surface

(<0.3 m) and a disc then cut from the stump for

shrub growth ring analysis. Discs were dried and

polished with progressively finer sandpapers, end-

ing with 800 grit. Two radii were counted from

each disc and measured to 0.001 mm precision

using a ring width measuring stage (LINTAB 5;

Rinn 1996).

At the eight transects (four pairs of expanding

and stable) along the Nimiuktuk River, HOBOÒ

Pendant Temperature/Light Data Loggers (#UA-

002) were installed at 20 cm above and 5 cm below

the ground surface. Where microtopography was

present, neutral locations were chosen. The loggers

measured temperature at 1-h intervals from 7/1/

2008 to 9/20/2010.

Repeat photography from 1948 and 2001 (Tape

and others 2006) was used to delineate 10 polygons

of rapidly expanding shrub patches and 10 poly-

gons of slowly expanding or stable shrub patches

(approximately 0.04 ha each) on SPOT satellite

imagery (bands 2, 3, 4; 2.5 m pixel; July 12, 2008)

along a 20-km stretch of the Chandler River, which

flows into the Colville River. Using the spectral and

textural pixel characteristics within the expanding

and within the stable polygons, a supervised clas-

sification using ENVI software was applied to the

SPOT image to depict landscape positions with pixel

characteristics similar to either expanding or stable

shrub polygons.

Shrub Ring Chronologies

Shrubs usually build one layer of wood each year,

which appears in cross section as a distinct ring.

These annual ring widths were measured along two

radii (from the pith to the circumference) on the

sanded and polished surface of each stem, and then

averaged to create the ‘‘growth curve’’ for that

stem. The growth curve from each stem was

aligned with other growth curves within their

corresponding expanding (n = 59) or stable

(n = 40) category to eliminate errors from missing

rings or false rings (cross dating). This was accom-

plished by maximizing the correlation between the

individual shrub ring curves using a combination of

purely statistical (Cofecha; Holmes 1983) and

partly visual (TSAPWin; Rinn 1996) techniques

that rely on aligning years of very strong or very

weak growth across all shrubs. Growth curves with

less than 20% correlation with their associated

category mean ring width curve were removed,

including 7 of 59 expanding and 10 of 40 stable

shrubs.

Growth curves typically contained a trend of

decreasing ringwidthvalueswith increasing stemage

and circumference (Fritts 1976), independent of cli-

matic influences. This trend can be removed using a

variety of approaches. Normally, a trend line (nega-

tive exponential, negative linear, and horizontal line

regression) is fitted to eachgrowth curve and the ratio

of measured ring width to the trend line results in a

dimensionless index. However, if the selected trend

linedecreases towardzeroandundershoots theactual

ring width measurements, then the procedure

introduces the risk of artificial index inflation (Cook

and Peters 1997; Büntgen and others 2005; Büntgen

and Schweingruber 2010; Hallinger and Wilmking

2011). To avoid this potential pitfall, we first
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power-transformed the ring widths, which produced

time serieswhere the annualdeviation fromthemean

was independent of the growth level (Büntgen and

others 2005). Then indices were calculated as a dif-

ference between residuals of the actual ring widths to

the expected ring widths. Finally, the variance of the

resulting chronologies was stabilized to eliminate the

influence of changes in sample size on the resulting

chronologies (Cook 1985; Osborn and others 1997).

Starting with the power transformation and

ending with the standardized expanding and stable

chronologies, the procedures above were computed

with both Negative Exponential Curve Standardi-

zation (NECS; negative exponential, negative lin-

ear, and horizontal line regression), described

above, and Regional Curve Standardization (RCS),

described below. Expanding RCS and NECS chro-

nologies and stable RCS and NECS chronologies

were very similar (E: P < 0.0001, r2 = 0.80; S:

P < 0.0001, r2 = 0.52). Due to the better chro-

nology quality indicated by the higher serial cor-

relation of the RCS than the NECS (Table 1),

results presented here are from the RCS technique

(Briffa and others 1992; Esper and others 2003;

Büntgen and others 2005).

RCS aligns the individual ring width curves

according to cambial age by setting the innermost

ring to a biological age of 1. The mean of all age-

aligned ring width curves is the regional curve

(RC), which describes the overall age-related

growth trend for either expanding or stable shrubs.

Departures from the group RC are interpreted as

growth signals that are related to climate or other

external forcing. In our study, these departures

were power transformed, residuals calculated,

variance stabilized, and developed into expanding

and stable chronologies. The primary difference

between the RCS and NECS technique is that the

RCS approach detrends each individual growth

curve with the same RC, whereas in NECS, each

individual growth curve is detrended by a unique

curve specific to that shrub.

Serial correlation within standardized expanding

and stable RCS shrub ring chronologieswas 0.76 and

0.57, respectively (Table 1). The expressed popula-

tion signal (EPS), which is a combined measure of

sample size and serial correlation that represents the

common signal strength within a chronology, was

greater than 0.85 after 1949 in the expanding

chronology, and greater than 0.85 after 1971 in the

stable chronology. EPS below 0.85 is thought to

represent a strong signal strength among radial

growth of woody plants within a chronology (Cook

and Kairiukstis 1990). Every measured shrub disc is

included in the raw ring width averages, whereas

the expanding and stable group chronologies and

associated climate relationships were calculated as

soon as at least five individual shrub records were

available per group (E ‡ 1939, S ‡ 1953).

Gridded climate data were obtained from the

Climate Research Unit (CRU) in East Anglia, Great

Britain (www.cru.uea.ac.uk), and were downscaled

to 2-km pixels covering the study area by the Sce-

narios Network for Alaska Planning (www.sna-

p.uaf.edu). To accomplish this, the finer-scale 2-km

pixel Parameter-elevation Regressions on Indepen-

dent Slopes Model (PRISM) mean monthly climate

data were overlaid and combined with coarse-scale

CRU gridded data. For simplicity, a single pixel in the

center of theNorthSlope, containing four expanding

and four stable patches, was selected for climate data

from 1909 to present. The average correlation coef-

ficients between annual growth increments and

monthly climate data were calculated for the shrub

chronologies for every year by applying a boot-

strapped routine (Biondi and Waikul 2004).

Statistics

Transect was considered the sample unit when

comparing site characteristics, and the distribution

of each environmental variable within the

expanding or stable category was tested for nor-

mality. In four cases (E and S mineral soil C, alder

Table 1. Comparison of Shrub Ring Chronologies Age-Detrended Using the RCS and NECS (Negative
Exponential Curve Standardization) Methods

Standardized shrub

ring chronologies

Interannual correlation

(autocorrelation)

Mean sensitivity

(to climate)

Serial

Correlation

Average

EPS

Expand

(NECS)

0.27 0.37 0.31 0.88 (1950)

Stable (NECS) 0.34 0.27 0.20 0.83 (1981)

Expand (RCS) 0.45 0.37 0.57 0.88 (1949)

Stable (RCS) 0.48 0.23 0.76 0.83 (1971)
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leaf %C and d
15N) the distribution failed all four

normality tests (Shapiro–Wilk, Jarque–Bera,

Anderson–Darling, and Lilliefors), so one outlier

from four environmental variables was removed

and normality was satisfied. Transect averages and

standard errors were calculated and t tests applied

to determine significant differences between

expanding and stable shrub patches. Paired t tests

were used to compare temperature loggers de-

ployed at the eight Nimiuktuk transects. When

calculating mean thaw depth, 120 cm was assigned

to locations where permafrost was greater than

120 cm (beyond the length of the probe) or rocks

prohibited measurement. In all stable shrub pat-

ches, and in only three expanding locations, pro-

nounced microtopography (tussocks) convinced us

to use temperature and moisture probes on both

high and low microsites. In these cases, the high

and low values were averaged. Unless otherwise

mentioned, means ± standard errors are reported.

Ordination

The species data from five 1 9 1 m plots from each

transect were averaged across five plots to produce

one value per transect. The transect species data

were imported into PC-OrdÓ software, where the

non-metric multi-dimensional scaling (NMS) ordi-

nation technique was applied.

RESULTS

Shrub Rings and Climate

Evidence from shrub rings confirms that shrubs in

expanding patches are growing at twice the

rate (expanding = 0.43 ± 0.03 mm y-1, stable =

0.19 ± 0.02 mm y-1; Figure 3) and are better cor-

related with temperature than shrubs in stable

patches. The standardized shrub growth ring

chronology from the expanding alder patches is

positively correlated (P < 0.05) with spring and

summer temperatures from both the previous year

and the current year of ring formation (Figure 4A).

In contrast, the standardized chronology from the

stable alder patches shows only a positive correla-

tion with August temperature and a negative cor-

relation with August precipitation from the

previous year, and a negative correlation with

January temperature from the current year

(P < 0.05) (Figure 4B). Stable patches otherwise

showed no significant correlations with spring and

summer temperatures, and correlations with other

monthly temperature data were generally weaker

than those observed for expanding patches.

Shrub ring records of the stable standardized

chronology were less correlated with each other

(Table 1) than were shrub ring records from the

expanding population, indicating a weaker com-

mon (climate) signal in the stable shrub rings. The

stable chronology was constructed without 25%

(10 of 40) of the shrubs, which were eliminated

based on their growth incoherence with the other

stable shrubs, whereas only 12% (7 of 59) were

eliminated to create the expanding chronology.

The remaining expanding shrubs had higher serial

correlation than stable shrubs (0.76 vs. 0.57), and a

much earlier attainment of high chronology quality

(1949 vs. 1971, EPS > 0.85; Table 1).

Both expanding and stable standardized chro-

nologies contain opposing decadal-scale oscillations

that seem to be associated with decadal tempera-

ture trends. Prior to 1976, when temperatures were

cooler, the stable chronology increased signifi-

cantly and the expanding chronology decreased

significantly (both P < 0.05) (Figure 5C). Since

that time, temperatures have been warmer, and the

Figure 3. Individual

(normal lines) and mean

(bold lines) cumulative

growth rates (dotted lines

±SE) for expanding

(green) and stable (red)

alder stems, showing that

expanding shrubs grew

twice as fast as stable

shrubs. In this graph,

shrub growth rates are

compared by aligning all

shrubs starting at the age

of 1. (Color figure

online).
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Figure 4. Correlation

coefficients (*P < 0.05)

between alder shrub

chronologies and

monthly average

temperatures (black

columns) or precipitation

sums (gray columns) for A

expanding shrub patches

(1939–2008) and B stable

shrub patches (1953–

2008). Months of the

prior growing season are

displayed in capital letters,

and months of the

current growing season

are displayed in lowercase

letters.

Figure 5. Expanding

(bold line) and stable

(normal line) alder shrub

chronologies (c, d) and

the significantly

correlated climate

variables (a, b) from

Figure 4. The polynomial

fit for temperature is to

emphasize decadal and

longer trends. (e)

Population structure of

sampled expanding (upper

histogram) and stable

(lower histogram) shrubs.
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stable chronology has declined significantly

(P < 0.05), whereas the expanding chronology has

increased marginally (P < 0.15). The expanding

and stable raw chronologies were similar prior to

about 1980, after which time they abruptly diverge

(Figure 5D).

Vegetation Composition

Ten consecutive iterations of NMS ordination

showed clear differences between species composi-

tion and cover within stable and expanding shrub

patches (Figure 6). Expanding patches had lower

percent cover of sedge tussocks (E = 3 ± 1%,

S = 22 ± 5%; P < 0.01) and higher percent cover

of deciduous shrubs (E = 33 ± 2%, S = 25 ± 3%;

P < 0.05; Table 2), which was most pronounced at

the Nimiuktuk sites (Figure 6). Other cover catego-

ries—forbs, lichens, grasses, litter, moss, evergreen

shrubs, soil, sphagnum, rock, and surface water—-

were similar in expanding and stable sites. Regional

differences in flora were also evident along an

east–west gradient, and showed a greater than 0.3

Pearson correlation coefficient with d
13C in birch

leaves (Figure 6).

Soil Characteristics

Mineral and organic soils from expanding sites had

significantly lower soil moisture than the same

horizons from stable soils (Table 2). Soil tempera-

ture at 5-cm depth, averaged over the period from

7/1/2008 to 9/20/2010, was warmer in expanding

shrub patches than in stable shrub patches

(P < 0.05), contributing to significantly greater

depth of thaw (Table 2). Above-zero temperatures

were warmer in expanding patches than in stable

patches (P < 0.01), whereas below-zero tempera-

tures were not significantly different. Above-zero,

below-zero, and annual average temperatures at

20 cm above ground were not significantly differ-

ent between expanding and stable patches, though

stable patches emerged from the snow 11 days

earlier, on average (P < 0.05; Table 2).

Expanding shrub patches had higher soil organic

bulk density than stable patches (P < 0.05),

whereas the mineral layers had similar bulk density

(Table 2). Carbon and nitrogen contents (%) of

organic horizons did not differ between expanding

and stable patches; however, both %C and %N

were significantly greater for mineral soils from

stable patches compared with those from expand-

ing patches (both P < 0.05). Soils from expanding

sites were less acidic than those from stable sites for

both organic (P < 0.05) and mineral (P < 0.05)

horizons, though this difference was driven by the

six unpaired expanding sites along the upper Col-

ville River (Figure 1).

Leaf Chemistry

Nitrogen content of birch leaves was significantly

higher (P < 0.05) in expanding patches compared

with stable patches; however, no differences in N

content were found for either alder or willow be-

tween the patch types. Leaf carbon content was

higher in stable patches only for alder and willow.

These patterns translated to lower leaf C:N ratios

for alder, willow, (both P < 0.1) and birch

(P < 0.05) leaves from expanding patches com-

pared with stable patches (Table 2). Willow leaves

from expanding patches had marginally lower d15N

values than corresponding leaves from stable pat-

ches (P < 0.1), whereas birch and alder leaves

from the two patch types had similar d15N values.

Alder leaves from expanding patches had signifi-

cantly more depleted d
13C values than stable alder

leaves (P < 0.05), whereas birch and willow

Figure 6. NMS ordination of floristic cover in 16

expanding (filled) and 10 stable (open) shrub patches.

Distance in the ordination space is proportional to flo-

ristic difference, and the dashed line separates expanding

from stable patches (triangles Colville River, squares

Nimiuktuk River, circles Sagavanirktok River). The envi-

ronmental variables correlated with the horizontal axis

explain the floristic differences between expanding and

stable patches, and are listed in Table 2.
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Table 2. Vegetation and Soil Characteristics of Expanding (E) and Stable (S) Shrub Patches

Expanding Stable

Soils

Gravimetric soil moisture (%)

Organic 62 ± 3* 75 ± 1*

Mineral 25 ± 2* 33 ± 1*

Soil moisture probe, top 10 cm (%) 22.6 ± 3.1* 32.3 ± 4.1*

Thaw depth (cm) (n = 16 E, 10 S) 88 ± 7.8** 32 ± 3.6**

-5 cm ground temp (n = 4 E, 4 S)

7/1/2008–9/20/2010 (°C) -1.4 ± 0.4* -3.0 ± 0.3*

>0°C (summer) 8.9 ± 1.8** 5.6 ± 1.6**

<0°C (winter) -8.9 ± 1.2 -10.6 ± 0.7

+20 cm air temp (n = 4 E, 4 S)

7/1/2008–9/20/2010 (°C) -3.0 ± 0.2 -3.1 ± 0.3

>0°C (summer) 11.8 ± 0.8 12.6 ± 0.9

<0°C (winter) -15.9 ± 0.6 -14.9 ± 1.0

Emergence of +20 cm light sensors

from snow (n = 4 E, 4 S)

May 13th ±3.1 days* May 2nd ±1.4 days*

Bulk density (g/cm3)

Organic 0.40 ± 0.03* 0.26 ± .04*

Mineral 1.23 ± 0.06 1.20 ± 0.02

pH 5.8 ± 0.2* 5.2 ± 0.1*

% C

Organic 15.5 ± 1.0 14.4 ± 0.8

Mineral 6.3 ± 0.8* 9.9 ± 0.7*

% N

Organic 0.86 ± 0.06 0.75 ± 0.05

Mineral 0.56 ± 0.09* 0.87 ± 0.10*

C:N

Organic 18.4 ± 0.9 19.2 ± 0.5

Mineral 12.7 ± 0.5  14.0 ± 0.3 

Leaf chemistry (within genus comparisons

for birch and willow, species for alder)

% C

Alder 47.6 ± 0.1* 48.3 ± 0.1*

Birch 48.6 ± 0.2 48.8 ± 0.3

Willow 47.2 ± 0.2** 48.0 ± 0.1**

% N

Alder 2.7 ± 0.1 2.5 ± 0.1

Birch 2.3 ± 0.1* 2.1 ± 0.1*

Willow 2.5 ± 0.1 2.6 ± 0.1

C:N

Alder 17.9 ± 0.5  19.1 ± 0.5 

Birch 21.0 ± 0.7* 23.6 ± 0.8*

Willow 19.0 ± 0.5  18.4 ± 0.3 

d
15N

Alder -1.3 ± 0.06 -1.2 ± 0.03

Birch -5.4 ± 0.3 -4.8 ± 0.4

Willow -2.7 ± 0.3  -2.0 ± 0.2 

d
13C

Alder -27.8 ± 0.1* -27.5 ± 0.1*

Birch -29.3 ± 0.1 -29.4 ± 0.1

Willow -28.2 ± 0.1 -27.9 ± 0.1

Growth form (% cover)

Shrub deciduous 32.6 ± 1.7* 24.9 ± 3.1*

Moss 25.0 ± 3.4 14.6 ± 4.2

Sedge 2.8 ± 0.8** 21.8 ± 4.6**
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expanding patch leaves had similar d
13C values to

their corresponding stable patch leaves. Particularly

in the case of willow, some caution is advised in

interpreting the leaf chemistry results, because

different species abundances and chemical signa-

tures in expanding or stable patches could account

for the observed differences between patches.

Shrub Distribution and Landscape
Patterns

On the ground, and from aerial photographs, it is

clear that shrubs in the expanding patches are

usually large, upright, and clumped or randomly

distributed, whereas the shrubs in the stable pat-

ches are smaller, prostrate, and more evenly dis-

tributed. None of the in situ parameters we

measured captured the spatial distribution of indi-

vidual shrubs, but the difference in pixel spectral

and textural characteristics between expanding and

stable shrub patches was detectable using satellite

imagery, and so is mentioned here.

Textures of expanding and stable shrub patches

along the Chandler River (where SPOT imagery

and repeat photography were both available) were

scaled from repeat photographs to a satellite image

by outlining polygons of expanding and stable

patches, which were then used in a supervised

classification of satellite image pixels revealing

distinct patterns tied to landscape topography.

Expanding patches were found along topographic

incisions including streams of various sizes, flood-

plains, and outcrops, whereas stable patches occu-

pied broader, less-sloping landscape positions

(Figure 7). The results of the satellite image

extrapolation highlight the landscape positions

Table 2. continued

Expanding Stable

Shrub evergreen 11.0 ± 1.6 14.7 ± 2.6

Litter 14.7 ± 3.5 10.8 ± 2.9

Lichen 7.5 ± 1.8 7.6 ± 2.3

Forb 4.1 ± 0.7 2.7 ± 2.1

Grass 1.9 ± 0.6 2.0 ± 0.8

*P < 0.05, **P < 0.01,  P < 0.1.
Unless otherwise noted, the sample unit for statistical purposes is 14 expanding patches/transects and eight stable patches/transects, which are averages calculated from at least
15 samples per transect, depending on the parameter. Significant differences were calculated using the Student’s t test, except for the ground temperature and light sensor
measurements, which used the paired t test.

Figure 7. A Color-infrared SPOT image near the Chandler River showing pattern of tall shrub (dark red) distribution along

streams and near-surface or outcropping sedimentary rock units (dashed lines). B Supervised classification of the SPOT

image, showing expanding alder patches (green), stable alder patches (red), and short- or non-shrub tundra (white). Each

image is 5.5-km wide, with a center point at 68.917°N, 151.765°E; north is up. (Color figure online).

720 Tape and others

103



associated with the suite of expanding and stable

patch and site characteristics in Table 2.

DISCUSSION

Shrub Rings and Climate

Shrub ring width and summer temperatures are

commonly correlated at northern high latitude and

high elevation locations (Bar and others 2008;

Forbes and others 2010; Hallinger and others 2010;

Blok and others 2011). In this study, the summer

growth–temperature correlations were only strong

in expanding patches (Figure 4A); the shrub ring

chronology from stable patches was uncorrelated

with temperature (Figure 4B). Shallower thaw

depth and cooler annual and summer soil temper-

atures in the stable patches (Table 2) suggest that

the tussock tundra soils retard heat penetration and

dampen the potential effect of warm summers on

soil processes, such as microbial activity. Most of

the width of the annual growth ring has been ad-

ded by August (Blok and others 2011), so the

negative correlation with previous August precipi-

tation (Figure 4B) suggests that high soil moisture

inhibits growth in tussock tundra shrubs. Because

August precipitation has remained stable through-

out the record (Figure 5A), and because the stable

shrubs are unresponsive to air temperature (Fig-

ure 4B), the decline in the raw and standardized

stable chronologies since the 1970s may instead be

attributable to factors such as interspecific compe-

tition.

Positive correlations between March and April

air temperatures and growth are particularly

interesting because alder shrubs are not growing

during those months, yet they are sensitive to cli-

matic conditions during that period (Figure 4A). In

shrub tundra within our study area the rapid in-

crease in AVHRR-derived NDVI that is associated

with leaf-out began in early May in the years 1995–

1999 (Jia and others 2004), which is similar to the

May 13th average snow-free date in the expanding

patches. Most of the expanding shrubs sampled for

shrub rings were greater than 2 m in height, so it is

possible that taller shrubs protrude above the snow

and that pre-snowmelt warm temperatures prime

the forthcoming growth spurt. These pre-snowmelt

temperature correlations may signify the earlier

disappearance of snow since 1976, and its correla-

tion with alder growth in this study.

The widespread expansion of shrubs in Arctic

Alaska and nearby Arctic Canada has been shown

using different time series imagery and methods

(Tape and others 2006; Naito and Cairns 2011;

Lantz and others, unpublished), so we expected a

strong positive trend in the standardized expanding

chronology. However, the standardized chronolo-

gies ostensibly remove the effect of new or juvenile

stems growing more rapidly, and therefore the

standardized chronologies may not reflect shrub

patch dynamics as well as the spatial metrics used

to document shrub expansion. In this case, the

expanding standardized chronology showed only a

subtle increase (P < 0.15) since 1976 (Figure 5C),

during a warm period when shrub expansion was

observed regionally (Tape and others 2011).

The raw ring width measurements (Figure 5D)

contain information about both stem growth rates

and stem initiation. During the period when the

expanding standardized chronology showed only a

subtle increase (after 1976), the raw ring widths of

expanding patches showed a clear divergence from

the stable patches, due partly to the initiation of

new stems (n = 24 E, n = 12 S; Figure 5E). Inter-

preting raw ring widths also has its hazards; in this

case, the largest stems were cut from each plot, so

the decline in the stable raw ring widths after 1980

is partly attributable to few stems being initiated to

boost average ring widths during that period. Al-

though the goal of standardized chronologies is

typically to establish relationships between climate

and stem growth, the raw ring widths can be more

suggestive of shrub patch dynamics than stan-

dardized chronologies.

Soil Characteristics

Adjacent expanding and stable shrub patches pre-

sumably experienced the same above-canopy air

temperatures, and similar lower-canopy annual

and seasonal air temperatures were also recorded

(Table 2). This suggests that the positive response

of expanding shrubs, but not adjacent stable

shrubs, to warm summers is mediated by soil con-

ditions, including the layer of organic material or

vegetation less than 20 cm. The warmer summer

soil temperatures and deeper active layer in the

expanding patches (Table 2) indicates that the

ground thermal conductivity and summer ground

heat flux is higher than in the stable patches. The

strong negative correlation between preceding

August precipitation and annual shrub growth in

stable patches suggests that high soil moisture is

inhibiting growth, either through anoxic summer

conditions or through increased cold penetration in

the winter from higher ice content. Wet and cold

summer soil conditions in stable patches limits

nutrient turnover and cycling rates. Warmer and

drier soil conditions in expanding patches, along
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with lower C:N ratios in the leaves (and, presum-

ably, the litter) probably explain the marginally

higher nutrient availability evident in lower C:N

ratios of these soils (P < 0.1).

Shrub Distribution and Landscape
Patterns

When stable patches were polygonized and

extrapolated across the landscape using a super-

vised classification of high-resolution satellite

images, the result was that these lower resource

environments occupied flat, though not necessarily

level, terrain (Figure 7). Regular spacing of alder

shrubs, such as that evident in stable patches de-

scribed here (Figure 2), suggests competition for

limited resources (Rietkerk and van de Koppel

2008), as demonstrated by increased nutrient

content in stems of neighboring alder shrubs when

an individual alder shrub is removed (Chapin and

others 1989). The low resource notion is corrobo-

rated by the stable patch shrub rings, which

chronicle slow growth that is largely unrespon-

sive to climate. In contrast, expanding patches

composed of clumped or randomly distributed

shrubs—higher resource environments—are asso-

ciated with floodplains, stream corridors, gullies,

and outcrops. These generalizations are corrobo-

rated by the expanding shrub rings, which chron-

icle rapid growth that is responsive to spring and

summer temperatures, and by other studies show-

ing shrub expansion in this area occurring prefer-

entially along drainage features (Naito and Cairns

2011). In some cases (for example, Figure 2), there

is no topographic expression where shrubs are

expanding, but the deeper active layer channelizes

subsurface flow. Channelization of subsurface flow

was also shown to improve nutrient cycling and

productivity for Eriophorum vaginatum in smaller

drainage features (Chapin and others 1988). In that

study, the authors argued that subsurface flow

reduced diffusional constraints on nutrient deliv-

ery, increased soil heat flux, and increased micro-

bial activity and nutrient turnover, similar to this

study (Table 2).

A number of studies have shown that NDVI is

also increasing in many tussock tundra sites com-

parable to the stable sites described in this study

(Goetz and others 2005; Munger and others 2008;

Verbyla 2008). The increasing NDVI trend from

tussock tundra areas reflects an increase in pro-

ductivity, which correlates well with temperature

and enhanced shrub growth (Forbes and others

2010), but could also be partially explained by

increases in the abundance or productivity of

graminoids (Jia and others 2006; Munger and

others 2008), which have out-paced changes in

shrubs in some tussock tundra areas (Joly and

others 2007). The so-called stable sites we present

here are located between plot studies at Toolik Lake

and the Seward Peninsula that document increases

in graminoid abundance in recent decades (Joly

and others 2007) or in response to nutrient addi-

tion (Chapin and others 1995; Gough and others

2002; Hobbie and others 2005). We speculate that

in stable patches, graminoids such as Eriophorum

vaginatum and Carex aquatilis (graminoids:

S = 21.8%, E = 2.8%; P < 0.01) may be more

responsive to warming (Chapin 1980) and thus

may out-compete alder for soil nutrients. A rapid

response to warming from tussock-forming grami-

noids, for example, would explain the higher NDVI

values during warm summers and reconcile those

values with the limited response from (stable, tus-

sock tundra) alder to warm summers.

CONCLUSION

This study presents localized environmental con-

ditions, vegetation composition, plant ecophysio-

logical traits, and growth metrics that differ

between expanding and stable shrub patches. Be-

cause the air temperature is presumably the same

in adjacent expanding and stable patches, the

diagnostic characteristics of expanding shrub pat-

ches suggest that changes in the soil environment

driven by warming air temperatures are directly

influencing the shrub expansion. The pattern of

expanding shrub patches on the landscape indi-

cates that shrubs are propagating preferentially via

floodplains, dendritic stream corridors, and out-

crops, where soil conditions mediate the response

of shrubs to increased air temperatures.
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ABSTRACT 

Over the last decade, evidence has emerged for a circumarctic trend of increasing shrub cover 

in tundra areas, but the shrub species and mechanisms involved remain somewhat elusive. On 

the Alaskan tundra, repeat photography has shown spatial differences in shrub patch 

dynamics: since 1950, some patches expanded while others remained stable. In this study we 

explore the underpinnings of this landscape heterogeneity by sampling the three dominant 

shrub species of the Alaskan tundra – alder, willow and birch – and creating shrub ring width 

chronologies that are used to determine the influence of climate variability on shrub growth. 

Shrubs of expanding patches of all three species grew at higher rates than shrubs of stable 

patches. Alder and willow shrubs in expanding patches exhibited positive growth trends, 

while their counterparts in stable patches exhibited negative growth trends. Birch shrub 

growth was declining in expanding and stable patches. Alder and willow shrub growth trends 

were more correlated between shrubs of different species but the same category, than between 

shrubs of the same species but different category; expanding alder and willow shrubs showed 

significant positive correlations with spring and summer temperatures, whereas alder and 

willow shrubs of stable patches were negatively influenced by winter and spring snowfall. 

The negative influence of snowfall in the stable patches suggests that the wet anoxic soil 

conditions induced by deeper snow outweighed the positive influence of snow on temperature 

articulated by the snow-shrub-microbe hypothesis. While shrubs of expanding patches have 

profited from warmer summers, shrubs of stable patches have suffered from saturated anoxic 

soil resulting from increased snowmelt. These results underscore the spatial and temporal 

complexity in shrub-climate dynamics, which will require considerable finesse to 

appropriately integrate into modeling efforts. 

 

INTRODUCTION 

Over the past decade, evidence of increasing shrub cover, biomass and abundance has been 

collected from a multitude of subarctic and arctic tundra areas, such as northern Alaska 

(Sturm et al., 2001b, Tape et al., 2006, Naito &  Cairns, 2011, Tape et al., 2012), the 

Canadian High Arctic (Hudson &  Henry, 2009, Hill &  Henry, 2010), the western (Lantz et 

al., 2010a, Lantz et al., 2010b, Mackay &  Burn, 2011, Myers-Smith et al., 2011c) and 

eastern (McManus et al., 2012) Canadian Arctic, Siberia (Forbes et al., 2010b, Macias-Fauria 
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et al., 2012), Greenland (Post &  Pedersen, 2008) and Scandinavia (Kullman, 2002, Hallinger 

et al., 2010, Rundqvist et al., 2011).  

Evidence for these changes in vegetation was derived from a variety of approaches (Myers-

Smith et al., 2011a), including repeat photography (e.g. (Tape et al., 2006), time series of 

satellite imagery (e.g. Goetz et al., 2005, Jia et al., 2009b), dendrochronological studies on 

shrubs (e.g. Rozema et al., 2009, Hallinger et al., 2010, Weijers et al., 2010), experimental 

studies (Elmendorf et al., 2012b), comparison of historical and recent vegetation records (e.g. 

Rundqvist et al., 2011, Kapfer et al., 2012) and from observations made by northern people 

(Forbes et al., 2009, Downing &  Cuerrier, 2011).  

A large scale expansion of shrubs is altering the soil, vegetation, animal populations and 

energy balance of the Arctic tundra (Chapin et al., 2005, Myers-Smith et al., 2011a, Loranty 

&  Goetz, 2012). While the evidence of shrub expansion seems to be pan-Arctic in extent, we 

know at least from Northwest America (Tape et al., 2006, Lantz et al., 2010b) that there are 

spatial differences in the rate of shrub cover change.  

Shrub expansion has generally been linked to elevated temperatures or to changes in soil 

conditions presumed to result from elevated temperatures (disturbance, permafrost 

degradation, etc.). Large parts of the Arctic have warmed over the last 40 years (Serreze et al., 

2000), and experiments as well as shrub ring studies demonstrate that shrub growth is 

correlated with early and mid summer temperature (Forbes et al., 2010a, Blok et al., 2011b, 

Myers-Smith et al., 2011a, Elmendorf et al., 2012a). Soil disturbances caused by human 

activities, permafrost degradation, watersheds, fire or animal trampling or burrowing can 

provide substrate for shrub seed germination and may thus be a prerequisite for an extensive 

shrub expansion. Moreover, disturbance can result in deeper thaw depth, warmer soil 

temperatures and higher availability of soil nutrients, which further favors shrub growth 

(Myers-Smith et al., 2011a). 

Shrubs intercept blowing snow, which then accumulates around the shrubs and buffers against 

cold winter temperatures and dessication (Schimel et al., 2004). This warmth fosters greater 

activity and abundance of nutrient processing microbes (Schimel et al., 2004) which may 

enhance shrub growth the following summer (Sturm et al., 2001a, Schimel et al., 2004, Sturm 

et al., 2005, Wipf &  Rixen, 2010, Natali et al., 2012). In contrast, during summer the shade 

of the canopy can decrease soil temperatures and active layer depth (Blok et al., 2009a, 

Lawrence &  Swenson, 2011).  
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Remote sensing studies of vegetation productivity typically employ the normalized difference 

vegetation index (NDVI), an indicator of vegetation productivity, and report a greening of the 

Arctic tundra in Siberia, Northwest America and Western Canada (Jia et al., 2003a, Goetz et 

al., 2005, Jia et al., 2009b, Walker et al., 2012). However, satellite pixels typically aggregate 

vegetation characteristics over large spatial scales, and therefore can be insensitive to 

comparatively small scattered or linear objects, such as shrub patches (Tape et al., 2012). 

Moreover, NDVI calculations do not discriminate whether an increase in shrub cover is 

derived from increases of shrub growth or other vegetation. Analyses of satellite images 

therefore need to be used in conjunction with higher resolution time series of control plots or 

photography, if the role of shrubs is to be discerned. 

In northern Alaska, repeat photography showed a general trend of increasing shrub cover 

(Tape et al., 2006) derived primarily from conspicuous dark-green alder shrubs (Alnus viridis 

ssp. fruticosa), and to a lesser extent from co-occurring lighter-green and often smaller willow 

shrubs (Salix spp.) and birch shrubs (Betula nana and B. glandulosa). The majority of areas 

evaluated had increasing trends of shrub cover (expanding patches), but some areas remained 

unchanged (stable patches). A recent study of these patches showed that stable shrub patches 

contained a higher proportion of graminoids and fewer dwarf shrubs, shallower thaw depth, 

higher soil moisture, more carbon in mineral soil, higher C/N-ratio in soils and shrub leaves 

and lower mean annual ground and growing season temperatures than expanding shrub 

patches (Tape et al., 2012). Alders in stable patches tended to be regularly distributed on 

poorly drained tussock tundra, whereas expanding alder patches clustered together near 

streams, floodplains and exposed bedrock. Expanding and stable alder shrub patches were 

often separated by only 100 meters and can thus be assumed to have experienced the same 

meso-climate variability, yet only alder shrubs of the expanding patches showed positive 

correlations with growing season temperature. 

A considerable amount is understood of the spatial nature and specific climate drivers of alder 

shrub growth and proliferation in Arctic Alaska and northwestern Canada, but our 

understanding of those dynamics in birch and willow shrubs, whose coverage is much more 

extensive than alder, is limited to plot studies.  Because all 3 of these species co-occur in 

identified expanding and stable alder sites, we sought to evaluate and compare the radial 

growth and climatic relationships for the three dominant shrub species of the Alaskan tundra: 

alder, birch and willow.  
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We address the following research questions: 1) Do alder, willow, and birch shrubs in photo-

designated expanding patches in fact show greater radial growth than their counterpart shrubs 

in stable patches? 2) Do alder, willow, and birch shrubs from expanding patches in fact 

exhibit positive growth trends? 3) Have alder, willow, and birch shrubs from expanding 

patches profited more from the recent climate warming than shrubs from stable patches? 4) Is 

alder, willow, or birch shrub radial growth influenced by precipitation? 5) Are there 

interspecific differences in shrub response to recent climate variability that could refine our 

perception of ‘shrub expansion’ in this region? 

 

METHODS 

Our sampling sites span a large part of Arctic Alaska, comprising two major ecoregions: the 

Brooks Range in the south and the Arctic foothills in the north. The Brooks Range is a rugged 

east-west trending mountain range with topography that has been partly modified by 

glaciations and that is drained by numerous rivers that cross the Arctic Foothills before they 

join the Colville or Sagavanirktok River. The Arctic foothills consist of rolling hills, valleys 

and broad uplands, or interfluves that separate the river valleys. The area is underlain by 

continuous permafrost resulting in active layers of usually 30-70 cm in thickness, which acts 

as an aquitard and prohibits drainage (Zhang et al., 1997). 

Repeat photo-designated expanding and stable shrub patches located on river valley slopes 

were selected for sampling. River valley slopes are covered with low-stature tundra 

vegetation, tussocks, interspersed dwarf shrubs, and tall shrubs along linear riparian features. 

The sites chosen for our study were located along the Nimiuktuk River in the Brooks Range, 

and along the Colville River of the North Slope foothills (Figure 1). A previous study showed 

that the expanding shrub patches were located on drier soils near riparian corridors or similar 

areas of enhanced disturbance and nutrient availability, whereas the stable shrub patches were 

located nearby on valley slopes dominated by shrub tussock tundra and with no obvious signs 

of disturbance (Tape et al., 2012).  

Alder is a tall (0.5 to 3 m) multicormic shrub whose colonization is favored by the availability 

of freshly exposed substrates and mineral soil and that therefore profits from frequent 

disturbances (Lantz et al., 2010a). The genus Alnus has a distribution across the whole 

Northern Hemisphere and subspecies of Alnus viridis are commonly found in large parts of 

the sub-Arctic and Arctic tundra (Walker et al., 2005). The genus of willow comprises about 
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400 species with an emphasis of distribution in the boreal and subarctic vegetation zone 

(Holdenrieder et al., 1999). Many willow species occur in our study area, but our interest was 

primarily functional, so species distinctions were ignored. The dwarf birch, Betula nana L. 

has a circumpolar distribution, and B. glandulosa, which is sometimes perceived as 

subspecies to B. nana, also occurs in the study area and hybridizes B. nana. Although B. nana 

is known to have an irregular pattern of branch formation (short shoot long shoot dimorphism; 

Bret-Harte et al., 2002), it has been successfully used to build dendrochronologies in southern 

Norway and eastern Siberia that correlated with summer temperatures (Meinardus, 2009, Blok 

et al., 2011a). 

In our study area, July is the warmest month, with an average temperature of 13.1°C, and 

January is the coldest month, with an average temperature of -29°C. Average annual 

temperatures in the study area have increased about 2.8°C since 1900, from -11.4°C (1900-

1910) to -8.6°C (1998-2008). Average precipitation ranges from about 200 mm in the east of 

our study area to about 350 mm in the west of our study area. Summer (June and July) 

precipitation has increased since the end of the 1970s. Snow-free dates have been occurring 

earlier since 1971 (Tape et al., 2012).  

Sampling 

Repeat photography and site accessibility determined the 16 expanding and 10 stable shrub 

patches that were sampled (Tape et al., 2012). At the 22 transects from the Nimiuktuk and 

Colville River, the largest alder, willow and birch stem was sampled by cutting it off close to 

the ground (<30 cm) and sawing off a stem disc. The remainder of the sample preparation 

followed Tape et al. (2012), except where birch or willow annual shrub rings were very small: 

In these cases, thin-sections were cut from the stem disc surface with a microtome, stained 

with a mixture of Safranin and Astrablue and imbedded on microscope slides with Euparal. 

Shrub Ring Chronologies 

Like most woody plants in the arctic tundra, the alder, willow and birch shrubs sampled for 

this study build one layer of wood per year, which appears as a ring in cross-section. 

Measurement and cross-dating of the annual rings was done according to Tape et al. (2012). 

Growth curves with less than 20% correlation with their respective category were not 

included in the chronologies (Table 1).  
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To account for the age trend present in most shrub individuals, the Negative Exponential 

Curve Standardization (NECS; negative exponential, negative linear or horizontal regression 

trend line) approach and the Regional Curve Standardization approach (RCS) were used, 

which are described in detail elsewhere (Esper et al., 2003, Hallinger &  Wilmking, 2011, 

Tape et al., 2012). Because the RCS chronologies yielded higher correlation between all 

shrub growth curves within expanding patches and between alder shrubs of stable patches (i.e. 

higher serial correlation), all further analyses of those shrubs were conducted with RCS 

chronologies. Only for the birch and willow shrubs of stable patches was NECS 

standardization used because of the low serial correlation within chronologies resulting from 

the RCS method. (Table 2). Chronologies were calculated from the points in time onwards 

when sample sizes exceeded five individuals. Cumulative growth curves were calculated with 

all measured raw ring width curves to compare mean growth (wood allocation) over the 

shrubs’ lifetimes. To assess differences in growth over time we applied flexible splines to 

each ring width curve and removed the age trends (Cook ER &  K, 1981). Then, the decadal 

means were compared using a Wilcoxon-Mann-Whitney test (supplement). 

Analysis of climatic influences on shrub growth 

Meteorological station data and gridded climate data were both used in the analysis. The 

meteorological station in Barrow has the longest record of snowfall measurements in the area 

(1921-2010), and it lies approximately 250 km north of our nearest site. Gridded climate data 

were obtained from the Scenarios Network for Alaska Planning (www.snap.uaf.edu) that had 

downscaled data from the Climate Research Unit (CRU) in East Anglia, Great Britain 

(www.cru.uea.ac.uk) to 2-km pixels with the Parameter-elevation Regressions on Independent 

Slopes Model (PRISM) covering the study area. Our 22 sampling sites fell within seven 

different data cells whose data was averaged to obtain the mean monthly climate data for 

calculating correlation, regression and moving correlation (for assessing temporal stability of 

these relations) coefficients with a bootstrapped routine using the program DendroClim 

(Biondi &  Waikul, 2004). To assess if the shrub ring chronologies correlated with an index of 

vegetation greenness, biweekly NDVI records by the Global Land Cover Facility 

(http://glcf.umiacs.umd.edu/data/gimms/) from the Global Inventory Modeling and Mapping 

Studies dataset were analyzed. The dataset has a resolution of 8 x 8 km, covers the period 

1981-2006 and has been corrected for distorting effects like volcanic aerosols, view geometry 

and others (Tucker et al., 2005). Our shrub patches fell in seven datacells which gathered in 

three main areas in the eastern Colville, middle Colville and the Nimiuktuk area for which 
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additional corresponding chronologies were built. To determine significant changes in the 

trends of time series, whether shrub ring chronologies or climate records, linear segmented 

regression analyses were performed, which partitions the variable of interest into two 

segments. Separate linear regression lines are then fitted to both segments to maximize their 

goodness-of-fit. The breakpoints were calculated with the program SegReg 

(www.waterlog.info). For all reported coefficients p < 0.05, unless stated otherwise. 

 

RESULTS 

Shrub growth rate and trends differ in expanding vs. stable shrub patches 

The comparison of shrub ring widths confirmed the existence of the two different categories 

of shrub patches that were identified using repeat photography: shrubs in expanding patches 

on average allocated more wood each year than shrubs in stable patches (Fig. 3), a difference 

in growth rate that became significant (P < 0.05) after 10 years of growth and increased with 

age. Alder shrubs in expanding patches grew radially at twice the rate of those in stable 

patches (Tape et al., 2012), while willow and birch shrubs in expanding patches grew at 

approximately 1.5 times the rate of their stable counterparts (Table1, Fig. 3). Shrubs in 

expanding and stable patches were, on average, of similar age, but for alders and willows the 

oldest shrubs were from expanding patches. Radial growth of shrubs within expanding alder 

and expanding willow patches was more correlated than was radial growth within 

corresponding stable patches, which was evident in the higher number of shrubs in expanding 

patches that were suitable for building the chronologies and in better resulting chronology 

quality measures (Table 2). In contrast, birch shrubs within expanding and stable patches both 

showed poor growth correlation. Additionally, detrending with a single curve (RCS) derived 

from the average growth trend of all samples in one category was possible for alder, willow, 

and birch in expanding patches but only for alder in stable patches.  

The long-term (referring to the complete length of the chronology) growth trends of 

expanding and stable patches differed; alder and willow shrubs in expanding patches had a 

positive growth trend (Fig. 4, Table S1), whereas alder, willow and birch shrubs in stable 

patches had negative growth trends (Fig. 4, Table S1). Birch growth trends decreased in 

expanding and stagnant chronologies (Fig. 4; Fig. S1; Table S1). The growth trend divergence 

since the 1980s was distinct for alder and willow (Fig. 4) and coincided with increases in 

snowfall, spring and autumn temperature, and growing season length. The biggest differences 
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in long term trends were observed in willow, the smallest for birch (Fig. 4, Table S1). The 

alder shrubs contained long-term trend (20-30 yr) opposing oscillations that lasted over the 

whole record of both chronologies and seemed to be spring/summer-temperature associated. 

With increasing temperatures starting near the end of the 1970s, the trends of most 

chronologies changed their direction; the breakpoints for all chronologies fell between 1979 

and 1981 (except stable birch = 1970), indicating a major shift in growth at that time.   

Remarkably, chronology growth trends for alder and willow were more similar between 

shrubs of the same category than between shrubs of the same species (Table 3). For example, 

the growth trend of shrubs in expanding alder patches was better correlated with the growth 

trend of shrubs in expanding willow patches (r=0.57, Table 3) than to the growth trend of 

shrubs in stable alder patches (r=0.11, Table 3). Birch growth trends correlated at about the 

same strength within species as between categories (Table 3). The interannual growth changes 

(Glk) were also more similar between shrubs of expanding alder, willow (Glk=0.79) and birch 

(Glk= 0.67) patches than between the two categories of willow (Glk=0.71) and birch (Glk= 

0.57) shrub patches, while alder of both categories had the most similar interannual growth 

(Glk=0.84; Fig. 3).  

Climatic influence on expanding vs. stagnant shrub patches 

Expanding alder and willow shrubs showed significant correlations with average temperature 

of spring and summer months (March to July, Fig. 5; 6). The length of the growing period 

(number of days > 0°C) was significantly positively correlated (r=0.40, p<0.05) and the 

number of days < 0°C was significantly (p<0.05) negatively correlated (r=-0.83) with 

expanding alder growth (Fig. 6). Generally, expanding alder and willow shrubs showed more 

positive correlations to temperature parameters than stable alder and willow shrubs, which 

had characteristically no positive correlations with temperature but instead had negative 

correlations with winter snowfall and spring/summer precipitation (Fig. 5; 7). The response 

coefficients of ring width and monthly climate data convey similar results: the expanding 

alder chronology had June and July temperature as principal components (r²=0.33 and r²=0.23 

respectively), whereas the stable alder and willow chronologies had negative response 

coefficients with winter snowfall (alder: r²=-0.26 March; willow: r²= -0.34 November). The 

expanding willows did not have the temperature, snow or precipitation as a principal 

component. Birch shrubs of the two categories showed the most similar correlations (Fig. 4; 

5) in growth trends; both reacted positively to warm late summer temperature of the year prior 
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to growth (Fig. 5). Birch shrubs also showed negative correlations to June temperature but 

positive correlations to June precipitation (Fig. 5). 

Snow inhibits shrub growth? 

Since 1967, alder and willow shrub growth in stable patches was negatively correlated 

(p<0.05) with winter snowfall (Fig. 5; 7), regardless of whether standardized chronologies or 

raw ring width curves were used for the analysis. Snowfall in winter and spring was 

negatively correlated with shrub growth in stable alder and willow patches, and a high 

correlation and synchronicity between the interannual variability in snowfall and shrub 

growth was also observed (Table 3: Glk values; Fig. 7). Alder and willow shrub growth in 

expanding patches were not significantly correlated with snow parameters (Fig. 5), nor were 

birch shrubs. 

Snowfall has increased over the length of the record (Fig. 7). Especially in the period 1955-

65, increased winter (DJF) and spring (MAM) temperatures coincided with greater snowfall 

(r=0.62). The positive trend in snowfall has increased since the 1970s, with higher rates of 

snowfall in warmer years (r=0.54, p<0.05; Fig. 7). Despite the increased snowfall, the 

growing season has lengthened since the beginning of the record (Fig. 6).  

Relationship between shrub rings and tundra greening 

There were positive correlations in the Nimiuktuk area with summer NDVI values (June-

August) and corresponding expanding (1st week of Aug: r=0.33) and stable birch (last two 

weeks of Aug: r=0.56; response coefficient=0.52) and stable alder (1st two weeks of July: 

r=0.39) shrub chronologies. Peak NDVI years were also peak growth years. Birch shrubs in 

stable patches in this area were negatively correlated with early growing season NDVI values 

(1st two weeks of June: r=-0.47). 

 

DISCUSSION 

Higher growth rate in expanding shrub patches 

Shrubs in expanding patches of all three species – alder, willow, and birch - grew at a higher 

rate than shrubs of stable patches, meaning that expanding shrubs of the same age as stable 

shrubs had a bigger circumference and, as field observations indicate, were also taller. Thus, 

our measurements of shrub growth confirm and substantially refine the observations made by 
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repeat photography spanning approximately 1950 to 2002 (Tape et al. 2006). There, the 

evidence for “shrub expansion” in Northern Alaska was derived primarily from readily 

detectable large, dark alder shrubs with distinct crowns. Willow and birch shrubs sometimes 

blended into background tundra colors and were much finer-textured than the alder crowns, 

which made increases in birch and willow only resolvable in the highest quality repeat 

photographs, and even those examples were not quantifiable. Our results show that the shrub 

increase detected in expanding patches probably does not only refer to alder, but also to 

willow shrubs. The negative growth trends of birch shrubs in expanding and stable patches 

suggest that birch growth is declining, at least in the presence of alder and willow. The strong 

variability in growth rate of all three species (Fig. 3, S1) and also in growth trend between 

shrubs of expanding patches and stable patches highlights crucial landscape control of shrub 

growth.  

Landscape control on shrub growth response to temperature  

In expanding alder and willow patches, summer temperature was the strongest driver of 

growth (Fig. 5, 6). The importance of early summer temperatures for subarctic and arctic 

shrub growth has been shown in numerous studies for a variety of species and locations 

(Rayback &  Henry, 2006, Bär et al., 2008, Rozema et al., 2009, Forbes et al., 2010b, 

Hallinger et al., 2010, Lantz et al., 2010a, Weijers et al., 2010, Blok et al., 2011a, Buras et 

al., 2012, Macias-Fauria et al., 2012, Tape et al., 2012, Zamin &  Grogan, 2012). The positive 

correlations of alder and willow shrubs in expanding patches with spring temperature (and 

with the number of days >5°C for alder) and of birch with autumn temperature indicates that 

increases in growing season length can be expected to further stimulate shrub growth. 

Most correlations between shrubs in stable patches and temperature were negative, indicating 

that shrubs in stable patches did not profit from the warming of the recent decades. Expanding 

and stable birch patches both had positive correlations with late summer temperature 

(important for bud formation and thereby growth in the next year; Oksanen, 2003) and 

negative correlations with precipitation in spring.  

Snow inhibiting shrub growth? 

Alder and willow shrubs of stable patches showed generally negative correlations with 

precipitation, whether it occurred as snow or rain, whereas snow had no affect on shrubs in 

expanding patches (Fig. 5; 7). Deeper snow is known to increase winter ground temperatures, 

making hardy microbes able to start their metabolism and thereby to produce nutrients that 
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may enhance shrub growth early in the growing period (Sturm et al., 2001a, Sturm et al., 

2005). In contrast, our results from stable patches comprised of the three dominant shrub 

genuses in northern Alaska suggest that in poorly-drained tussock tundra areas the importance 

of the snow-shrub-microbe hypothesis is outweighed by other snow-shrub interactions. 

Shrubs in expanding patches have a deeper active layer and less soil moisture than shrubs in 

stable patches (Tape et al., 2012), and shrubs in expanding patches do not react in a negative 

way to high snowfall. Increased snowfall inhibited shrub growth by increasing soil moisture 

and slowing shrub growth. Woody plants of a variety of biomes shows that waterlogged 

(anoxic) situations hamper growth of woody species (Parent et al., 2008) through several 

processes, such as nutrient immobilization (Schimel et al., 2004). Therefore, our results 

indicate a probable restriction of growth by waterlogged anoxic soils resulting from a 

shallower active layer impeding drainage (Schickhoff et al., 2002). Negative growth 

correlations with increased snowfall might instead be explained by the likelihood of deep 

snow melting later than shallow snow, but that explanation is inconsistent with the shrubs in 

stable patches being unresponsive to early season temperatures, which reinforces the 

restrictions on growth imposed by wet soils. Waterlogged soils resulting from thawing 

permafrost have been observed to cause die-back of dwarf birch in Siberia (Myers-Smith et 

al., 2011a). The indifference of shrubs in expanding patches to snow may be explained by the 

deeper active layer, improved drainage of melt water, and drier substrate. 

Snow depth is a measure that can be heavily influenced by local topography (Liston &  Sturm, 

1998) and vegetation (Pomeroy et al., 2006, Lawrence &  Swenson, 2011). Snowfall however 

more accurately measures the amount of precipitation that falls as snow; largely excluding the 

processes of sublimation and redistribution. The strong agreement of snow records from 

Barrow, Noatak Village and Umiat since 1989 (3 locations forming a triangle encompassing 

our sites, Fig 1; 7c) indicates that the Barrow snow data record is probably representative of 

general snowfall anomalies across our study area. Moreover, the presence of strong (negative) 

correlations between annual snowfall and shrub growth in stable patches across species 

implies that snow anomalies measured in Barrow translate to our study area (Fig. 7).  

A negative influence of snow on shrub growth has been reported for a study on high arctic 

Greenland, where growing season determined shrub growth (Schmidt et al., 2006), for an 

alpine site in the Southwest of the USA (Franklin, 2012) and for a study on an evergreen 

shrub (or tree growing in a very stunted and prostrate form) in Southwest Australia 

(McDougall et al., 2011). Studies from other locations reported higher snow depth to have no 
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measurable effect on shrub growth or biomass (Seastedt &  Vaccaro, 2001, Dorrepaal et al., 

2006, Wipf &  Rixen, 2010, Blok et al., 2011a, Zamin &  Grogan, 2012). In our study, we did 

not find evidence for the positive influence of snow on shrubs, though our increases were 

small compared to the experimental increases that this hypothesis is based on (Wahren et al., 

2005). 

Tundra greening 

Shrub growth in stable but not in expanding patches was related to NDVI, probably because 

these stable shrub patches cover a larger fraction of the landscape than expanding shrub 

patches. This may also be due to the spatial linearity of expanding patches, which often follow 

streams or outcrops and are underrepresented in larger NDVI pixels. A study from Siberia 

found NDVI values of a birch shrub tundra to saturate at fractional cover values >40% (Blok 

et al., 2011c) that can be easily exceeded in expanding patches here, resulting in shrub 

increases not being translated adequately to NDVI. Thus, despite our results, increases of 

growth and cover of shrubs of expanding patches may contribute to the overall greening trend 

of the Arctic tundra that has been reported frequently within the last decade (Jia et al., 2003b, 

Jia et al., 2009a). As shrubs of stable patches did not increase their stem growth in the last 

decades, increases in NDVI are therefore in our study area supposedly related to structural 

changes like increases in shrub crown foliage (decoupled from reduced or stagnant stem 

growth by increased branching) or to enhanced plant productivity across functional types, as 

increased NDVI values on the North Slope have not been found to be restricted to areas of 

high shrub cover (Beck &  Goetz, 2011). NDVI may therefore not adequately quantify future 

shrub expansions in areas with already high biomass but rather include biomass increases 

from areas with sparse shrub cover (stable patches). However, it is noteworthy to keep in 

mind that our study was not designed to compare shrub growth and NDVI in the first place 

and that our sampling strategy otherwise might have involved more transects within each 

NDVI pixel. 

Comparison of alder, willow and birch growth and their responses to climate 

Alder, willow and birch shrubs in expanding patches grew at 1.5 to 2 times the rate of shrubs 

in stable patches, underscoring the profound influence of substrate on growth across species. 

The taller shrub species, alder and willow, additionally shared these characteristics: a) radial 

growth in expanding patches was more correlated than in stable patches, b) there were 

pronounced differences between expanding and stable patches in radial growth increments 
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and growth trends starting ~1980, c) chronology growth trends and annual growth were more 

similar between shrubs of the same category than between shrubs of a different category but 

same species, d) growth was mainly positively correlated with spring and summer 

temperature and e) shrubs of stable patches were negatively affected by snow / winter 

precipitation. Generally, alder and willow shrubs of expanding patches share more similar 

growth habits than expanding alder and stable alder shrubs, or than expanding willow and 

stagnant willow shrubs; the same goes for similarities between alder and willow in stagnant 

patches. Collectively, the shared characteristics of alder and willow within expanding or 

stagnant patches indicate that the genus of the shrub had a smaller influence than the soil 

properties on the shrub growth rate and response to climate. 

Birch shrubs, however, strongly differed from the two other shrub species: a) shrubs of both 

categories showed poor correlation within and between categories, b) growth increments 

differed but growth trends decreased in both, expanding and stagnant shrub chronologies, c) 

growth was mainly positively correlated with late summer temperature and d) there was no 

negative effect of snow.  

In most experimental studies, dwarf birch showed strong increases in growth after artificial 

warming and nutrient addition (Bret-Harte et al., 2001, Bret-Harte et al., 2002, van Wijk et 

al., 2004, Jonsdottir et al., 2005, Wahren et al., 2005, Blok et al., 2009b) but in our study, 

even in favorable areas of the tundra, where shrub cover has been increasing over the last 

decades – in expanding patches of alder and willow – birch shrubs have not increased their 

growth. 

Birch shrubs also had a positive correlation with June precipitation and negative correlation 

with June temperature that indicates beginning conditions of drought stress in drier summers, 

seconding a study from eastern Siberia showing that dwarf birch profited from wet summer 

conditions (Blok et al., 2011a) which might also explain why birch was not negatively 

impacted by snowfall. On the other hand, permanent wet conditions can lead to the die-off of 

birch patches (Myers-Smith et al., 2011b), indicating that there is a relatively narrow 

optimum of soil moisture for birch growth and either too dry or too wet conditions can reduce 

birch growth.  

Synthesis 

Shrubs of expanding and stable patches generally have different growth rates and respond 

differently to climate variability, likely due to different soil environments.  A moderate 
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increase of snowfall on typical low arctic tussock tundra did not increase shrub growth via the 

snow-shrub-microbe positive feedback loop (Sturm et al., 2001a), but instead slowed shrub 

growth by exacerbating the already high soil moisture conditions of stable patches (Tape et 

al., 2012). The properties of the active layer therefore strongly control shrub response to 

climate variability, though these properties are correspondingly influenced by vegetation 

dynamics (Jorgenson et al., 2010). Interspecific differences show that birch behaves 

differently than alder and willow, and is not profiting from recent climate trends when 

accompanied by alder and willow. We expect that interspecific differences, summer 

temperature, precipitation and soil properties will strongly affect shrub growth and future 

shrub expansion dynamics in low arctic ecosystems. Modeling the resulting heterogeneity in 

shrub population dynamics and projecting future vegetation developments will have to 

accommodate this complexity. 
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FIGURES 

 

 

Figure 1: Study area: Stable and expanding shrub patches (n=22) that were sampled along 

valley slopes of the Nimiuktuk and Colville Rivers, located in the Brooks Range and on the 

North Slope of Alaska. Snow data were used from Barrow, Umiat Airport and Noatak 

Village. 

 

 

 

Figure 2: Different vegetation composition and structure in expanding (left panel) and stable 

(right panel) shrub patches. Expanding patches are comprised of taller shrubs often occurring 

as thickets, whereas stable shrub patches occur on tussock tundra dominated by graminoids. 
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Figure 3: Cumulative growth curves of shrubs from expanding (green) and stable (red) 

patches of (a) alder, (b) willow and (c) birch. The growth curves (thin coloured lines) have 

been created by adding each year´s growth cumulatively. Thick lines are averages, dotted 

lines represent standard errors; dashed lines are sample depths. Shrubs in expanding patches 

grow faster than shrubs in stable patches, and alder shrub growth rates are 2 to 3 times higher 

than willow or birch. All shrubs were plotted until they reached an age of 75 (truncating 3 

older alder shrubs).  
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Figure 4: Growth trends of shrubs from expanding versus stable patches. Standard 

chronologies of expanding (green/light grey) and stable (red/dark grey) shrubs of (a) alder, (b) 

willow and (c) birch show that the long term growth trend (dashed lines) is positive for the tall 

shrubs in expanding patches (alder: p<0.01, willow: p=0.07), whereas the long term trend for 

shrubs of stable patches is negative (alder: p=0.15, willow: p<0.001, birch: p=0.3), as is the 

trend for birch in expanding patches (p<0.05). Significant differences between linear 

regression growth curve trends of respective categories were observed for willow (p<0.001), 

though values for alder chronologies diverge significantly starting in 1980. The chronologies 

are only displayed from a minimum sample size of 5 onwards. 
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Figure 5: Climatic influence on shrub radial growth, including correlations between (a) alder, 

(b) willow and (c) birch standard chronologies and monthly temperature, precipitation and 

snowfall from January (J) of the year prior to growth until August (a) of the present year. 

Expanding alder and willow shrubs show significant (* p<0.05) correlations with summer 

months, whereas stable alder and willow shrubs are characterized by negative correlations 

with winter snowfall and precipitation in general. Birch shrubs of the two categories react 

similarly positive to warm late summer temperature. These results were calculated over the 

time period 1971 to 2008, during which all chronologies have sufficiently high EPS values. 

 

Figure 6: a) Interannual expanding alder shrub growth (green, line) is profoundly influenced 

by summer (June-July) temperatures (orange line). Years with high summer temperature are 

also years with high radial growth. June-July temperatures are averaged. Average correlation 

value is r=0.53 (r=0.72 for the time period 1979-2008) and Gleichläufigkeit: Glk=0.73; 

p<0.001. b) Increasing length of the growing season at Barrow: The number of days per year 
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that exceed a certain temperature threshold has been growing over the last six decades; 

especially the number of days without frost (temperatures >0°C: solid line (top); temperatures 

>5°C: dotted line (bottom).  

 

 

(a)

(b)

(c)
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Figure 7: a) The positive correlation (r=0.55, Glk=0.79; p=0.01) of the stable alder 

chronology (red line, 1
st
 left y-axis) with snowfall of the year before (blue line; 2

nd
 left y-axis) 

turns into a negative one (blue line; r=-0.52; Glk=0.60; p<0.05 y-axis to the right) after 1967. 

The y-axis to the right has been inverted to show the synchronicity of the negatively 

correlated snowfall record with the chronology. b) For willow, the construction of the graph is 

the same as for alder: there is also a positive correlation with snowfall (r=0.62; Glk=0.89; 

p<0.01) until 1967 and afterwards the correlation becomes negative (r= -0.47; Glk=0.71; 

p<0.01; inverted 2
nd

 y-axis). c) Barrow (blue line) and Noatak Village (cyan line) and Umiat 

Airport (magenta line) total yearly snowfall.  

 

 

TABLES 

 

Shrub species/ category Average growth in mm 

(SD,SE) 

Nr. of samples (used for 

chronologies and climate 

analysis) 

Average age 

(SD, Max) 

Alder Expanding 0.42 (0.29, 0.04) 59 (52) 43 (19, 100) 

Alder Stable 0.18 (0.15, 0.02) 40 (30) 42 (15, 83) 

Willow Expanding  0.21 (0.15, 0.04) 54 (41) 24 (11, 52) 

Willow Stable  0.15 (0.14, 0.05) 35 (24) 21 (12, 41) 

Birch Expanding  0.15 (0.12, 0.04) 45 (22) 26 (10,50) 

Birch Stable  0.10 (0.08, 0.03) 46 (40) 24 (13, 53) 

 

Table 1: Summary of sample characteristics: The average radial growth rates of the three 

species decline with declining shrub stem size. The number of samples used for the 

correlation with climate depended on the similarity of growth within the respective category. 
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Regional Curve 

Standardization 

(RCS) 

Interannual 

correlation 

(autocorrelation) 

Mean 

sensitivity 

(to 

climate) 

Serial 

Correlation 

Average Expressed 

Population Signal (mean 

EPS and 1
st
 year of EPS 

value >0.85 of running 

window of 20 yr) 

Alder Expanding 0.45 0.37 0.57 0.99 (1949) 

Alder Stable 0.48 0.23 0.76 0.99 (1971) 

Willow 

Expanding  

0.25 0.29 0.26 0.94 (1965) 

Willow Stable*  0.11 0.24 0.11 0.75 (------) 

Birch Expanding  0.36 0.24 0.37 0.93 (1961) 

Birch Stable *  0.41 0.13 0.42 0.97 (------) 

 

Table 2: Statistical chronology characteristics. As the growth of shrubs in expanding patches 

is more homogeneous, the values for these shrubs were usually higher and Regional Curve 

Standardization was possible. *The age trend of stable willows and birches had to be removed 

using negative exponential or horizontal line detrending (NECS) because of too variable 

growth trends. 

 

Glk\ r  Alder Ex. Alder St. Willow Ex. Willow St. Birch Ex. Birch St. 

Alder Ex.  0.11 0.57 0.14 0.30 0.08 

Alder St. 0.84***  0.08 0.47 0.63 0.20 

Willow Ex. 0.79*** 0.79***  0.32 0.32 0.15 

Willow St. 0.67* 0.67* 0.71**  0.52 0.19 

Birch Ex. 0.71** 0.71** 0.61 0.68 **  0.34 

Birch St. 0.55 0.43 0.57 0.59 0.57  
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Table 3: Similarity of growth trends depicted by r (correlation coefficient, upper right corner) 

and similarity of interannual growth changes depicted by Glk (Gleichläufigkeitswert, lower 

left corner) are generally higher in shrubs in expanding patches. ***p<0.001; **p<0.01; 

*p<0.05. 

 

SUPPLEMENT 

 

(A) R² df slope t p intercept 

Alder-Exp. 0.12 70 0.001 3.08 <0.01 -0.003 

Alder-St. 0.01 52 -0.002 -0.59 0.56 4.402 

Willow-Exp. 0.07 42 0.070 1.83 0.07 -7.68 

Willow-St. 0.20 42 -0.010 -3.23 <0.01 16.07 

Birch-Exp. 0.10 41 -0.005 -2.01 <0.05 9.97 

Birch-St. 0.03 39 -0.003 -1.002 0.32 6.55 

 

(B) Slope diff. SE diff. t df p  

Alder -0.0022 0.0029 -0.78 124 0.44  

Willow -0.0119 0.0033 -3.57 84 <0.001  

Birch 0.0017 0.0035 0.50 78 0.62  

       

 

Table S1: A: Statistics on the significance of linear regression slopes calculated for the 

chronology lengths with sample sizes of >5 shrub growth curves. B: Statistics of the test on 

significant differences in linear regression slope lines between chronologies of shrub of 

expanding and stable patches calculated for the chronology lengths with sample sizes of >5 

shrub growth curves.  
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Figure S1: Significant differences in shrub growth in the last three decades between shrubs of 

expanding and stable patches. From 1980-2008, a) alder radial growth in both categories 

differs significantly (p<0.001), as well as b) willow (p<0.001) and c) birch (p<0.01) growth. 

Decadal means of spline detrended (of 32% of each growth curve series’ length) ring width 

curves have been analyzed with a Wilcoxon-Mann-Whitney test. When comparing within 
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species category, growth of willow in expanding patches is comparatively low: Despite a 

stronger growth of expanding willow within the last decade, two periods of limited growth 

(around 1995 and 2003) lead to the diminished means of the last two decades in comparison 

to the 1980 mean. 
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Chapter 9 

 

2. Synthesis and General Discussion 

Summary 

In this thesis I successfully tested i) the applicability of traditional dendrochronological 

methods on shrubs (chapter 2). As one result, I can generally highly recommend the method 

of serial sectioning for reliably dating shrub growth, also because this technique provides the 

opportunity for in-depth morphological analyses. I further found sound evidence ii) for a 

Scandinavian shrub range expansion that iii) could be successfully linked to and is mainly 

driven by summer temperature (chapter 3 & 4). Snow however, also at least partly influences 

shrub growth in Scandinavia and appears to be the limiting factor for a possible expansion of 

shrubs of stable shrub patches, possibly because of its contribution to shallow, water saturated 

and thus anoxic active layers (chapter 8). iv) The reason for the heterogeneity of the shrub 

expansion are different soil and vegetation conditions of expanding and stable shrub patches 

and the individual position of a shrub patch within the landscape comprising different levels 

and rates of disturbance that predispose tundra areas for shrub expansion (chapter 7). 

Additionally, shrub ring records were successfully used as natural archives to assess past 

temperature dynamics respectively summer glacier mass balance (chapter 6). Finally, the 

involvement with other leading researchers on tundra vegetation resulted in a common effort 

to analyse and synthesize shrub growth influencing factors and we give recommendations for 

future research (chapter 5). In each of the following paragraphs, the main findings of my 

thesis are shortly presented, along with the major conclusions and then both, results and 

conclusions, are discussed under consideration of other research that helped to evolve the 

field of tundra shrub dendroecology. Along the way, I give recommendations for possible 

future research avenues. 

 

Shrub Growth: Morphology and Anatomy 

In my analysis of shrub growth and continuously missing rings at lower stem sections 

(CMORs), I found CMORs in both trees and shrubs of different biomes and in a variety of 

species (chapter 2). I also found that the cambium of some stems was inactive for as long as 
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18 years. The amount of CMORs correlated with cambial age, stem length, stem proportion 

below peat surface, and defoliation intensity caused by herbivores. A portfolio of different 

possible causes for the phenomenon of CMOR-occurrence was discussed: the influences of 

nutrient limitation, growth hormone transport, stem temperature and growth form (Wilmking 

et al., 2012). The exact mechanisms for CMORs however remain unknown. It is for example 

known that shrubs with buried stems tend to have missing rings in the below ground part 

(Gärtner, personal communication) but unclear whether this is due to burial or due to cold soil 

temperatures. For reasons yet unknown and in contrast to trees, shrubs also do not necessarily 

show the age-dependent decrease of annual ring width and apparently also do not always 

grow strongest at the top part of a stem (chapter 4). It is the answer to basic questions like 

that, that merits further research: On the one hand, we can learn something about fundamental 

strategies of woody plants to cope in stressful environments, on the other hand, the resource 

allocation on several stems and between stems and crown matters: larger investment into 

shrub crowns will further enhance the greening signal of the tundra captured by remote 

sensing techniques and crown roughness is important for wind breaking and snow 

accumulation processes (Bonfils et al., 2012). Resource allocation between below and above 

ground parts and foliage and stem structure is also important for the carbon balance of the 

tundra (Bret-Harte et al., 2002, Weintraub &  Schimel, 2005).  

The influence of the environment on shrub growth has also hardly been studied but can 

apparently substantially influence shrub growth processes: Betula nana increased long shoot 

growth as response to experimental nutrient increases in Arctic Alaska (Bret-Harte et al., 

2002), a growth plasticity that may change crown sizes and thereby albedo, as well as tundra 

carbon balance if nutrient levels on the tundra should increase with further warming (Chapin 

et al., 1995). 

Interestingly, both shrubs and trees showed CMORs, independently of the type of marginal 

environment. These results are important because trees at their margins of distribution, 

especially at the latitudinal treeline, are frequently used for the reconstruction of climate. By 

performing the standard method of taking only one tree core at breast height, the investigator 

will very likely miss several years and inevitably will be in need for a strong replication of 

samples or a good reference chronology for dating. But also for shrubs, correct dating is 

critical, especially if shrubs are increasingly used for the reconstruction of climate (Rayback 

&  Henry, 2006, Rozema et al., 2009, Weijers et al., 2010, Rayback et al., 2012) or past 

environmental changes like the glacier summer mass balances (Buras et al., 2012). We 

generally advise serial sectioning in woody plants of marginal habitats not only to insure 
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correct dating but also to learn more about shrub growth structure and to assess other growth 

features like vertical shrub growth (Hallinger &  Wilmking, 2011). In a study of Salix polaris 

on Svalbard, cross-dating was only possible through high-frequency serial sectioning and on 

average more than 20 % of all rings per individual shrub were missing (Agatha Buchwal, 

personal communication). An interdisciplinary approach studying the growth and resource 

allocation of shrubs would be surely rewarding and deliver insights into plant-environment 

interactions, structural growth of woody plants in extreme environments and thus into the 

functioning of the tundra ecosystem. Genetics could for example help distinguish between 

different plants (vs. clones in willows and other species with asexual reproduction), plant 

physiology could help determine phyto-hormonal transport and wood anatomy could conduct 

pinning experiments to determine exact growth constraints. Also, shrub anatomy is only in its 

beginnings and reaction wood or vessel sizes will tell interesting stories of their own (Gärtner-

Roer et al., 2013). 

 

Shrub Growth Response to Warming Temperatures 

In northern Sweden, along an elevational gradient from the alpine treeline to the local 

shrubline, I found pronounced recent increases in radial growth and – inferred from the 

difference in number of rings and distance on the stem – also in vertical growth. Vertical 

growth had so far not been analysed in this way but did show the same long-term patterns as 

radial growth (chapter 3 & 4). The growth increases indicated a dwarf juniper (Juniperus 

nana) shrub expansion on the southwest slope of a major mountain in the area. An increase of 

various tree and shrub species in the area has also been confirmed later on by a study 

repeating historical (ca. 1960-70) vegetation relevees (Rundqvist et al., 2011).  

Shrub growth was correlated and fluctuated synchronously with summer, mainly June and 

July temperature and therefore the link between shrub expansion and summer temperature 

respectively summer warming as driving mechanism was postulated. Summer temperature 

had been found earlier to influence shrub growth but not been connected to the recent shrub 

expansion (Shiyatov et al., 2002, Bär et al., 2008). In 2009, however, the greening trend that 

had been observed for the tundra of North America was also confirmed for the Siberian tundra 

and willow growth there was related to summer temperatures, as well (Forbes et al., 2009). 

Despite that finding, the publication of chapter 3 (Hallinger et al., 2010) was received 

sceptically in parts of the scientific community concerning the methods applied and the 

conclusions drawn (Büntgen &  Schweingruber, 2010). While this critique suggested an 
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alternative suitable methodological approach and stimulated scientific discussion, I could 

show that the potential pitfalls and concerns that were raised by the two colleagues did not 

apply for my study (chapter 4). Since then, numerous studies, both experimental and 

dendrochronological, confirmed summer temperatures as main drivers of shrub growth (Lantz 

et al., 2010, Weijers et al., 2010, Blok et al., 2011, McDougall et al., 2011, Rayback et al., 

2011, Buras et al., 2012, Elmendorf et al., 2012, Macias-Fauria et al., 2012, Rayback et al., 

2012, Tape et al., 2012, Tremblay et al., 2012, Weijers et al., 2012, Zamin &  Grogan, 2012). 

Increased summer temperature influences shrub growth indirectly by elevating ground 

temperatures allowing higher microbial turnover and by generally increasing physiological 

process-rates. So far, however, little is known about the exact processes leading to enhanced 

growth, about temperature thresholds for photosynthesis or difference in cambial growth in 

different shrub species. Whereas increased summer temperatures are usually beneficial for 

shrub growth (chapter 3-8), they also have the potential to be limiting for growth: Evidence 

for drought stress in tundra shrubs was found affecting juniper shrubs growing at the highest 

altitude (ca. 1100 m asl) on shallow soils with little water retaining capacity in northern 

Sweden (chapter 3) and dwarf birch growing on shallow active layer depths (chapter 8) and 

probably also facing competition by graminoids, on the Alaskan tundra of the North. Thus, 

increasing summer temperatures without concomitant increases in soil moisture might stop a 

further shrub expansion in certain areas. To my knowledge, so far, no further evidence for 

drought stressed Arctic shrubs has been reported, however.  

 

Recruitment as Precondition for a Range Margin Expansion 

Temperature not only impacts shrub growth but also recruitment, the precondition for an 

advance of shrubline respectively for the colonization of formerly shrub free areas, at least for 

shrubs that do reproduce sexually. Low pollen quality at range margins of shrub populations 

like alder, willow and dwarf birch was interpreted as temperature limitation of reproduction 

(Hermanutz et al., 1989, Weis &  Hermanutz, 1993, Lantz et al., 2011). With the currently 

observed warming trend in the Arctic, higher rates of successful recruitment can be expected 

and have probably already been found, as age distribution studies (chapter 3 & 4) on shrubs 

growing in tundra ecosystems (Danby &  Hik, 2007, Myers-Smith, 2007b, Lantz et al., 2011) 

and the observation of shrub seedlings at range margins indicate (Hallinger et al., 2010, Lantz 

et al., 2011). More studies that link warming and recruitment and that focus on studying the 

processes of pollination, seed distribution, germination and survival are in demand, as range 
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expansions will mainly depend on the establishment of new shrub individuals in tundra 

ecosystems. That will also enable us to better predict future rates of shrub increases. 

 

Herbivory, Disturbance and Competition 

Aside from climate, herbivory, disturbance and competition are the main factors influencing 

the spread of shrubs on the tundra. Competition effects on shrub growth has hardly been 

studied so far, although single studies suggest that graminoids have already out-paced shrubs 

in some areas (Joly et al., 2007) and that the long-term effect of experimental changes (in this 

case nutrient addition) on shrubs was partly counteracted by increases in graminoid 

abundance (Campioli et al., 2012). It has also been found as a general trend through 

observations and experiments in various tundra areas that graminoids that generally can adapt 

to changes in the environment faster than other plant functional groups because of their fast 

growing meristems and their high resilience against disturbance, have increased over the last 

decades (Wahren et al., 2005, Walker et al., 2006, Jia et al., 2009, Kapfer et al., 2012). As 

disturbance is expected to increase alongside warming temperatures (chapter 5), competition 

between shrubs or between different functional groups may become a counteracting factor to 

shrub expansion in some tundra areas. Disturbance can occur through tundra fires, thawing 

permafrost (for example thaw slumps), trampling or burrowing by animals and human 

activity. Some of these disturbances like fires and permafrost degradation have been 

increasingly observed over the last decade (Lawrence et al., 2008, Mack et al., 2011) and as 

disturbed areas typically experience increased growth and abundance of shrubs (Kemper &  

Macdonald, 2009, Lantz et al., 2009, Lantz et al., 2010, Mackay &  Burn, 2011), disturbance 

may stimulate shrub expansions in the future by creating seed beds, reducing competition and 

supplying additional nutrients. However, disturbance events like severe fires, heavy trampling 

by animals and thawing palsas have also been reported to cause substantial diebacks of shrubs 

(Williams et al., 2008, Kumpula et al., 2011, Myers-Smith et al., 2011a). Thus, the impact of 

disturbance can both enhance and retard shrub range expansions and may also depend on site 

and the ecological characteristics of the shrub species concerned. 

 

Herbivores can influence tundra vegetation profoundly: On the one hand, they can promote 

shrub range margin expansions by distribution of seeds, creation of seedbeds and fertilization 

of soils (chapter 5). On the other hand, enclosure and exclosure experiments show that 

mammal, rodent and bird herbivores can diminish shrub growth substantially (Olofsson et al., 
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2009, Hofgaard et al., 2010, Ravolainen et al., 2011, Speed et al., 2011). Observational 

evidence for reduced shrub biomass has been found in Greenland (Post &  Pedersen, 2008), 

where muskoxen and caribou prevented the shift of a graminoid tundra ecosystem to a shrub 

tundra ecosystem and in Norway (Ravolainen et al., 2011), whereas no significant impact has 

been observed on the Arctic coast of Northwest Canada (Myers-Smith et al., 2011c) and in 

North Sweden (chapter 3 & 4). Increased knowledge about the population cycles and spatial 

and temporal dynamics of herbivores, as well as about the influence of herbivores on seedling 

recruitment and seed predation will enable us to better estimate the rate and probability of 

future vegetation transitions in the tundra. 

 

 

Figure 4 Repeat photography showing the same part of landscape directly above treeline (consisting of 

mountain birch) on the northeast slope of Mount Nuolja near Abisko, northern Sweden (left panel 1937, 

right panel 1959) depicting how fast a conversion from mountain meadow tundra to shrub tundra can 

occur. Herbivory and climate warming are discussed as causes for this alpine example of a (willow) shrub 

expansion.  

 

The snow-shrub-microbe hypothesis refuted?  

The snow-shrub-microbe hypothesis refers to a model of positive feedbacks (chapter 1: Fig. 

2): Increases in shrub size as observed under the current shrub expansion are supposed to 

enable taller shrubs to capture more snow in winter, increasing soil temperature through better 

insulation and thus enabling hardy microbes to metabolize and provide increased amounts of 

nutrients that could enhance shrub growth in the following summer (Sturm et al., 2001). All 

phases of this proposed feedback cycle have been confirmed through observations (Schimel et 

al., 2004, Sturm et al., 2005, Buckeridge &  Grogan, 2008), except of the final step: it remains 

unclear whether the increased supply of nutrients in spring is actually processed by shrubs and 

not washed away by meltwater in spring or reduced by denitrifying bacteria (Sturm et al., 

2005). In chapter 3, juniper shrubs at the lower altitudes displayed positive correlations with 
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snow depth that I had interpreted according to the hypothesis above. However, if juniper 

shrubs were indeed favoured in this way, then it remains unclear why the feedback cycle did 

not also stimulate shrub growth at higher altitudes. An alternative explanation for the 

observed correlations are the higher shrub stem sizes (p<0.01) at lower altitudes (0.6 m) that 

are at a much higher risk of suffering frost damage leading to stem die-off and reduced 

growth in the next growing period compared to higher altitudes with shrubs of rather prostrate 

growth (0.15 m at 1100 m asl). By contrast, on the Alaskan tundra, I did not find any 

indication for a positive influence of snow depth on shrub growth in the three most 

widespread arctic shrub species (alder, willow and birch) but a significant negative influence 

on shrubs growing in stable patches instead, suggesting that it was snow that kept these shrubs 

from expanding (chapter 8). The reason may be that increased amounts of snow increase 

water saturation in the shallow active layers of stable shrub patches (about 30 cm on average 

compared to ca. 80 cm of active layer depth in expanding patches, chapter 7) Interestingly, 

by scrutinizing the literature, I found several studies where snow depth had no or a substantial 

negative effect on shrub growth (Hallinger et al., 2013) and only one study that found an 

increase in deciduous (and a decrease in evergreen) shrubs with increased snow depth 

(Wahren et al., 2005). Thus, the evidence for a fully working snow-shrub-microbe cycle of 

positive feedbacks remains hypothetical (Sturm et al., 2001, Sturm et al., 2005) and is 

obviously not working for a large part of Arctic Alaska. 

 

However, the factors involved determining active layer depths are complex and interact: 

The decisive factor for shrub growth in tundra ecosystems underlain with continuous 

permafrost seems to be active layer depth because of the above mentioned advantage of 

shrubs in expanding patches with significantly deeper active layers that did not show a 

negative relation to snow depth, possibly because of better drained soil conditions (chapter 

8). A field study in Siberia showed that the shading of shrub canopies reduces ground heat 

fluxes and thus active layer depth (Blok et al., 2009), so an increase of shrubs on the tundra 

would possibly counteract winter warming effects by snow via increased summer shading. 

Contrary, other studies applied models showing that active layer depth increases with 

increased shrub size (Bonfils et al., 2012) and that the resulting increase in evapotranspiration 

and the decrease in albedo during spring when tall shrubs protrude above the snow surface, 

outweigh both, the summer shading (negative) and the snow insulation (positive) effect on 

active layer depths under a shrub increase of 20% and ambient snow amounts (Lawrence &  

Swenson, 2011). That is because if the same amount of snow is distributed over a larger shrub 
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area, average snow depth declines and thus the degree of insulation and thereby soil 

temperature (Loranty &  Goetz, 2012). However, under a weaker increase in shrub cover 

(5%), summer shading might cool soil temperature sufficiently to counteract the effect of 

increased winter snow depth and thus contain future shrub expansions (Lawrence &  

Swenson, 2011). Moreover, while increased soil temperatures might generally enhance 

nutrient cycling in favour of shrub growth, in a study from northern Sweden, an increase of 

soil temperature did not result in a significant change in microbial biomass and nutrient 

content (Callaghan et al., 2004).  

Thus, snow depth, shrub size and shrub cover interact, influence active layer depth and will, 

depending also on the position in the landscape (chapter 7) and the shrub species present 

(Pomeroy et al., 2006), either exacerbate or mitigate the effects of climate warming on 

permafrost thaw and finally decide whether snow can act as significant insulator and influence 

the shrub expansion. The results of my thesis do not support a fully working snow-shrub-

microbe cycle but the balance of the factors involved seems to change easily depending on 

climatic changes and on which factor of the ones discussed above may gain dominance. Thus, 

scrutinizing the various feedbacks and interactions and adjusting the landscape-climate 

models to tundra ecosystems that have a heterogeneous shrub cover and applying scenarios of 

different rates of shrub expansion will be worthwhile.  

 

Shrub expansion – a linear process?  

In Alaska, the spatial heterogeneity of shrub expansion has become obvious on all ecosystem 

scales: As satellite based observations indicate, the boreal forests are in decline, referred to as 

“browning”, whereas Arctic tundra currently experiences a vital “greening” trend (Goetz et 

al., 2005), with stronger increases in plant biomass on the coastal plains than on the North 

Slope foothills and a lack of trend across most of the Brooks Range (Verbyla, 2008). 

In chapter 7, we found that even on single river slopes, the current shrub expansion can be 

expected to be spatially and temporally variable: Expanding shrub patches differ markedly 

from stable shrub patches, having a different floral composition, higher soil temperature, 

higher growing season temperature, lower soil moisture, higher pH, a deeper active layer and 

lower C:N values. These characteristic differences are also reflected by shrub growth: shrubs 

in expanding patches are taller, grow faster and shrub population density is higher; obviously 

due to the better growing conditions. Supposedly, different parts of the landscape enable 

different shrub expansion rates: Areas associated with frequent disturbance, nutrient richness 

and good soil drainage result in higher rates of shrub range expansion than areas with little 
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disturbance and shallow active layer depths that can typically be found in areas of tussock 

tundra. It can be expected that shrub recruitment and seedling survival are enhanced on 

favourable parts of the landscape and that this predisposition for enhanced shrub growth will 

lead to a continuation of pronounced shrub expansion along water courses, on floodplains and 

on well-drained tundra with underlying bedrock, as has been already observed (Tape et al., 

2006). Contrastingly, in areas with weak disturbance regimes shrub abundance and size might 

not change substantially: A recent study that modelled future vegetation transition in alpine 

tundra areas found that moist meadows (which would more or less comply with the tussock 

tundra areas in our Alaskan study area) did hardly respond to climate induced changes 

(Johnson et al., 2011). The same study also reported that shrub dominated tundra is not likely 

to transition towards another vegetation community. Still, shrub expansion does not 

necessarily have to be a unidirectional process: a large scale disintegration of permafrost 

could at least on the short term lead to the die-off of shrubs, similar to the observed increased 

dwarf birch mortality associated with thawing palsas in Siberia (Myers-Smith et al., 2011b). 

Other factors that could contain shrub expansion on parts of the landscape but have been 

hardly studied so far are very frequent or severe disturbances, drought stress (chapter 3 & 8), 

desiccation by wind, frequent frosts, winter warm spells (Bokhorst et al., 2009), avalanches or 

rock slides and intensive herbivory.  

However, despite the many factors involved and the heterogeneity of shrub expansion on the 

tundra, the general trend in the near future will be a continued transition from moist tundra to 

shrub tundra where climatic factors dominate vegetation development (Epstein et al., 2004, 

Callaghan et al., 2011, Johnson et al., 2011). A better knowledge of spatial constraints and 

predisposing factors would enable us to improve models and better calculate future rates of 

shrub increase. 

 

Shrubs as environmental archives  

In chapter 6, we could use shrub growth as proxy for glacial summer mass balance, as shrub 

growth and the amount of ice that melts over the summer (ablation) are both temperature 

driven. The warmer summer temperatures, the stronger willow shrubs grow and the more ice 

melts on the nearby glacier, thus creating an inverse relation between both factors. The shrub 

growth based model is comparatively accurate as models that have been derived from ice-

flow computations based on measurements (chapter 6) and would thus make it possible to 

apply this approach to a multitude of other glaciers in the Arctic where measurements of 
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glacial balances are usually scarce and where shrub rings therefore could be a valuable proxy 

for summer mass balance. The precondition for a reasonable application will be the presence 

of shrubs in the proximity of glaciers whose growth is mainly limited by summer temperature. 

With increasing interest in the study of shrub rings, reconstructions of diverse environmental 

variables will follow. So far, a century of early spring snow cover extent could be 

reconstructed in Northeast Greenland with the help of willow (Salix arctica) shrubs (Schmidt 

et al., 2006), a millennium of summer temperature in the Polar Urals with the help of up to 

800 year old dwarf juniper (Juniperus sibirica) shrubs (Shiyatov et al., 2002) and a study 

from several sites in the eastern and central Canadian High Arctic reconstructed summer and 

fall temperature, as well as spring precipitation with the help of the dwarf shrub Cassiope 

tetragona (Rayback et al., 2012).  

As shrub species are distributed around the whole Arctic and as their maximum ages in Arctic 

environments often exceed the age of modern climate records, shrubs have a high potential for 

reconstructing local and regional climate or geophysical processes like glacier dynamics. In 

addition, subfossil wood remains can be preserved for a long time due to the cold and dry 

Arctic climate and permafrost or lake sediments may contain additional material that may 

allow for reconstructions reaching even longer back in time. 

 

Future research avenues, a summary 

In a collaborative effort, the most important recent findings of circumpolar shrub research 

(including some alpine sites) have been synthesized in chapter 5 and the most important 

mechanisms and constraints on shrub expansion, as well as feedback mechanisms and 

implications of an increased shrub cover for the tundra ecosystems have been summarized.  

Several potential venues for future research have also been given.  

I here therefore only want to add a few more general points here addressing the complexity of 

the processes involved concerning the factors influencing shrub growth and the feedbacks of 

shrub presence and growth on the environment. I will then provide a list of the most important 

future research questions that have been discussed in this thesis: 

  

The Arctic comprises a large mass of land, from the low Arctic where shrubs are taller, more 

abundant and have higher seed fertility compared to the high Arctic with prostrate growth 

forms and shrub growth restricted to favourable micro-niches. Additionally, there are 

differences in soil, exposition, and slope angle and for example exposure to wind and frost. 

Due to the resulting heterogeneity of the landscape it is likely that shrubs will show different 
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rates and restrictions of growth or expansion. Their reaction to climate, herbivory, 

competition, disturbance and other environmental factors is also likely to differ: it has been 

for example suggested that low Arctic shrubs that respond stronger to increased temperatures 

may increase their abundance while for shrubs at high Arctic sites recruitment success and 

seed viability may increase instead (Arft et al., 1999, Epstein et al., 2004, Walker et al., 

2006). Elmendorf et al. (2012) found in a meta-analysis of long term warming experiments 

(3-10 yr) that increases in shrub growth were highest where ambient temperature was high, 

i.e. in the low Arctic. While tall shrubs generally enhanced their growth, dwarf shrub biomass 

was reduced, probably through enhanced competition by vegetation that was overall more 

productive (Elmendorf et al., 2012). Thus, growth form alone already makes apparently a 

huge difference in the reaction of shrubs to a changing environment. Moreover, canopy 

structure, shrub patch size, height and density and patch distribution over the landscape can be 

expected to and have been partly also found to significantly influence the impact of 

environmental factors on shrub growth (Myers-Smith et al., 2011a, Bonfils et al., 2012, 

Hallinger et al., 2013) but have been rarely studied, as well as the reaction of different species 

to climatic change. Generally, evergreen shrubs have been found to respond at slower rates – 

compared to deciduous species – or not at all to increased summer temperatures (Wahren et 

al., 2005, Elmendorf et al., 2012), although other studies indicate a positive though 

presumably slower response to warm summer temperatures (Shiyatov et al., 1996, Hallinger 

et al., 2010, Hallinger & Wilmking, 2011). 

Shrubs however are not only and variably impacted by the environment they grow in but also 

feedback to the tundra ecosystem and regional and global climate. Figure 5 nicely illustrates 

the various complex feedbacks involved and all grey coloured arrows indicate feedbacks 

whose understanding needs to be improved or is currently lacking: Does the shrub expansion 

for example increase the amount of carbon stored in the tundra ecosystem by increased 

growth of woody stems or does it negatively affect the carbon balance as taller shrubs 

decrease albedo, causing warmer soils and higher active layer depth and potentially leading to 

the release of carbon formerly stored inside the underlying permafrost? As the cumulated 

feedbacks of shrubs to regional and global climate warming have been modelled to be 

substantial (Chapin et al., 2005, Lawrence & Swenson, 2011). Answering questions like these 

will be important to gain a better understanding about the speed and extent of future shrub 

related vegetation transitions.  
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The following list provides an overview about some of the hottest research questions 

concerning tundra shrubs that deserve further exploration and have been named and discussed 

in this thesis: 

 

1. What is the exact mechanism causing the partial or incomplete growth of annual layers 

of wood or, in other words, what cause lies behind the phenomenon of continuously 

missing outer rings at stem base? 

2. Why is there no age-dependent decrease of ring widths with increasing age of 

individual shrubs? 

3. How does the resource allocation work in plants with several stems? 

4. Can drought stress hamper the expansion of shrubs on the tundra? 

5. What factors limit the recruitment, seed distribution and germination of shrub species 

in tundra ecosystems? 

6. Will competition within and between growth forms counteract increasingly favourable 

conditions for a shrub expansion? 

7. Will disturbance favor or hinder shrub expansion? 

8. What is the role of herbivory for seedling recruitment and seed predation? 

9. How do snow depth, shrub size and shrub cover interact with soil properties and how 

do those influence shrub growth? 

10. What is the balance between summer and winter feedbacks to shrub encroachment? 

11. What are the exact spatial constraints or predisposing factors on the landscape level 

for a shrub expansion? 

12. Do shrubs growing at the latitudinal or elevational range edge have the genetic 

potential to form dominant, tall canopies if growing conditions improve? 

13. How will different densities and canopy heights of shrub cover influence the impact of 

environmental parameters on shrub growth, the shrub expansion and the feedbacks to 

the environment? 

14. How does the shrub expansion affect the carbon budget of the tundra? 

15. How do shrub expansion rates and the temperature sensitivity of growth vary between 

shrub species in different parts of the tundra ecosystem? 
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Achievements 

My dissertation research delivers: 

 

1. Evidence for an interesting mechanism of trees and shrubs to cope with under extreme 

conditions: a total or partial break in the formation of complete cell layers along the 

whole length of the stem. 

2. The first study that directly links climate warming with the circumpolar shrub 

expansion, respectively warm summers with increased shrub growth. 

3. The first evaluation of vertical shrub growth. 

4. The first reconstruction of glacial summer mass balances with the help of shrubs. 

5. Evidence for and assessment of the possible causes of the spatial heterogeneity of the 

shrub expansion. 

6. Results that challenge the snow-shrub-microbe hypothesis by showing that increased 

amounts of snow can reduce shrub growth substantially. 

7. A synthesis of results of shrub studies around the Arctic, identifying mechanisms, 

causes and repercussions of the shrub expansion and a detailed analysis of future 

potential lines of investigation. 

 

Thus, my dissertation research has advanced shrub research and helped to deepen our 

understanding of some of the factors influencing shrub growth and shrub population 

dynamics. Together with other research in the same field, my research will help to improve 

the modeling of tundra vegetation and the estimations or projections of its impact on regional 

and global climate. I also hope that the research of our field will help local and indigenous 

communities to better understand the causes of the changes in the environment that they 

witness every day. 
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Shrubdendroecology - research priorities for a discipline with a bright future 

 

 

 
Figure 5 Local-, regional- and global-scale feedbacks of increased shrub density and cover: blue 

arrows indicate negative relationships, red arrows indicate positive (amplifying) relationships and grey 

arrows indicate relationships that yet have to be determined.  

 

 

However, Figure 5 does not only nicely depict interrelations between vegetation, climate, soil 

and biota but it also shows, in comparison with Figure 2 (similar figures have been produced 

by Chapin et al. 2005 and Myers-Smith 2007a) how a scientific discipline has proceeded 

within only 4-5 years. Although some of the involved mechanisms have been suggested or 

observed earlier on, there has been an increased awareness of the complexity of the processes 

involved in relatively short time, a development certainly aided by collaborative efforts and 

increased communication (see also http://shrubhub.biology.ualberta.ca/) but sparked by the 

discovery of large scale shrub dominated changes in vegetation (Jia et al., 2003, Tape et al., 

2006). The publication number of shrub related research in tundra ecosystems rose 

accordingly (Fig. 6).  
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Figure 6 Wavy pattern of tundra shrub expansion in the scientific research literature (according to a 

research on the Web of Knowledge (Thomson Reuters) for publications including the keywords 

tundra and shrub, accessed 27.01.2013). The increasing long-term trend is highly significant 

(p<0.001) and r²= 0.74. 

 

 

Within this newly emerging field of shrub ecology and as demonstrated with the recent thesis, 

shrub dendroecology could contribute substantially to the present understanding of shrub 

growth processes and shrub population dynamics. Thanks to Schweingruber & Poschlod 

(2005) we know that more than 60 tundra shrub species form annual rings that can be 

distinguished and therefore also measured. With a large number of shrubs distributed around 

the whole Arctic and even more worldwide, combined with the knowledge that most principle 

anatomical and morphological characteristics correspond to the one of trees, principally also 

all kind of information that has so far retrieved from trees can also be inferred from shrubs 

(and maybe even more as shrubs can grow further north and higher up). And under ambient or 

warmer climatic conditions, we will likely witness further shrub expansion in tundra 

ecosystems. I am therefore convinced that shrubs will be increasingly used for archaeological, 

morphological, geomorphological and climatological studies in the near future. It may be a 

shrubby one.  
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friends and colleagues but also everyday office life. It often was the people who made my 

work more colorful:  

Foremost, I want to thank Martin Wilmking, my supervisor who taught me the fundamentals 

of science: From designing my first fieldstudy, over writing my first research paper, to giving 

a talk at a conference or do a review for a scientific journal. Martin, your ever present 

patience, guidance and commitment have been invaluable to me and your drive to explore the 

unknown was and is still inspiring. I will also never forget the many exciting moments during 

fieldwork in Abisko, Denali National Park and along the Noatak River that we shared, nor my 

first shooting training or your instructions on how to start a fire. 

I had the pleasure to visit the wonderful place Abisko with its fantastic research station 

several times for study and fieldwork purposes and want to thank Terry Callaghan for his 

continuous efforts to keep this great place alive and Christer Jonasson for his friendly and 

multi-lingual logistic support. 

Rik, I thank you a lot for your friendship and the good time we shared together! It was great 

to have someone else there that shared the struggling through the bush and the carrying of 

heavy backpacks full of wood samples! While I was carrying shrubs down the mountain and 

you, Rik, drilled several hundreds of holes into the birch trees, you, Oriol, carried little trees 

183



up the mountain (speaking of vegetation dynamics…)! Oriol, I also vividly remember your 

imitation of lemming sounds. For the great times, saunas, fires, the pingis, great trips, cooking 

and just being there in Abisko I also thank Sophine, Stéfanie, Eva, Catherine, David, Nils, 

Andrew, Marika, Frida, Olga, Renate, Flurin, Thijs, An and Ives and several others that I 

forget to mention here! I also thank Linnéa, Majlis, Lillian, Noëlla, Annika and Bengt for 

their friendly support in all kinds of matters. 

I owe also thanks to several colleagues in the dendro-community: I thank you both, Fritz and 

Holger from the WSL in Switzerland, for an inspiring introduction to wood anatomy in Davos 

in 2008 and our great first international fieldcourse in arctic and alpine shrubdendroecology! 

Isla, I thank you a lot for fruitful discussions about shrubs and other matters of life and also 

for bringing together the shrubhub-research group and especially for organizing the very nice 

and productive meeting in Davos in 2010. Ken, thanks a lot for the good work we did together 

and for pushing my writing abilities to unknown levels! Agatha, thanks for sharing so many 

conferences and talks about tiny shrubs and their mysteries! Thanks to several members of the 

shrubhub: Daan, Bruce, Christian, Sonja, Andrew, Claudia, Rasmus, Stef, Adam, Helen, Twig 

Larsson and others! 

Numerous colleagues have made life behind the pc or in the lab more fun: Ilka, you helped 

with all kinds of stuff and it was always great to go for dinner with you and to talk (Es lebe 

der Mohnkuchen!). I will always remember the days on the Faroe Islands when we lived in 

that little toilet room for almost a week. Jensen, thanks for the help and your great sense of 

humor. I still remember for example the “dendro-mousepad” that you put on my desk one 

morning…  

I also thank René and Ulrich and Kathrin for their technical help! Allan, my invisible office 

mate, you share my passion for the Arctic - thank you for fruitful discussions (not only about 

statistics) and your friendship! I thank Marina, Jayendra and Yongxiang for sharing their rich 

cultural background! I thank Thomas and Pete for sharing their pc knowledge, Jeong-Wook 

for his patience, help and expertise with anatomical problems, Thomas für einen Einblick in 

die forstliche Arbeitsweise und Tobias für die gemeinsame Zeit! I also thank Lars, Christian, 

Julia, Inke, Barnim and Mateusz, Almuth and Monique for their help with small things and 

their friendship! Michal, Bettina and Martin, I thank you for an unforgettable trip on the 

Noatak River! I also thank several students and student helpers that have worked with me in 

the field or in the lab and of whom a lot became good friends: Marlene B. (NZ rules!), 

184



Nakula, Franziska, Svenja, Juliane, Nadine, Marlene S., Valerie & Maria (thanks for our 

brilliant cruise!) and Erica! Our dendrolab owed lots of its charm to you guys!  

Besonderer Dank gebührt Henni. Dir Maria danke ich von Herzen für Deine Freundschaft! 

Zudem möchte ich noch meinen Freunden in Greifswald und München herzlich für ihre 

Unterstützung und für den Spaß den wir zusammen haben danken! Ohne hier jemanden 

hervorheben zu wollen: Fühlt Euch angesprochen! Sara – ♥.  

Schließlich danke ich ganz besonders meiner bayerischen Familie: v.a. Mama, Karin und 

Patrick: Danke für Eure stete Liebe und Unterstützung! 

 

 

 

 

 

 

 

 

Besonders danke ich der Deutschen Bundesstiftung Umwelt dafür, dass sie im Rahmen ihres 

Promotionsstipendienprogrammes mein Dissertationsprojekt möglich gemacht hat und für den 

breitgefächerten fachlichen Austausch zu umweltrelevanten Forschungsthemen, sowie für die 

ideelle Begleitung und die exzellenten Seminare von Frau Schlegel-Starmann, Herrn Schäfer 

und Herrn Wachendörfer.  
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Photography 

 

All photographs have been taken by me, except the upper panel of the picture on p. 92 which 
is a historical photograph provided by Ken Tape. 

 

p.     6: Juniperus nana / Dwarf juniper 

p.   10: Betula nana / Dwarf birch 

p.   14: Denali, Alaska. 

p.   18: Lake Torneträsk, Sweden. 

p.   30: Juniperus nana growing over a rock in North Sweden 

p.   42: Mountain Birch sapling within willow, dwarf birch and juniper shrubs above the 
treeline in North Sweden 

p.   54: Alder shrubline near Denali National Park, Alaska 

p.   64: Willow shrubs, yellow mountain birch and reindeer in North Sweden  

p.   82: Glacier descending the Harding Icefield, Alaska and alder shrub 

p.   92: Photographical evidence d (1911 and 2009) documenting shrub expansion in northern 
Alaska 

p. 108: Expanding alder patches along the river and stable ones at the foot of the hill; rolling 
tundra, Alaska 

p. 146: Expanding alder patch in the foreground, expanding aspen (slope on left side) and 
alder (slope on the right) in the background; near Noatak Canyon, Alaska 

p. 162: Lapporten and subalpine mountain birch forest, Northern Sweden 

p. 174: Ridgeline walk on Sugar Loaf, Alaska 

p. 176: Dwarf birch measurements in Northern Sweden 

p. 182: Noatak River expedition crew 

p. 187: Somewhere on a river; Alaska. 
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