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Summary 

1. Long time-series of primary production are rarely available, restricting our mechanistic 

understanding of vegetation and ecosystem dynamics under climate change. 

Dendrochronological tools are increasingly used instead, particularly in the Arctic – the world’s 

most rapidly warming biome. Yet, high-latitude plant species are subject to strong energy 

allocation trade-offs, and whether annual allocations to secondary growth (e.g. ‘tree-rings’) 

actually reflects primary production above-ground remains unknown. Taking advantage of a 

unique ground-based monitoring time-series of annual vascular plant biomass in high Arctic 

Svalbard (78N), we evaluated how well retrospective ring growth of the widespread dwarf 

shrub Salix polaris represents above-ground biomass production of vascular plants.  

2. Using a balanced design in permanent plots for plant biomass monitoring, we collected 30 S. 

polaris shrubs across five sites in each of two habitats. We established annual ring growth time-

series using linear mixed-effects models and related them to local weather records and 13 years 

of above-ground biomass production in six habitats.  

3. Annual ring growth was positively correlated with above-ground biomass production of both 

S. polaris (r = 0.56) and the vascular plant community as a whole (r = 0.70). As for above-

ground biomass, summer temperature was the main driver of ring growth, with this ecological 

signal becoming particularly clear when accounting for plant, site and habitat heterogeneity. The 

results suggest that ring growth measurements performed on this dominating shrub can be used 

to track fluctuations in past vascular plant production of high-arctic tundra.  
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4. Synthesis. Dendrochronological tools are increasingly used on arctic shrubs to enhance our 

understanding of vegetation dynamics in the world’s most rapidly warming biome. Fundamental 

to such applications is the assumption that annual ring growth reflects between-year variation in 

above-ground biomass production. Here we showed that ring growth indeed was a robust proxy 

for the annual above-ground productivity of both the focal shrub and the vascular plant 

community as a whole. Despite the challenges of constructing ring growth chronologies from 

irregularly growing arctic shrubs, our findings confirm that shrub dendrochronology can open 

new opportunities for community-dynamic studies under climate change, including in remote 

places where annual field sampling is difficult to achieve.  

 

Keywords: dendrochronology; permanent plots; plant population and community dynamics, 

polar willow; Salix polaris; secondary growth, Svalbard; temperature; tundra ecosystem; 

vegetation production.  

 

Introduction 

Primary producers form the foundation of the Eltonian pyramid, fuelling higher trophic levels of 

the ecosystem (Elton 1927; Lindeman 1942; Field 1998). In the terrestrial Arctic, where primary 

productivity is low and food webs are often bottom-up controlled (Legagneux et al. 2014), 

temperatures are rising faster than anywhere else on Earth (Larsen et al. 2014; Nordli et al. 

2014). Consequently, primary productivity across a large part of this biome has been increasing – 

a phenomenon known as ‘arctic greening’ (Elmendorf et al. 2012; Epstein et al. 2012; Macias-

Fauria et al. 2012) – with potential cascading effects on the population dynamics of animals as 
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well as on carbon and nutrient cycling (Stenseth et al. 2002; Post et al. 2009; Wookey et al. 

2009). Recent field observations and remote sensing also indicate a contrasting trend of declining 

primary productivity in some areas, known as the “browning of the Arctic” (Phoenix & Bjerke 

2016), which further stresses the importance of a mechanistic and predictive understanding of 

climate change impacts in this realm. However, identifying mechanisms behind vegetation and 

ecosystem change requires long-term, high-quality and continuous data across trophic levels. 

Field-based monitoring time-series are still extremely rare for primary producers, particularly in 

the remote Arctic biome (Ims & Fuglei 2005; Van der Wal & Stien 2014). Accordingly, annual 

measures of secondary growth, such as tree-ring growth chronologies, have the potential to fill 

this knowledge gap retrospectively, if proven to represent a proxy for above-ground plant 

productivity.  

  The field of dendrochronology consists of reconstructing woody plant growth, typically 

through the measurement of ring-widths growth, both in trees and shrubs. Forestry studies 

regularly use dendrochronology to assess net primary production for the purpose of e.g. 

estimating stand development or carbon sequestration rates (Metsaranta & Lieffers 2009; Babst 

et al. 2014; Dye et al. 2016; Klesse, Etzold & Frank 2016). Such studies compare tree-ring 

readings to in situ measures of woody biomass in permanent forest plots, often sampled every 

five to ten years, to improve precision of primary productivity measures. Dendrochronological 

tools are also increasingly used on arctic shrubs for purposes such as understanding climate-ring 

growth relationships, carbon cycle dynamics, or even geomorphological processes (Owczarek et 

al. 2014; Myers-Smith et al. 2015a). These applications followed recent methodological 

developments which overcome the difficulties associated with high irregularity of ring growth in 

tundra shrubs (Wilmking et al. 2012; Myers-Smith et al. 2015b). During the last few decades, 
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the development of remote sensing products has been an alternative route through which 

measures of overall annual vegetation productivity can be obtained (Pettorelli et al. 2005; 

Vickers et al. 2016; Karlsen et al. 2018). Some studies using these tools, have related e.g. 

Normalized Difference Vegetation Index (NDVI) to shrub expansion and growth traits (Babst et 

al. 2010; Forbes, Macias-Fauria & Zetterberg 2010; Blok et al. 2011; Macias-Fauria et al. 2012; 

Weijers et al. 2018). However, especially at high latitudes, remotely sensed vegetation 

production maps with sufficiently high spatial resolution are relatively recent, and obtaining 

sufficiently cloud-free images during the plant growing season remains a major challenge 

(Karlsen et al. 2018). Moreover, soil moisture levels and extensive bryophyte and lichen cover 

may limit the validity of NDVI measurements as estimations of vascular plant productivity, since 

no effective techniques to separate their signals exist so far (Fang, Yu & Qi 2015; Raynolds & 

Walker 2016. Here, dendrochronological tools provide potentially much more fine-scaled and 

precise information, available at the individual, species or community level, which could 

complement restrictions of remote sensing. It remains unknown, however, to what extent shrub 

ring growth actually reflects above-ground vascular plant biomass, likely because long-term in 

situ biomass monitoring is rare. 

A key challenge for ecological inference from arctic shrub dendrochronology is the 

substantial heterogeneity in growth (and associated ring growth irregularities) within and 

between individual, as well as across the landscape, due to a great variety of factors. Plants face 

trade-offs in resource allocation between e.g. stem growth, leaf production, defence against 

herbivores or reproductive structures, especially in harsh high-latitude environments where the 

growing season is just a few weeks long (Skarpe & Van der Wal 2002; Milner et al. 2016; 

Ropars et al. 2017). In different parts of the landscape, biotic and abiotic conditions introduce 
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variation in arctic plant growth and allocation patterns (Armbruster, Rae & Edwards 2007), 

which include starkly differential levels of, herbivory (Babst, Esper & Parlow 2010; Speed et al. 

2013), interspecific competition (Dormann, Van der Wal & Woodin 2004), pathogen load (Tojo 

& Newsham 2012), soil movement and frost damage (Bokhorst et al. 2008; Crawford 2008). In 

addition, individual shrubs may respond differently to environmental conditions according to 

their genetic make-up or phenotypic plasticity (Albert et al. 2011; Housset et al. 2016). Arctic 

woody plants can even prioritise growth investment differentially among plant parts, e.g. roots 

versus branches, according to their phenological growth stage (Sloan, Fletcher & Phoenix 2016) 

or with lagged responses (i.e. carry-over effects, Skarpe & Van der Wal 2002; Wu et al. 2015). 

Some studies have investigated trade-offs in growth allocation within above-ground structures of 

arctic shrubs, i.e. between primary (apical) and secondary (radial) growth (Bret-Harte, Shaver & 

Chapin 2002; Campioli et al. 2013; Magnin, Puntieri & Villalba 2014; Berner et al. 2015). They 

typically use retrospective measures of shoot primary growth (i.e. length and number of shoots 

per year) and relates it to the secondary growth, which can be measured as basal stem diameters, 

annual stem mass standardised by its length or ring growth. Nonetheless, the relationship 

between above-ground primary growth (including new green biomass), and below-ground 

secondary growth, on an annual basis, remains to be studied and is therefore far from clear. 

Recent studies have shown high inter-annual variability in arctic plant biomass 

production and a strong direct effect of summer temperatures (Gauthier et al. 2011; Elmendorf et 

al. 2012; Van der Wal & Stien 2014; Karlsen et al. 2018). The same pattern appears to 

characterise annual shrub ring growth (Myers-Smith et al. 2015a; Weijers et al. 2017). On the 

archipelago of Svalbard, Van der Wal and Stien (2014) used the only continuous and long-term 

monitoring location for high-arctic biomass measurements to demonstrate that summer 
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temperature was indeed driving above-ground vascular plant biomass production across habitats, 

plant functional types and species, and without strong carry-over effects from the previous year’s 

biomass production. At another location in Svalbard, ring-widths of the polar willow Salix 

polaris Wahlenb., a common dwarf shrub with most of its biomass below-ground, was also 

shown to be primarily driven by the current year’s summer temperature (Buchwal et al. 2013). 

Here, we take the unique opportunity of combining the existing plant biomass monitoring time-

series (Van der Wal & Stien 2014) with the established methodology for dendrochronology on S. 

polaris shrubs sampled in the same permanent plots. This allows us to test whether retrospective 

shrub ring growth represents an adequate proxy for annual variation in above-ground biomass 

production of the species itself and the vascular plant community as a whole.  

 

Methods 

Study area 

The study area was in Semmeldalen (77°90’ N, 15°20’ E, 100 m a.s.l.), central Spitsbergen, 

Svalbard, were a long-term above-ground plant biomass monitoring set-up was established in 

1998 (Van der Wal & Stien 2014). This wide U-shaped inland valley has a relatively high 

primary productivity for such a northern location (bioclimatic zone C: middle arctic tundra, 

Jónsdóttir 2005). We focused on two widespread habitat types: dry ridge and moist heath (Fig. 

1). Ridge habitat was dominated by the dwarf shrubs Dryas octopetala and S. polaris, and heath 

habitat by S. polaris, the wood rush Luzula confusa and the grass Alopecurus borealis. In 

Semmeldalen, the herbivore community comprises the wild and non-herding Svalbard reindeer 

(Rangifer tarandus platyrhynchus), with a doubling population size throughout the study period 
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(Lee et al. 2015), rock ptarmigan (Lagopus muta hyperborea) and geese. The increasingly 

abundant pink-footed goose (Anser brachyrhynchus, Madsen et al. 2017) notably disrupts wet 

habitats by pulling out moss to gain access to the extensive below-ground parts of forage species 

like the grass Dupontia fisheri,  the rush Eriophorum scheuzeri and the forb Bistorta vivipara 

(Anderson et al. 2012). From 1985 to 2014 (i.e. our study period), the annual temperature 

recorded at Svalbard airport (78°25 N, 15°46 E, 30 km from the study area) was on average -

4.7°C (min: -8.9°C in 1988, max: -1.7°C in 2006) and the annual precipitation sum was on 

average 192 mm (min: 92 mm in 1998, max: 265 mm in 2012).  

Study species 

S. polaris has a circumpolar distribution (http://www.flora.dempstercountry.org/) and is the most 

widespread shrub species found across Svalbard, in habitats ranging from arctic meadow to polar 

desert (http://svalbardflora.no/, Rønning 1996; Nakatsubo et al. 2010). Its abundance and high 

digestibility make it an important food resource for herbivores, and especially reindeer (Van der 

Wal et al. 2000; Bjørkvoll et al. 2009). The species has been reported to live for many decades, 

with a mean plant age of around 40 years (Buchwal et al. 2013; Owczarek & Opała 2016). The 

oldest known individual was 120 years old (A. Buchwal, pers. obs.). Therefore, S. polaris 

represents a potential key species for reconstructing long-term, large-scale primary productivity 

information relevant for studying arctic vegetation and ecosystem dynamics. The above-ground 

parts of S. polaris (i.e. branch tips, leaves and reproductive structures) grow to a height of 2-5 cm 

and represent a very small proportion of the plant (Fig. 1d). Overall, no more than 5-6% of 

Svalbard’s live vascular plant biomass is above the moss layer (Bardgett et al. 2007). The below-

ground structure of S. polaris can extend several decimetres into the ground and is composed of 

a root collar (i.e. the oldest part of the shrub) from which develop a network of branches and 
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roots. Generally, those roots consist of a core root with several thinner lateral roots, but in moist 

habitats such as meadows and snow beds much more complex or fine-rooted individuals seem to 

dominate. The reproductive system can be asexual (i.e. cloning through rhizomes) or sexual with 

both wind and insect pollination (i.e. ambophily, Rønning 1996; Dormann & Skarpe 2002).  

Study design 

Biomass sampling 

In each of the two focal habitats, i.e. ridge and heath, above-ground biomass was sampled in 

early August in the years 1998-2009 and 2013. In each habitat, five replicated sites were 

followed over time. Sites were distributed across the landscape within an area of ca. 4.4 km
2
 and 

did not exclude herbivory (see Van der Wal and Stien (2014) for further detail). Above-ground 

biomass of S. polaris and that of all other vascular plant species was estimated for those 10 sites 

(2 habitats × 5 sites) by counting shoots of all species in small permanent quadrats (25 cm × 25 

cm; 10 quadrats per site) in all 13 years (Fig. S1). Shoot densities were multiplied with site-

specific shoot mass estimates, obtained through destructive sampling at each site at such distance 

from the small squares to represent the permanent plots well whilst not impacting plant 

performance therein. In the current study, we used three measures of above-ground biomass: i) S. 

polaris biomass in the two focal habitats, separately and combined; ii) total community biomass, 

comprising all vascular plant species, in the two focal habitats combined; and iii) total 

community biomass on a larger scale, i.e. including four other habitats: wet moss, moist grass-

dominated and dry Luzula-Salix tundra sampled until 2002, and Dupontia marsh sampled until 

2013. 

Shrub sampling and processing  

In early August 2015, complete S. polaris shrubs (i.e., both above- and below-ground structures) 
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were carefully excavated from the soil in close vicinity to all heath and ridge biomass sampling 

sites (Fig. S1). Sampled individuals were separated by a minimum distance of 5 m to avoid 

sampling of clones. Of all sampled individuals, we selected three shrubs per site, i.e. n = 30 

shrubs in total, suitable for dendrochronological analysis, i.e. of healthy appearance, with clearly 

distinguishable root collar, branches and roots, and with fairly straight plant sections appropriate 

for serial sectioning (Kolishchuk 1990; Myers-Smith et al. 2015b, Fig. S1d). We used a GLS-1 

sledge microtome (Gärtner, Lucchinetti & Schweingruber 2014) to cut five to six cross-sections 

per individual shrub: two to three sections from the main root and/or side roots; one section from 

the root collar; and two sections from the branches. The sectioning was spread along the shrub’s 

parts to avoid bias of e.g. larger ring growth in juvenile branches (Büntgen & Schweingruber 

2010). The detailed laboratory preparation of the 15-20    thick thin-sections is described in 

Appendix I. 

Chronology building  

Ring-widths of each shrub were measured on digital images captured from the thin sections 

prepared. Each cross-section of a particular part of the shrub was divided into four quarters and 

within each quarter we randomly drew a radius, excluding injured xylem parts (Fig. S2). Along 

each radius, we manually measured ring-widths (i.e. the shortest distance between adjacent ring 

boundaries) starting from the outermost ring to the pith in ImageJ 1.48 (Schindelin et al. 2015). 

Additionally, we visually inspected the entire cross-section for irregular, partially missing rings 

(i.e. wedging rings, Buchwal 2014). We stopped ring-width measurements at the innermost 

clearly developed ring and assessed the number of the remaining (usually highly wedging) rings 

located close to the pith. This step allowed us to correct for an age effect (see below). Because 

the eccentricity of our cross-sections was moderate, we believe that our four-radii readings of 
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ring-widths captured individual growth of the specimen well (Buras & Wilmking 2014, Fig. S2).  

Cross-dating 

Arctic shrubs, and in particular S. polaris, are known to restrict their growth under harsh 

conditions, forming irregular, wedging rings that can be absent in part of the shrub or, more 

rarely, entirely missing (Buchwal et al. 2013). Given these challenges and to ensure correctly 

established ring growth chronologies, we adopted the serial sectioning method (Kolishchuk 

1990) to allow multilevel cross-dating (Buchwal 2014; Myers-Smith et al. 2015b). We 

conducted three levels of cross-dating: 1) cross-dating between the four radial measurements 

within a single cross-section; 2) cross-dating between all five to six cross-sections of one shrub, 

to obtain a mean growth curve for an individual shrub; and 3) cross-dating between individual 

shrubs’ mean growth curves within a site, to obtain site-specific mean growth curves (obtained 

with linear mixed-effects models, see below). To ensure the highest quality of cross-dating, we 

moved back and forth between these three levels of cross-dating to detect all missing rings. The 

three levels of cross-dating are detailed in Appendix I and Fig. S2.  

Chronology standardisation 

Tree-ring standardisation aims to remove biological trends from growth time-series that are 

caused by e.g. age and/or geometry. A variety of methods exists to account for age-driven mean 

growth variation (Fritts 1976; Cook & Kairiukstis 1990; Helama et al. 2004; Sullivan et al. 

2016). We first investigated the effect of age on raw ring-widths by plotting mean growth curves 

of all cross-sections aligned by cambial age (i.e. biological age) in R version 3.3.2 (R Core Team 

2016), package ‘dplR’ (Bunn 2008). The cambial age curve showed a typical juvenile effect, 

with higher ring-widths at a young age (Fig. S3a). This pattern was caused by geometry, i.e. the 

further away from the pith a ring is formed, the greater area has to be covered by the xylem, so 
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that, inevitably, ring widths become thinner and thus may seemingly decrease with age (Cook & 

Kairiukstis 1990; Biondi & Qeadan 2008). We accounted for this geometric constraint by 

transforming ring-width measures to basal area increments (   ) (Biondi & Qeadan 2008; Buras 

& Wilmking 2014), using the mean growth curve constructed for each cross-section. Plotting 

basal area increments series against cambial age, we observed a slight but constant increase with 

age (Fig. S3b). Therefore, the final standardisation step consisted of detrending basal area 

increment series using the regional curve standardisation method (Briffa & Melvin 2008) with a 

20-year-windows cut-off. Combined, those standardisation approaches ensured that all possible 

age effects were eliminated, which in turn resulted in a dimensionless Ring-Width Index (RWI; 

hereafter simply called ‘ring growth’, Fig. S3c). We additionally ran our analyses with other 

standardisation methods leading to similar results (Table S1). The year of sample collection 

(2015), i.e. the outermost ring, was excluded from the analyses since the secondary growth of 

this particular year had not always completed at the time of sampling (Fig. 1e). Growth curves 

were also truncated to ensure a sufficient number of cross-sections for each year, resulting in 

maximum number of chronologies  over the period 1985-2014 (Appendix I). To calculate 

standard dendrochronology statistics (see below), we combined all individual shrubs’ mean 

growth curves to derive an overall mean S. polaris chronology for the study area. We computed 

this final chronology with the ‘chron’ function in R package ‘dplR’ using arithmetic means. 

However, note that in all other analyses (i.e. related to above-ground biomass and climate), we 

used mean growth curves (at the habitat or study area level) obtained from linear mixed-effects 

models, which enabled us to account for spatial dependency and random variation due to the 

nested structure of the study design (see below and Fig. S1). 

Descriptive statistics, commonly used in dendrochronology, of the truncated ring growth 
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time-series were computed with the functions ‘rwi.stats’ (R package ‘dplR’) and ‘RwlInfo’ (R 

package ‘detrendeR’, Campelo, García-González & Nabais 2012). We reported the mean 

correlation between individual growth curves (rbar.tot), the mean correlation between cross-

sectional growth curves within individual shrub (rbar.wt), and the mean inter-series correlation 

between growth curves of all shrubs (rbar.bt). Additionally, we evaluated how closely the 

constructed mean S. polaris chronology represents a hypothetical chronology based on an 

infinitive number of cross-sections, with the so-called Expressed Population Signal statistic 

(EPS, Wigley, Briffa & Jones 1984; Cook & Kairiukstis 1990). 

Statistics  

Estimating ring growth and above-ground biomass 

Standardised ring growth (see above) and above-ground biomass had similar (right-skewed) 

distributions with only a few large values (Fig. S4). To obtain normal distribution and constant 

variance in the model residuals, both measures were square-root transformed for analysis.  

We ran linear-mixed effects models using the ‘lmer’ function (R package ‘lme4’, Bates et 

al. 2015). This modelling approach is recommended when analysing replicated data collected in 

a nested design (Cnaan, Laird & Slasor 1997, Grafen & Hails 2002, Zuur et al. 2009); first, to 

account for the non-independency of replicates within a nested level; second, to correctly 

partition the within- and between- variation in the different ecological levels sampled (Fig. S1); 

third, to give the correct weight to each observations when the sampling design is unbalanced 

(for instance, this applies here to sampling of total biomass across habitats, since the six habitats 

were not all monitored over exactly the same period). Using ordinary linear models based on all 

measurements would violate assumptions of measurements independence, resulting in too small 

standard errors. Instead, using linear mixed-effects models, we included a random intercept 
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structure (i.e. variation in mean between replicated units) composed of year and individual shrub 

(for ring growth estimations) or plot (for biomass estimations) nested within site, which in turn 

was nested within habitat. We used linear mixed-effects models in two types of analysis. First, to 

estimate mean ring growth (1985-2014) and mean biomass production (1998-2009, 2013) over 

the study period, both in total and by habitat, we only included the intercept and the hierarchical 

structure as random effect (variance partitioning reported). Second, to estimate  annual ring 

growth and biomass time-series for the study area, we included year as a fixed factor and 

extracted yearly coefficient estimates. By a similar way, we added the interaction year × habitat 

to obtain annual estimates per habitat. Factors included as fixed effects were excluded from the 

random intercept structure described above. From these models, we reported mean estimates 

with associated 95 % confidence intervals, obtained from 1000 bootstrap iterations (‘bootMer’ 

function in R package ‘lme4’). In further analyses (see below) we used the time-series estimates 

obtained from these linear mixed-effects models.  

Trends over time were fitted with linear models, and 95 % confidence intervals were 

obtained from 1000 bootstrap iterations with the ‘Boot’ function within the R package ‘car’ (Fox 

& Weisberg 2011). Trend coefficients and annual biomass estimates were reported on the back-

transformed scale (using the delta method) for ease of interpretation of effect size. However, 

Pearson’s correlations (r) and t-tests were always calculated and reported on the square-root 

scale. 

Estimating climate effects on ring growth 

The closest weather station with long-term temperature and precipitation data is located 30 km 

north of the study site, at Svalbard airport (78°25 N, 15°46 E), at the coast. Daily mean 

temperature (°C) and total precipitation sum (mm) data for this station were obtained from the 
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Norwegian Meteorological institute (http://eklima.met.no). We considered the following six 

weather variables: onset of winter (Julian day); end of winter (Julian day); snowfall (mm); rain-

on-snow (mm); summer temperature (C); and summer precipitation (mm). We defined the onset 

of winter as the (Julian) day when a 10-day forward moving window averaged below 0°C for the 

first time in autumn (and stayed below 0°C for ≥ 10 days); for the end of winter (and therefore 

onset of spring) the opposite was used. For the winter period (i.e. from November to April), we 

defined snowfall (mm) and rainfall [‘rain-on-snow’, log(mm)] as the precipitation falling at 

temperatures < 1°C and ≥ 1°C, respectively (Hansen et al. 2013). 

The model selection was performed using linear mixed-effects models to identify the 

main climatic variables driving shrub ring growth. The full model contained the six weather 

variables listed above and previous year’s ring growth to detect possible carry-over effects. In 

addition, the interaction between the previous year’s ring growth and summer temperature and 

precipitation was included. To test for possible habitat effects we proposed an interaction of 

habitat with the previous predictors presented (i.e. up to three-ways interactions, see summary of 

all proposed predictors in Table S2). The hierarchical study design was accounted for in the 

random effect structure described above. 

Pearson’s correlation is commonly used in climate-ring growth relationship analysis, 

covering climate variables for all months of the year and even including prior years. However, 

including numerous predictors can, by chance, select one or several as statistically significant 

without a priori biological support (Peres-Neto 1999). Thus, we only adopted this hypothesis 

based procedure (using the function ‘dcc’ from the R package ‘treeclim’, Zang & Biondi 2015) 

to investigate preliminarily, for temperature and precipitation, which combination of summer 

months (June, July, August, June-July, July-August, June-July-August) best captured ring 
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growth (Fig. S5). For the full period 1985-2014, June-July-August mean temperature (hereafter 

referred to as ‘summer temperature’) best explained S. polaris ring growth . None of the summer 

month combinations for precipitation sum were significantly correlated to ring growth, and in the 

model selection (below) we therefore decided to use the same summer month combination as for 

temperature (Fig. S5). For this period, the mean summer temperature was 5.2°C (min: 3.6°C in 

1987, max: 6.4°C in 2007, Fig. 2) with a significantly increasing rate of 0.06 [0.03:0.08] °C per 

year (t = 4.27, P < 0.001). The summer precipitation sum was on average 48.7 mm (min: 14.4 

mm in 1998, max: 122.7 mm in 2013) and did not change significantly over time (0.13 [-

0.70:1.59] mm/year, t = 0.26, P = 0.80).  

The function ‘dredge’ from the R package ‘MuMIn’ (Barton 2013) was used for model 

ranking based on the parsimony principle of the corrected Akaike Information Criteron (AICc, 

Burnham & Anderson 2002). This ranking approach utilises maximum likelihood, as opposed to 

hypotheses testing, and therefore is not subject to issues of multiple testing like in Pearson’s 

correlation (see above). All predictors’ pairwise correlations were relatively low (r < 0.5) and all 

proposed interactions were considered to be biologically meaningful. Estimates from the top 

model were obtained using restricted maximum likelihood. Residual distributions were 

investigated for normality and homoscedasticity.  
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Results 

Ring growth in time and space 

Robust S. polaris ring growth curves were constructed for the period 1985-2014 in 

Semmeldalen, central Spitsbergen, Svalbard (Fig. 2). Because above-ground biomass 

measurements were taken in 1998-2009 and 2013, this resulted in an overlap of 13 years for 

which the two measurements could be compared for the same study area (Fig 2). The ridge 

habitat tended to have younger plants (25 ± 7 years, mean ± sd) than the heath habitat (30 ± 8 

years). Both ring growth and vegetation biomass time-series demonstrated high inter-annual 

variation, with 1998 and 2007 standing out as highly productive years and 1999 and 2008 as 

relatively unproductive years. Descriptive chronology statistics revealed limited annual growth 

variability within an individual shrub (rbar.wt = 0.65), but rather high growth variability between 

shrubs (rbar.bt = 0.21). Mean correlation between individual growth curves was relatively low 

(rbar.tot = 0.22), but despite this the Expressed Population Signal for the period 1985-2014 was 

high (EPS = 0.90). Thus, the chronology was considered highly applicable for reliable 

comparison with above-ground biomass measures.  

In line with the small stature of the species, S. polaris had very small root-collars, 

between 1.5 and 4.1 mm in diameter (bark excluded). Annual mean raw ring-widths were 

therefore likewise small (0.045 [0.035:0.053] mm, mean [95 % confidence interval], Table 1), 

and there was no significant difference in annual ring growth pattern between heath and ridge 

habitat (t = 1.55, d.f = 55, P = 0.13). Over the period 1985-2014 ring growth increased over time; 

yet, this positive trend was only found for heath habitat (Table 1). Despite this difference in 

trends between the habitats, ring growth in heath and ridge co-fluctuated over time (r = 0.42 

[0.04:0.69], t = 2.29, d.f = 25, P < 0.05, Fig. S6), indicating shared drivers of annual growth.  
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Above-ground biomass in time and space 

The estimated annual mean above-ground biomass production of S. polaris was 17.9 [10.7:27.3] 

g/m
2
 (Table 1), and larger in heath than ridge habitat (t = 3.58, d.f =22, P < 0.01, Fig. S6). From 

1998 to 2013, the overall tendency for a positive trend was non-significant; yet, biomass in ridge 

habitat increased over time (Table 1, Fig. S6). Ridge and heath biomass co-fluctuated during the 

period 1998-2009 (r = 0.61 [0.05:0.88], t = 2.41, d.f = 10, P < 0.05), but not significantly when 

also including 2013 (no biomass monitoring took place in 2010-2012, Fig. S6). 

About half of the total vascular plant above-ground biomass in heath and ridge habitat 

was composed of S. polaris (Table 1). Like for S. polaris biomass, the annual biomass 

production of vascular plants differed between these two habitats (t = -5.45, d.f = 24, P < 0.001). 

Total biomass in ridge habitat increased over time (Table 1). Over all six habitats monitored, the 

mean above-ground vascular plant biomass was 37.0 [29.9:45.1] g/m
2
 and showed no clear trend 

over time (Table 1).  

Ring growth versus above-ground biomass production 

When combining measurements from ridge and heath, ring growth and above-ground biomass of 

S. polaris were positively correlated (r = 0.56 [0.01:0.85]), demonstrating that variation in ring 

growth reflects variation in above-ground biomass in this high-arctic shrub (Figs. 3c and 4). Both 

measures were significantly positively related to summer temperature, suggesting this climate 

variable as the overall driver of S. polaris growth (Table 2, Figs. 3a and 3b). When inspecting 

patterns by habitat, the strength of these relationships dropped. The relationship between S. 

polaris above-ground biomass and summer temperature for heath habitat was no longer 

significant due to an outlying point (year 2013, Fig. 3h), whilst for ridge habitat this relation 

remained strong (Fig. 3e). The opposite was the case for the relationship between ring growth 
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and summer temperature, which weakened for ridge but remained strong for heath (Figs. 4d and 

4g). Thus, habitat-specific correlations between ring growth and biomass of S. polaris were 

weakened (Figs. 4f and 4i).  

Indeed, when partitioning variance across the different nested ecological scales (i.e. 

random effects, Table 3), greatest variability in ring growth and above-ground biomass 

measurements of S. polaris was found at the smallest spatial sampling scale, i.e. at individual 

plant and plot level, respectively. Although S. polaris biomass variability was still considerable 

at the site level, random variation (i.e. in intercept) at the habitat level was small (Table 3).  

When accounting for heterogeneity emerging across these different levels, and thus 

moving to higher levels of the hierarchical sampling design, the relationships between S. polaris 

ring growth and above-ground biomass are clear. Interestingly, when replacing S. polaris above-

ground biomass with that of the total vascular plant community, first for ridge and heath habitat 

combined (r = 0.67 [0.19:0.89]), and then for all six habitats combined (r = 0.70 [0.25:0.90]), S. 

polaris ring growth reflected vascular plant biomass increasingly well (Fig. 4). Even when 

removing S. polaris from the biomass of all habitats, the correlation remained strong (r = 0.68 

[0.21:0.90]). 

Climate effects on ring growth 

Model selection retained summer temperature as the main weather variable (positively) 

associated with ring growth, being selected in all models with ΔAICc < 2 (Table S3). 

Additionally, the summer temperature effect interacted with last year’s ring growth (Table 2, Fig. 

S7a). In warm summers, growth was less influenced by the previous years’ ring growth 

compared to in cold summers. In other words, after a year of low ring growth, the positive effect 
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of summer temperature was more pronounced than when the previous year had a large ring 

growth. The top ranked model also suggested that the positive effect of previous year’s ring 

growth was less pronounced in ridge than in heath habitat (Table 2, Fig. S7b). 

 

Discussion: 

By constructing shrub chronologies and combining those with existing long-term time-series of 

in situ plant biomass production, we were able to reveal on an annual bases, how well 

retrospective ring growth represents above-ground production of not only the focal shrub but 

also the vascular plant community as a whole (Figs. 2 and 4). By doing this, we demonstrated 

that, with sufficient replication across spatial scales and successful stepwise cross-dating, ring 

growth of the widespread and highly abundant polar willow S. polaris can adequately capture 

patterns of local above-ground primary production. Accordingly, both ring growth and above-

ground biomass fluctuations of S. polaris were controlled by the same climate driver, i.e. 

summer temperature, and no evidence was found for opposing investment in secondary growth 

versus above-ground biomass, as could be expected under strong energy allocation trade-offs. 

Multilevel sampling over successive years enabled us to partition out plant trait variation 

that exists at different spatiotemporal scales (Messier, McGill & Lechowicz 2010; Galván et al. 

2014; Van der Wal & Stien 2014, Table 3). Shrub ring growth and above-ground biomass were 

highly variable at the smallest spatial sampling scale, i.e. among individual plants or sampling 

plots within sites, respectively. These levels were the sampling units and thus also included 

variation due to measurement error. However, with the high level of replication of ring growth 

measures within plants (i.e. four radii within each five to six cross-sections per shrub) and high 
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shoot densities of S. polaris within ‘biomass plots’, we expect the effect of measurement errors 

to be small. By contrast, variability due to micro-habitat conditions will be great, as large 

differences in plant cover in the high Arctic typically occur already within metres (Armbruster et 

al. 2007). Consequently, this likely increased the variance within a site when correlating ring 

growth and above-ground biomass of S. polaris, since a shrub sampled for dendrochronological 

measurements was several metres away from the plots sampled for biomass measurements. 

Accounting for multilevel spatial variation (i.e. plot or individual nested within site, nested 

within habitat) captured to a considerable extent micro- and macro-habitat variation arising from 

a patchy topography with different biotic and abiotic characteristics. Acknowledging such 

multiple sources of variation strengthens the ecological insight and inference, and allowed us to 

reveal a remarkably high correlation between ring growth of a single shrub species and the 

annual biomass production of the total vascular plant community (r = 0.70 [0.25:0.90]). 

Although insufficiently researched, current evidence suggests that ring growth may well be a 

proxy of primary production throughout the alpine and Arctic biome. For instance, in the Alps, 

Anadon-Rosell et al. (2014) reported a positive correlation between ring growth and biomass of 

new shoots in three shrub species, although based on a single year and single location of 

measurements only. Furthermore, studies utilising remotely sensed vegetation production maps 

found positive correlations between NDVI-based plant productivity and ring growth across the 

low Arctic: Salix lanata from the Russian Arctic (Forbes et al. 2010, Macias-Fauria et al. 2012); 

Betula pubescens from Northern Sweden (Babst et al. 2010); and Salix pulchra and Cassiope 

tetragona from Northwest Canada (Weijers et al. 2018).  

While our results confirm dendrochronology as a promising tool to reconstruct fine-scale 

past vascular plant biomass of tundra ecosystems, constructing a ring growth curve from small 
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and highly irregularly growing shrubs in a harsh arctic environment is challenging (Wilmking et 

al. 2012; Buchwal 2014). Buchwal et al. (2013) estimated that in their dendrochronological 

study on S. polaris in another Svalbard location, on average 14 % of the rings were partially 

missing from cross-sections, while 11 % were completely missing. Despite these common 

irregularities, a persistent search for missing rings, which included their detection and 

verification during a stepwise cross-dating procedure (i.e. within and between shrubs, Fig. S2), 

enabled us to develop a reliable chronology with an EPS-value above the commonly accepted 

threshold of 0.85 (Wigley et al. 1984). The mean within- and between-plant correlation (rbar.tot = 

0.22) was lower than in another Svalbard species with a more regular growth pattern such as C. 

tetragona (rbar.tot = 0.32, Weijers et al. 2012). In accordance with the variance partitioning of the 

linear mixed-effects models at the individual plant level, the low correlation between individual 

plant growth curves (rbar.bt = 0.21) also reflects the numerous disturbances that the shrubs have to 

cope with during their lives in this stressful environment located at the distributional margin of 

woody plants (Crawford 2008; Wilmking et al. 2012).  

In this harsh environment for woody plants growth, we found one weather variable – 

summer temperature – that stands out as main driver of both the vascular plant community’s 

above-ground biomass  and S. polaris below-ground ring growth. This is in line with previous 

findings across arctic and alpine shrubs (Forbes et al. 2010; Elmendorf et al. 2012; Buchwal et 

al. 2013; Van der Wal & Stien 2014; Myers-Smith et al. 2015a; Weijers et al. 2017; Ackerman 

et al. 2018; Weijers et al. 2018). Sun exposure has also been suggested to potentially influence S. 

polaris ring growth on Svalbard (Owczarek & Opała 2016), and that of the net above-ground 

production of tundra vascular plants in general (Wiegolaski et al. 1981; Muraoka et al. 2008; 

Van der Wal & Hessen 2009). Van der Wal and Stien (2014) found a negative relationship 
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between cloud cover and summer temperature in our study area, suggesting that temperature 

could be a good index of photon flux density necessary for carbohydrate production in the 

photosynthetic process (Muraoka et al. 2008). Nonetheless, in addition to carbohydrates, 

favourable tissue temperature and the presence of auxin hormones trigger xylogenesis, i.e. the 

cambial activity that leads to the formation of annual ring growth. More specifically, temperature 

influences the flux of auxins, which in cold or short summers likely does not reach all parts of 

the shrub (Sundberg, Uggla & Tuominen 2000; Wilmking et al. 2012). Air temperature is thus 

tightly connected to the physiological processes required for ring growth, and therefore, not 

surprisingly, a driver of shrub growth.  

More surprisingly, recent dendrochronology studies from Greenland and Svalbard report 

on a deviation from the aforementioned clear and positive summer temperature responses 

(Forchhammer 2017; Gamm et al. 2017; Opała-Owczarek et al. 2018). In a coastal site in 

Svalbard, with twice as high precipitation levels as our inland site, Opała-Owczarek et al. (2018) 

proposed that soil moisture and soil structure have a larger influence on S. polaris ring growth 

than temperature. Water availability through precipitation did not appear to influence S. polaris 

growth in our study, with the possible exception that the extremely rainy summer in 2013 

resulted in a prominent reduction in heath habitat’s above-ground biomass. Furthermore, in spite 

of increasing summer temperatures, Gamm et al. (2017) observed a temporal decline in ring 

growth in continental Western Greenland for Betula nana and Salix glauca. They suggested this 

could be due to increased defoliation from herbivory and increasing moisture limitation. 

Likewise, Forchhammer (2017) reported an overall decline in B. nana ring growth but related 

this to a decrease in June sea ice extent instead. While the latter study implicates summer 

temperature effects only indirectly through correlation with sea ice extent, the reported effects 
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were weak on Svalbard, possibly because of carry-over effects (i.e. previous year’s growth). 

Accordingly, we show that ring growth was less (positively) influenced by the previous years’ 

ring growth during warm summers, compared to cold summers. This indicates an increased 

likelihood of using available storage resources (i.e. from last year’s growth) when conditions are 

unfavourable.  

Secondary growth in biomass production of shrubs is often overlooked. Especially 

shrubs’ below-ground growth – the “hidden part of the iceberg” – has received little attention so 

far (Bret-Harte et al. 2002; Iversen et al. 2015). However, a substantial proportion of the biomass 

of our study species is situated below-ground, even branches are nested into the ground (Fig. 1). 

Woody tissues have much higher C:N ratio than leaves, and especially in the High-Arctic, are 

mostly located below-ground and are represented by strong positive root-to-shoot ratio (> 4, 

Mokany, Raison & Prokushkin 2006; Iversen et al. 2015). Therefore, shrubs’ below-ground 

growth importantly contribute to the large storage of carbon. Considering only above-ground 

woody structures may result in an underestimation of carbon storage in tundra soils (Iversen et 

al. 2015). According to our results, below-ground carbon storage may vary greatly annually as a 

function of temperature. A recent study by Berner et al. (2018) roughly estimated large-scale 

tundra below-ground biomass from above-ground measurements, but clearly, further studies are 

needed to establish which mechanisms control below-ground growth dynamics including both 

primary (length and ramification architecture) and secondary growth (but see Wang et al. 2016; 

Blume-Werry et al. 2018). Starting to fill up this knowledge gap, our work on secondary growth 

(i.e. below-ground) inform on the annual green biomass available for higher trophic levels (i.e. 

above-ground). Therefore, this can make the link to more extensively studied topics like plant-

herbivore interaction, were robust annual vegetation production time-series are too often 
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missing.  

Given that S. polaris forms a major component of the diet of Svalbard reindeer (Van der 

Wal et al. 2000; Bjørkvoll et al. 2009), it could well be that herbivory influences ring growth in 

this dwarf shrub, with possible carry-over effects. Simulated grazing was shown to reduce leaf 

biomass production in the following summer (Skarpe & Van der Wal 2002). Although S. polaris 

constitutes around half of the total above-ground vascular plant community biomass at our study 

location, the browsing impact on the sampled shrub is expected to be highly stochastic, in space 

and between years. Thus, when including annual reindeer numbers (Lee et al. 2015), 

corresponding to approximately 6 animals/km
2
, in our model testing for climate effects 

(truncated to the reindeer abundance time-series 1994-2014), we found no strong evidence for a 

reindeer density effect on S. polaris ring growth (Table S4). Conversely, in this bottom up 

system, we do expect our measurements of S. polaris annual growth to represent the plane of 

nutrition for reindeer and other herbivores at a larger scale. In line with that expectation, Albon 

et al. (2017) found that reindeer body mass in autumn was positively related to annual total 

above-ground biomass estimates from our sampling sites. Accordingly, there is not only 

considerable potential to use S. polaris ring growth as a proxy for large-scale biomass 

production, but also to inform ecosystem ecological questions such as carbon and nutrient 

cycling, and energy flow through high-arctic food webs. Ring growth proxies may therefore 

complement other data types in community-dynamic studies but are also particularly useful in 

remote places where climate or vegetation data are not available. 

In conclusion, while shrub dendrochronology is increasingly used across the circumpolar 

Arctic to compensate for the lack of local climate or vegetation productivity time-series, this 
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study demonstrates in situ that annual ring growth curves can indeed reliably track past vascular 

plant productivity. This opens new opportunities for ecosystem-based monitoring and 

retrospective studies of community dynamics under climate change, particularly in study areas 

where time-series are available for higher trophic levels. However, detecting ecological signals 

of climate (change) using shrub dendrochronology clearly requires rigorous search of wedging or 

missing rings, as well as sampling replication across the landscape, thereby accounting for the 

large habitat variation characterising high-arctic landscapes. 
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Tables & Figures 

Table 1. Summary of mean ring growth and plant biomass estimates [and 95 % confidence intervals] and their trends over the time 

period studied; for the two focal habitats (Heath and Ridge) separately and combined, and for plant biomass of six habitats together. 

Mean estimates of S. polaris ring growth are based on (raw) ring-widths (in mm), whilst trends in S. polaris ring growth are based on 

Ring-Width Index (RWI) corrected for age and geometry effects. Reported estimates were square-root back-transformed. Trend 

coefficients (Trend) and their associated 95% confidence intervals (from 1000 bootstrap iterations) were calculated with linear models 

fitted to back-transformed mean-estimate time-series.  

 

 Heath Ridge Both heath and ridge All habitats 

S. polaris 

ring-width 

1985-2014 

Mean estimates 

(mm) 

0.04 [0.03:0.05] 0.05 [0.04:0.06] 0.05 [0.04:0.05] 

- 

Trend 

(RWI/year) 

0.03 [0.02:0.04] 

 

<0.01 [-0.01:0.02] a 0.02 [0.01:0.03]* 

 

- 

S. polaris 

biomass 

1998-2013 

Mean estimates 

(g.m-2) 

21.3 [10.3:35.6] 14.7 [5.6:26.6] 17.9 [10.7:27.3] 17.1 [11.2:24.7] 

Trend 

(g.m-2/year) 

0.1 [-0.8:1.0] 

 

0.6 [0.3:1.2] 

 

0.4 [-0.3:1.1] 

 

0.2 [-0.3:1.0] 
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All vascular 

plants 

biomass 

1998-2013 

Mean estimates 

(g.m-2) 

36.8 [26.7:49.4] 24.0 [15.7:33.9] 30.1 [19.3:43.5] 37.0 [29.9:45.1] 

Trend 

(g.m-2/year) 

0.4 [-1.2:1.7] 

 

0.9 [0.2:1.6] 

 

0.7 [-0.4:1.7] 

 

0.8 [-0.6:2.1] 

 

a
1988-2014 

* Still increasing trend when considering the same time scale as the biomass measurements 1998-2013 
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Table 2. Parameter estimates β with their associated 95% confidence interval (from 1000 

bootstrap iterations) and test statistics (t and P values) of the top ranked model (using restricted 

maximum-likelihood) from model selection, of S. polaris Ring-Width Index (RWI) during the 

period 1985-2014. The response variable RWI (and the explanatory variable RWt-1, previous 

years’ ring growth) is on the square-root scale.  

Parameter β t P 

Intercept (heath as reference) -0.52 [-1.07:0.02] -1.88 0.06 

Summer temperature (°C) 0.23 [0.13:0.33] 4.52 <0.001 

Habitat (ridge) 0.16 [-0.07:0.39] 1.26 0.23 

RWIt-1 0.67 [0.15:1.20] 2.59 <0.01 

Habitat (ridge) × RWIt-1 -0.17 [-0.33:-0.03] -2.32 <0.05 

Summer temperature × RWIt-1 -0.08 [-0.18:0.01] -1.82 0.07 
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Table 3. Variance partitioning across the different nested ecological factor (i.e. random effects) 

in a linear mixed-effects model where no fixed effects (other than the intercept) were included. 

All three response variables, S. polaris Ring-Width Index (RWI, 1985-2014), S. polaris above-

ground biomass (from heath and ridge habitats combined) and total plant community above-

ground biomass (1998-2009, 2013), were analysed on the square root scale. Numbers in 

parentheses represent the number of levels associated with each ecological factor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Ecological factor Variance 

S. polaris RWI S. polaris biomass Community biomass 

Plant or Plot 0.04 

(30) 

0.12 

(94) 

0.08 

(272) 

Site 0.01 

(10) 

0.15 

(10) 

0.05 

(28) 

Habitat <0.001 

(2) 

<0.001 

(2) 

0.02 

(6) 

Year 0.03 

(30) 

0.01 

(13) 

0.02 

(13) 

Residuals 0.09 

(673) 

0.08 

(1159) 

0.04 

(2158) 
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Figure 1. The study system. (a) The valley of Semmeldalen, central Spitsbergen, Svalbard, in 

early August 2015. (b) Ridge habitat. (c) Heath habitat. (d) An entire S. polaris individual 

extracted from the ground, illustrating the substantial below-ground part composed of a core 

root, a root collar and nested branches in the ground. (e) The cross-sectional view of a S. polaris 

root (stained thin-section of 20 µm thickness) with an on average radius of 1.125 mm. Note the 

outermost darker ring that represents mid-growing season of year 2015, where the cells are not 

yet fully lignified.  
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Figure 2. Time-series of (a) the mean S. polaris Ring-Width Index (blue line) for the 

Semmeldalen study location in central Spitsbergen, Svalbard, plotted together with the mean 

above-ground biomass of the total vascular plant community (green line) and mean summer 

temperature (June-July-August) (black line). The grey shades represent the standard error of the 

back-transformed estimates, obtained by fitting linear mixed-effects models that account for the 

hierarchical sampling structure. (b) The number of S. polaris cross-sections (i.e. sample depth) 

used to establish a chronology across years.  
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Figure 3. Pairwise relationships between Ring-Width Index of S. polaris, above-ground S. 

polaris biomass and summer temperature (June-July-August) for (a-c) both habitats combined 

and for (d-f) ridge and (g-j) heath separately. Plotted mean values (circles) and associated 

standard errors (whiskers) were estimates from linear mixed-effects models accounting for the 

nested structure of the data and back-transformed from the square-root scale. However, note that 

the correlation coefficients (r) and associated 95% confidence intervals given in each panel were 

calculated from square-root transformed values.   
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Figure 4. Relationships between S. polaris Ring-Width Index (RWI) and above-ground plant 

biomass. (a) S. polaris above-ground biomass versus S. polaris RWI in ridge and heath habitats 

combined (triangles): r = 0.56 [0.01:0.85]. (b) Total vascular plant above-ground biomass versus 

S. polaris RWI in ridge and heath habitats combined (open circles): r = 0.67 [0.19:0.89]. (c) 

Total vascular plant above-ground biomass in all six habitats versus S. polaris RWI: r = 0.70 

[0.25:0.90]. Plotted values were estimates from linear mixed-effects models accounting for the 

nested structure of the data, back-transformed from the square-root scale. The correlation 

coefficients and 95% confidence intervals reported were calculated from square-root transformed 

values. 

  



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

References 

Ackerman, D., Griffin, D., Hobbie, S.E., Popham, K., Jones, E. & Finlay, J. (2018) Uniform 

shrub growth response to June temperature across the North Slope of Alaska. 

Environmental Research Letters, in press. 

Albert, C.H., Grassein, F., Schurr, F.M., Vieilledent, G. & Violle, C. (2011) When and how 

should intraspecific variability be considered in trait-based plant ecology? Perspectives in 

Plant Ecology, Evolution and Systematics, 13, 217-225. 

Albon, S.D., Irvine, R.J., Halvorsen, O., Langvatn, R., Loe, L.E., Ropstad, E., . . . Stien, A. 

(2017) Contrasting effects of summer and winter warming on body mass explain 

population dynamics in a food-limited arctic herbivore. Global Change Biology, 23, 

1374-1389. 

Anadon-Rosell, A., Rixen, C., Cherubini, P., Wipf, S., Hagedorn, F. & Dawes, M.A. (2014) 

Growth and phenology of three dwarf shrub species in a six-year soil warming 

experiment at the alpine treeline. Plos One, 9, e100577. 

Anderson, H.B., Godfrey, T.G., Woodin, S.J. & Van der Wal, R. (2012) Finding food in a highly 

seasonal landscape: where and how pink footed geese Anser brachyrhynchus forage 

during the Arctic spring. Journal of Avian Biology, 43, 415-422. 

Armbruster, W.S., Rae, D. & Edwards, M.E. (2007) Topographic complexity and terrestrial 

biotic response to high-latitude climate change: variance is as important as the mean. 

Arctic-Alpine ecosystems and poeple in a changing environment (eds J.B. Ørbæk, R. 

Kallenborn, I. Tombre, E.N. Hegseth, S. Falk-Petersen & A.H. Hoel), pp. 105-122. 

Springer Verlag, Berlin, DE. 

Babst, F., Bouriaud, O., Papale, D., Gielen, B., Janssens, I.A., Nikinmaa, E., . . . Frank, D. 

(2014) Above-ground woody carbon sequestration measured from tree rings is coherent 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

with net ecosystem productivity at five eddy-covariance sites. New Phytologist, 201, 

1289-1303. 

Babst, F., Esper, J. & Parlow, E. (2010) Landsat TM/ETM+ and tree-ring based assessment of 

spatiotemporal patterns of the autumnal moth (Epirrita autumnata) in northernmost 

Fennoscandia. Remote Sensing of Environment, 114, 637-646. 

Bardgett, R.D., Van der Wal, R., Jónsdóttir, I.S., Quirk, H. & Dutton, S. (2007) Temporal 

variability in plant and soil nitrogen pools in a high-arctic ecosystem. Soil Biology and 

Biochemistry, 39, 2129-2137. 

Barton, K. (2016) MuMIn: Multi-Model Inference. R package version 1.15.6. 

 

Bates, D., Maechler, M., Bolker, B. & Walker, S. (2015) Fitting linear mixed-effects models 

using lme4. Journal of Statistical Software, 67, 1-48. 

Berner, L.T., Alexander, H.D., Loranty, M.M., Ganzlin, P., Mack, M.C., Davydov, S.P. & Goetz, 

S.J. (2015) Biomass allometry for alder, dwarf birch, and willow in boreal forest and 

tundra ecosystems of far northeastern Siberia and north-central Alaska. Forest Ecology 

and Management, 337, 110-118. 

Berner, L.T., Jantz, P., Tape, K.D. & Goetz, S.J. (2018) Tundra plant above-ground biomass and 

shrub dominance mapped across the North Slope of Alaska. Environmental Research 

Letters, 13, 035002.Biondi, F. & Qeadan, F. (2008) A theory-driven approach to tree-ring 

standardization: defining the biological trend from expected basal area increment. Tree-

Ring Research, 64, 81-96. 

Bjørkvoll, E., Pedersen, B., Hytteborn, H., Jónsdóttir, I.S. & Langvatn, R. (2009) Seasonal and 

interannual dietary variation during winter in female Svalbard reindeer (Rangifer 

tarandus platyrhynchus). Arctic, Antarctic, and Alpine Research, 41, 88-96. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Blok, D., Schaepman-Strub, G., Bartholomeus, H., Heijmans, M.M.P.D., Maximov, T.C. & 

Berendse, F. (2011) The response of arctic vegetation to the summer climate: relation 

between shrub cover, NDVI, surface albedo and temperature. Environmental Research 

Letters, 6, 035502. 

Blume-Werry, G., Lindén, E., Andresen, L., Classen, A.T., Sanders, N.J., von Oppen, J. & 

Sundqvist, M.K. (2018) Proportion of fine roots, but not plant biomass allocation below 

ground, increases with elevation in arctic tundra. Journal of Vegetation Science, 29, 226-

235. 

Bokhorst, S., Bjerke, J.W., Bowles, F.W., Melillo, J., Callaghan, T.V. & Phoenix, G.K. (2008) 

Impacts of extreme winter warming in the sub-Arctic: growing season responses of dwarf 

shrub heathland. Global Change Biology, 14, 2603–2612. 

Bret-Harte, M.S., Shaver, G.R. & Chapin, F.S. (2002) Primary and secondary stem growth in 

arctic shrubs: implications for community response to environmental change. Journal of 

Ecology, 90, 251-267. 

Briffa, K.R. & Melvin, T.M. (2008) A closer look at regional curve standardization of tree-ring 

records: justification of the need, a warning of some pitfalls, and suggested improvements 

in its application. Dendroclimatology: progress and prospects (eds M.K. Hughes, H.F. 

Diaz & T.W. Swetnam). Springer Verlag, New York, USA. 

Buchwal, A. (2014) Constraints on dendrochronological dating of Salix polaris from central 

Spitsbergen. Czech Polar Reports, 4, 73-79. 

Buchwal, A., Rachlewicz, G., Fonti, P., Cherubini, P. & Gärtner, H. (2013) Temperature 

modulates intra-plant growth of Salix polaris from a high arctic site (Svalbard). Polar 

Biology, 36, 1305-1318. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Bunn, A.G. (2008) A dendrochronology program library in R (dplR). Dendrochronologia, 26, 

115-124. 

Buras, A. & Wilmking, M. (2014) Straight lines or eccentric eggs? A comparison of radial and 

spatial ring width measurements and its implications for climate transfer functions. 

Dendrochronologia, 32, 313-326. 

Burnham, K.P. & Anderson, D.R. (2002) Model selection and inference: a practical 

information-theoretic approach. Springer Verlag, New York, USA. 

Büntgen, U. & Schweingruber, F.H. (2010) Environmental change without climate change? New 

Phytologist, 188, 646-651. 

Campelo, F., García-González, I. & Nabais, C. (2012) Detrender – a graphical user interface to 

process and visualize tree-ring data using R. Dendrochronologia, 30, 57-60. 

Campioli, M., Schmidt, N.M., Albert, K.R., Leblans, N., Ropoulsen, H. & Michelsen, A. (2013) 

Does warming affect growth rate and biomass production of shrubs in the High Arctic? 

Plant Ecology, 214, 1049-1058. 

Cnaan, A., Laird, N.M. & Slasor, P. (1997) Using the general linear mixed model to analyse 

unbalanced repeated measures and longitudinal data. Statistics in Medicine, 16, 2349—

2380. 

Cook, E.R. & Kairiukstis, L.A. (1990) Methods of dendrochronology: applications in the 

environmental sciences. Kluwer Academic, Boston, USA. 

Crawford, R.M.M. (2008) Plants at the margin: ecological limits and climate change. 

Cambridge University Press, Cambridge, UK. 

Dormann, C.F. & Skarpe, C. (2002) Flowering, growth and defence in the two sexes: 

consequences of herbivore exclusion for Salix polaris. Ecology, 16, 649-656. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Dormann, C.F., Van der Wal, R. & Woodin, S.J. (2004) Neighbour identity modifies effects of 

elevated temperature on plant performance in the high arctic. Global Change Biology, 10, 

1587-1598. 

Dye, A., Plotkin, A.B., Bishop, D., Pederson, N., Poulter, B. & Hessl, A. (2016) Comparing tree-

ring and permanent plot estimates of aboveground net primary production in three eastern 

US forests. Ecosphere, 7, e01454. 

Elmendorf, S.C., Henry, G.H.R., Hollister, R.D., Björk, R.G., Boulanger-Lapointe, N., Cooper, 

E.J., . . . Wipf, S. (2012) Plot-scale evidence of tundra vegetation change and links to 

recent summer warming. Nature Climate Change, 2, 453-457. 

Elton (1927) Animal ecology. Macmillan Co., New York, USA. 

Epstein, H.E., Raynolds, M.K., Walker, D.A., Bhatt, U.S., Tucker, C.J. & Pinzon, J.E. (2012) 

Dynamics of aboveground phytomass of the circumpolar arctic tundra during the past 

three decades. Environmental Research Letters, 7, 015506. 

Fang, S., Yu, W. & Qi, Y. (2015) Spectra and vegetation index variations in moss soil crust in 

different seasons, and in wet and dry conditions. International Journal of Applied Earth 

Observation and Geoinformation, 38, 261-266. 

Field, C.B. (1998) Primary production of the biosphere: integrating terrestrial and oceanic 

components. Science, 281, 237-240. 

Forbes, B.C., Macias-Fauria, M. & Zetterberg, P. (2010) Russian arctic warming and ‘greening’ 

are closely tracked by tundra shrub willows. Global Change Biology, 16, 1542-1554. 

Forchhammer, M. (2017) Sea-ice induced growth decline in arctic shrubs. Biology Letters, 13, 

20170122. 

Fox, J. & Weisberg, S. (2011) An {R} companion to applied regression, second edn. Thousand 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Oaks CA: Sage, CA. 

Fritts, H.C. (1976) Tree rings and climate. Academic Press, New York, USA. 

Galván, J.D., Camarero, J.J., Gutiérrez, E. & Zuidema, P. (2014) Seeing the trees for the forest: 

drivers of individual growth responses to climate in Pinus uncinata mountain forests. 

Journal of Ecology, 102, 1244-1257. 

Gamm, C.M., Sullivan, P.F., Buchwal, A., Dial, R.J., Young, A.B., Watts, D.A., . . . Cornelissen, 

H. (2017) Declining growth of deciduous shrubs in the warming climate of continental 

western Greenland. Journal of Ecology, 106, 640-654. 

Gauthier, G., Berteaux, D., Bety, J., Tarroux, A., Therrien, J.F., McKinnon, L., . . . Cadieux, 

M.C. (2011) The tundra food web of Bylot Island in a changing climate and the role of 

exchanges between ecosystems. Ecoscience, 18, 223-235. 

Grafen, A. & Hails, R. (2002) Modern statistics for the life sciences. Oxford University Press, Oxford, 

UK. 

Gärtner, H., Lucchinetti, S. & Schweingruber, F.H. (2014) New perspectives for wood 

anatomical analysis in dendrosciences: the GSL1-microtome. Dendrochronologia, 32, 

47-51. 

Hansen, B.B., Grotan, V., Aanes, R., Saether, B.E., Stien, A., Fuglei, E., . . . Pedersen, A.O. 

(2013) Climate events synchronize the dynamics of a resident vertebrate community in 

the high Arctic. Science, 339, 313-315. 

Helama, S., Lindholm, M., Timonen, M. & Eronen, M. (2004) Detection of climate signal in 

dendrochronological data analysis: a comparison of tree-ring standardization methods. 

Theoretical and Applied Climatology, 79, 239-254. 

Housset, J.M., Carcaillet, C., Girardin, M.P., Xu, H., Tremblay, F. & Bergeron, Y. (2016) In situ 

comparison of tree-ring responses to climate and population genetics: the need to control 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

for local climate and site variables. Frontiers in Ecology and Evolution, 4, 123. 

Ims, R.A. & Fuglei, E. (2005) Trophic interaction cycles in tundra ecosystems and the impact of 

climate change. Bioscience, 55, 311-322. 

Iversen, C.M., Sloan, V.L., Sullivan, P.F., Euskirchen, E.S., McGuire, A.D., Norby, R.J., . . . 

Wullschleger, S.D. (2015) The unseen iceberg: plant roots in arctic tundra. New Phytol, 

205, 34-58. 

Jónsdóttir, I.S. (2005) Terrestrial ecosystems on Svalbard: heterogeneity, complexity and 

fragility from an arctic island perspective. Proceedings of the Royal Irish Academy, 

105B, 155-165. 

Karlsen, S.R., Anderson, H.B., Van der Wal, R. & Hansen, B.B. (2018) A new NDVI measure 

that overcomes data sparsity in cloud-covered regions predicts annual variation in 

ground-based estimates of high-arctic plant productivity. Environmental Research 

Letters, 13, 025011. 

Klesse, S., Etzold, S. & Frank, D. (2016) Integrating tree-ring and inventory-based 

measurements of aboveground biomass growth: research opportunities and carbon cycle 

consequences from a large snow breakage event in the Swiss Alps. European Journal of 

Forest Research, 135, 297-311. 

Kolishchuk, V. (1990) Dendroclimatological study of prostrate woody plants. Methods of 

dendrochronology: applications in the environmental sciences (eds E. Cook & L. 

Kairiukstis), pp. 394. Kluwer Academic Publishers, London, UK. 

Larsen, J.N., Anisimov, O.A., Constable, A., Hollowed, A.B., Maynard, N., Prestrud, P., . . . 

Stone, J.M.R. (2014) Polar regions. Climate Change 2014: impacts, adaptation, and 

vulnerability. Part B: regional aspects. Contribution of working group II to the fifth 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

assessment report of the intergovernmental panel on climate change (eds V.R. Barros, 

C.B. Field, D.J. Dokken, M.D. Mastrandrea, K.J. Mach, T.E. Bilir, M. Chatterjee, K.L. 

Ebi, Y.O. Estrada, R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, S. MacCracken, P.R. 

Mastrandrea & L.L. White), pp. 1567-1612. Cambridge University Press, Cambridge, 

UK. 

Lee, A.M., Bjørkvoll, E.M., Hansen, B.B., Albon, S.D., Stien, A., Saether, B.-E., . . . Grøtan, V. 

(2015) An integrated population model for a long-lived ungulate: more efficient data use 

with Bayesian methods. Oikos, 124, 806-816. 

Legagneux, P., Gauthier, G., Lecomte, N., Schmidt, N.M., Reid, D., Cadieux, M.C., . . . Gravel, 

D. (2014) Arctic ecosystem structure and functioning shaped by climate and herbivore 

body size. Nature Climate Change, 4, 379-383. 

Le Moullec, M., Buchwal, A., Van der Wal, R., Sandal, L. & Hansen, B.B. (2018) Data from: 

Annual ring growth of a widespread high-arctic shrub reflects past fluctuations in 

community-level plant biomass. Journal of Ecology doi:10.5061/dryad.d7p3b40. 

Lindeman, R.L. (1942) The trophic-dynamic aspect of ecology. Ecology, 23, 399-417. 

Macias-Fauria, M., Forbes, B.C., Zetterberg, P. & Kumpula, T. (2012) Eurasian arctic greening 

reveals teleconnections and the potential for structurally novel ecosystems. Nature 

Climate Change, 2, 613-618. 

Madsen, J., Williams, J.H., Johnson, F.A., Tombre, I.M., Dereliev, S. & Kuijken, E. (2017) 

Implementation of the first adaptive management plan for a European migratory 

waterbird population: the case of the Svalbard pink-footed goose Anser brachyrhynchus. 

Ambio, 46, 275-289. 

Magnin, A., Puntieri, J. & Villalba, R. (2014) Interannual variations in primary and secondary 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

growth of Nothofagus pumilio and their relationships with climate. Trees, 28, 1463-

1471.Messier, J., McGill, B.J. & Lechowicz, M.J. (2010) How do traits vary across 

ecological scales? A case for trait-based ecology. Ecology Letters, 13, 838-848. 

Metsaranta, J.M. & Lieffers, V.J. (2009) Using dendrochronology to obtain annual data for 

modelling stand development: a supplement to permanent sample plots. Forestry, 82, 

163–173. 

Milner, J.M., Varpe, O., Van der Wal, R. & Hansen, B.B. (2016) Experimental icing affects 

growth, mortality, and flowering in a high arctic dwarf shrub. Ecology and Evolution, 6, 

2139-2148. 

Muraoka, H., Noda, H., Uchida, M., Ohtsuka, T., Koizumi, H. & Nakatsubo, T. (2008) 

Photosynthetic characteristics and biomass distribution of the dominant vascular plant 

species in a high arctic tundra ecosystem, Ny-Ålesund, Svalbard: implications for their 

role in ecosystem carbon gain. Journal of Plant Research, 121, 137-145. 

Myers-Smith, I.H., Elmendorf, S.C., Beck, P.S.A., Wilmking, M., Hallinger, M., Blok, D., . . . 

Vellend, M. (2015a) Climate sensitivity of shrub growth across the tundra biome. Nature 

Climate Change, 5, 887-891. 

Myers-Smith, I.H., Hallinger, M., Blok, D., Sass-Klaassen, U., Rayback, S.A., Weijers, S., . . . 

Wilmking, M. (2015b) Methods for measuring arctic and alpine shrub growth: a review. 

Earth-Science Reviews, 140, 1-13. 

Nakatsubo, T., Fujiyoshi, M., Yoshitake, S., Koizumi, H. & Uchida, M. (2010) Colonization of 

the polar willow Salix polaris on the early stage of succession after glacier retreat in the 

High Arctic, Ny-Ålesund, Svalbard. Polar Research, 29, 285-390. 

Nordli, Ø., Przybylak, R., Ogilvie, A.E.J. & Isaksen, K. (2014) Long-term temperature trends 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

and variability on Spitsbergen: the extended Svalbard Airport temperature series, 1898–

2012. Polar Research, 33, 21349. 

Opała-Owczarek, M., Pirożnikow, E., Owczarek, P., Szymański, W., Luks, B., Kępski, D., . . . 

Migała, K. (2018) The influence of abiotic factors on the growth of two vascular plant 

species (Saxifraga oppositifolia and Salix polaris) in the High Arctic. Catena, 163, 219-

232. 

Owczarek, P., Nawrot, A., Migała, K., Malik, I. & Korabiewski, B. (2014) Flood-plain responses 

to contemporary climate change in small high-arctic basins (Svalbard, Norway). Boreas, 

43, 384-402. 

Owczarek, P. & Opała, M. (2016) Dendrochronology and extreme pointer years in the tree-ring 

record (AD 1951–2011) of polar willow from southwestern Spitsbergen (Svalbard, 

Norway). Geochronometria, 43, 84–95. 

Peres-Neto, P. (1999) How many statistical test are too many? The problem of conducting 

multiple ecological inferences revisited. Marine Ecology Progress Series, 176, 303-306. 

Pettorelli, N., Vik, J.O., Mysterud, A., Gaillard, J.M., Tucker, C.J. & Stenseth, N.C. (2005) 

Using the satellite-derived NDVI to assess ecological responses to environmental change. 

Trends in Ecology and Evolution, 20, 503-510. 

Phoenix, G.K. & Bjerke, J.W. (2016) Arctic browning: extreme events and trends reversing 

arctic greening. Global Change Biology, 22, 2960-2962. 

Post, E., Forchhammer, M.C., Bret-Harte, M.S., Callaghan, T.V., Christensen, T.R., Elberling, 

B., . . . Aastrup, P. (2009) Ecological dynamics across the Arctic associated with recent 

climate change. Science, 325, 1355-1358. 

Raynolds, M.K. & Walker, D.A. (2016) Increased wetness confounds Landsat-derived NDVI 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

trends in the central Alaska North Slope region, 1985–2011. Environmental Research 

Letters, 11, 085004. 

Ropars, P., Angers-Blondin, S., Gagnon, M., Myers-Smith, I.H., Levesque, E. & Boudreau, S. 

(2017) Different parts, different stories: climate sensitivity of growth is stronger in root 

collars versus stems in tundra shrubs. Global Change Biology, 23, 3281-3291. 

Rønning, O.I. (1996) The flora of Svalbard. Norsk Polarinstitutt, Oslo, Norway. 

Schindelin, J., Rueden, C.T., Hiner, M.C. & Eliceiri, K.W. (2015) The ImageJ ecosystem: an 

open platform for biomedical image analysis. Molecular Reproduction and Development, 

82, 518-529. 

Skarpe, C. & Van der Wal, R. (2002) Effects of simulated browsing and length of growing 

season on leaf characteristics and flowering in a deciduous arctic shrub, Salix polaris. 

Arctic, Antarctic, and Alpine Research, 34, 282-286. 

Sloan, V.L., Fletcher, B.J. & Phoenix, G.K. (2016) Contrasting synchrony in root and leaf 

phenology across multiple sub-arctic plant communities. Journal of Ecology, 104, 239-

248. 

Speed, J.D.M., Austrheim, G., Hester, A.J. & Mysterud, A. (2013) The response of alpine Salix 

shrubs to long-term browsing varies with elevation and herbivore density. Arctic, 

Antarctic, and Alpine Research, 45, 584-593. 

Stenseth, N.C., Mysterud, A., Ottersen, G., Hurrell, J.W., Chan, K.-S. & Lima, M. (2002) 

Ecological effects of climate fluctuations. Science, 297, 1292-1296. 

Sullivan, P.F., Pattison, R.R., Brownlee, A.H., Cahoon, S.M.P. & Hollingsworth, T.N. (2016) 

Effect of tree-ring detrending method on apparent growth trends of black and white 

spruce in interior Alaska. Environmental Research Letters, 11, 114007. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Sundberg, B., Uggla, C. & Tuominen, H. (2000) Cambial growth and auxin gradients. Cell and 

Molecular Biology of Wood Formation (eds R.A. Savidge, J.R. Barnett & R. Napier), pp. 

169-188. BIOS Scientific Publishers, Oxford, UK. 

Tojo, M. & Newsham, K.K. (2012) Snow moulds in polar environments. Fungal Ecology, 5, 

395-402. 

Van der Wal, R. & Hessen, D.O. (2009) Analogous aquatic and terrestrial food webs in the high 

arctic: the structuring force of a harsh climate. Perspectives in Plant Ecology, Evolution 

and Systematics, 11, 231-240. 

Van der Wal, R., Madan, N., van Lieshout, S., Dormann, C., Langvatn, R. & Albon, S.D. (2000) 

Trading forage quality for quantity? Plant phenology and patch choice by Svalbard 

reindeer. Oecologia, 123, 108-115. 

Van der Wal, R. & Stien, A. (2014) High-arctic plants like it hot: a long-term investigation of 

between-year variability in plant biomass. Ecology, 95, 3414-3427. 

Vickers, H., Høgda, K.A., Solbø, S., Karlsen, S., Tømmervik, H., Aanes, R. & Hansen, B.B. 

(2016) Changes in greening in the high arctic: insights from a 30 year AVHRR max 

NDVI dataset for Svalbard. Environmental Research Letters, 11, 105004. 

Wang, P., Heijmans, M.M.P.D., Mommer, L., van Ruijven, J., Maximov, T.C. & Berendse, F. 

(2016) Belowground plant biomass allocation in tundra ecosystems and its relationship 

with temperature. Environmental Research Letters, 11, 055003. 

Weijers, S., Buchwal, A., Blok, D., Loffler, J. & Elberling, B. (2017) High arctic summer 

warming tracked by increased Cassiope tetragona growth in the world's northernmost 

polar desert. Global Change Biology, 23, 5006-5020. 

Weijers, S., Greve Alsos, I., Bronken Eidesen, P., Broekman, R., Loonen, M.J. & Rozema, J. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

(2012) No divergence in Cassiope tetragona: persistence of growth response along a 

latitudinal temperature gradient and under multi-year experimental warming. Annals of 

Botany, 110, 653-665. 

Weijers, S., Pape, R., Löffler, J. & Myers-Smith, I.H. (2018) Contrasting shrub species respond 

to early summer temperatures leading to correspondence of shrub growth patterns. 

Environmental Research Letters, 13, 034005. 

Wiegolaski, F.E., Bliss, L.C., Svoboda, J. & Doyle, G. (1981) Primary production of tundra. 

Tundra ecosystems: a comparative analysis (eds L.C. Bliss, O.W. Heal & J.J. Moore), 

pp. 187-225. Cambridge University Press, Cambridge, UK. 

Wigley, T.M., Briffa, K.R. & Jones, P.D. (1984) On the average value of correlated time series, 

with applications in dendroclimatology and hydrometeorology. Journal of climate and 

applied meteorology, 23, 201-213. 

Wilmking, M., Hallinger, M., Van Bogaert, R., Kyncl, T., Babst, F., Hahne, W., . . . Völlm, C. 

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

Dendrochronologia, 30, 213-222. 

Wookey, P.A., Aerts, R., Bardgett, R.D., Baptist, F., Bråthen, K.A., Cornelissen, J.H.C., . . . 

Shaver, G.R. (2009) Ecosystem feedbacks and cascade processes: understanding their 

role in the responses of arctic and alpine ecosystems to environmental change. Global 

Change Biology, 15, 1153-1172. 

Wu, D., Zhao, X., Liang, S., Zhou, T., Huang, K., Tang, B. & Zhao, W. (2015) Time-lag effects 

of global vegetation responses to climate change. Global Change Biology, 21, 3520-

3531. 

Zang, C. & Biondi, F. (2015) treeclim: an R package for the numerical calibration of proxy-



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

climate relationships. Ecography, 38, 431-436. 

Zuur, A.F., Ieno, E.N., Walker, N.J., Saveliev, A.A. & Smith, G.M. (2009) Mixed effects models 

and extensions in ecology with R. Springer, New York, UK. 

 

Supporting information 

Additional supporting information is provided in a separated document: 

Appendix I. Building the Salix polaris ring growth chronology. 

Table S1. Comparison of different methods of ring-width standardisation.  

Table S2. List of all predictors and their interactions proposed in the model selection step 

Table S3. Summary table of the top models (Δ AICc < 2) from the model selection.  

Table S4. Summary table of the top ranked models (Δ AICc < 2) from the model selection 

including reindeer abundance. 

Fig. S1. Graphical summary of the balanced sampling design. 

Fig. S2. Graphical presentation of the three cross-dating steps performed on Salix polaris. 

Fig. S3. Salix polaris tree-ring chronology standardisation steps. 

Fig. S4. Frequency distributions of the data. 

Fig. S5. Pearson’s correlation coefficients between the S. polaris ring growth chronology and 

summer monthly temperature and precipitation. 

Fig. S6. Time-series from the ring growth curves and above-ground biomass of S. polaris 
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estimated for the ridge and heath habitat.  

Fig. S7. Graphical representation of interaction effects.  


