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Abstract: Greater warmth and precipitation over the past several decades in the High Arctic, as rec-
orded in meteorological data, have caused shrub expansion and affected growth ring widths. The main 
aim of the study was to develop a tree-ring chronology of polar willow (Salix polaris Wahlenb.) from 
southwest Spitsbergen, attempt to explain its extreme pointer years (extremely low value of growth-
ring widths) and to demonstrate the dendrochronological potential of this species. This plant is a de-
ciduous, prostrate, creeping dwarf shrub that produces anatomically distinct annual growth rings with 
the consistent ring width variation. After using serial sectioning we developed rigorously cross-dated 
ring width chronology covering the period 1951–2011. Since the beginning of the 1980s an increase 
of the mean and maximum growth ring width has been observed which is consistent with the increase 
of both temperature and precipitation in the Arctic reported from meteorological sources. Nine nega-
tive extreme years were distinguished and explained by complex hydroclimatic drivers, which high-
light the importance of availability of moisture from snowpack and spring precipitation. An additional 
negative factor present in the years with very low dwarf shrubs growth is rapid thawing and fast 
freezing during winter as well as low sunshine duration. Our results contradict the prior assumption 
that inter-annual tree growth variability of dwarf shrubs from polar regions is controlled simply by 
temperature. 
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1. INTRODUCTION  

A large number of tree-ring chronologies were devel-
oped for the boreal zone and subarctic forest-tundra eco-
tone in the northern hemisphere (Jacoby and D’Arrigo, 
1989; Briffa et al., 2001; Esper and Schweingruber, 
2004; D’Arrigo et al., 2008; Büntgen et al., 2011). Trees 

growing in the vicinity of a longitudinal tree line (eco-
tone) are very sensitive to environmental conditions and 
thus we are able to assign the response of the tree growth 
to climate (Jacoby et al., 1982; Briffa et al., 2004). The 
dendrochronological research north of the tree line is 
difficult due to the absence of trees and is limited to only 
few shrub and dwarf shrub species. However, in recent 
years there has been a great interest in obtaining dendroe-
cological data from these plants because the High Arctic 
is well recognized to be highly sensitive to contemporary 
and future climate change (Woodcock and Bradley, 1994; 
Schmidt et al., 2006; Zalatan and Gajewski, 2006; 
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Owczarek, 2009; Forbes et al., 2010; Hallinger et al., 
2010, Owczarek et al., 2013; Schweingruber et al., 2013; 
Myers-Smith et al., 2015a). In comparison with trees, 
dwarf shrubs produce extremely narrow and discontinu-
ous growth rings, and missing rings are a common feature 
(Schweingruber and Dietz, 2001; Schweingruber and 
Poschlod, 2005; Bär et al., 2006; Buchwal et al., 2013). 
Earlier Arctic dwarf shrub research was mainly focused 
on age estimation and the analysis of wood anatomy 
(Warren-Wilson, 1964). Woodcock and Bradley (1994) 
showed the potential of arctic willow (Salix arctica Pall.) 
growth ring variation for dendroclimatological analyses. 
However, the first methodological procedure for the den-
droecological dwarf shrub analysis was provided by Bär 
et al. (2006). Bär et al. (2006, 2007) constructed the first 
ring width chronologies of alpine dwarf shrub black 
crowberry (Empetrum hermaphroditum L.) from the 
Norwegian part of the Scandinavian Mountains. Rayback 
and Henry (2005) as well as Weijers et al. (2010, 2012) 
used growth increments from the internode length of 
white Arctic mountain heather (Cassiope tetragona L.) as 
the climate proxy records. Of these, Weijers et al. (2012) 
constructed the longest chronology, of nearly 200 years, 
for the High Arctic. Most dendroclimatic studies empha-
sise the temperature signal recorded by the growth ring of 
dwarf shrub but the new data shows the possibility to also 
reconstruct moisture stress during the growing season 
(Blok et al., 2011; Rayback et al., 2012).  

Further analyses in the Arctic are necessary due to 
sparse and short meteorological station records. Tempera-
ture has been observed almost continuously in Svalbard 
since 1898, however, in other parts of the archipelago 
continuous meteorological observations are shorter, e.g. 
since 1978 in southwestern Spitsbergen. Increase of tem-
perature and changes of other climatic variables over the 
last few decades are evident by meteorological data in 
this area. According to the latest Global Climate Models 
(GCM) and Regional Climate Models (RCM) results, it is 
predicted that the air temperature in the Arctic will have 
increased between 5°C and 10°C in winter and 0°C and 
2°C in summer during the next 100 years. New models 
simulate for almost all parts of the Arctic the increase of 
precipitation by 20–50% (Brönnimann, 2015; Przybylak, 
2016). Dendrochronological research in different parts of 
the Arctic may be helpful for better understanding of 
temperature and moisture trends. Polar willow (Salix 
polaris Wahlenb.) is one of the few species in the Nor-
wegian High Arctic archipelago of Svalbard which can be 
used in dendrochronological studies. In the southern part 
of Spitsbergen, the largest island of the archipelago, such 
research has not been carried out so far. Our new data can 
improve the Arctic dendrochronological network. The 
aims of this study were: (1) to construct polar willow 
growth ring chronology for the southwest Spitsbergen, 
(2) to indicate and explain the origin of extremely low 
value of annual growth (pointer years) in tree-ring record 
of polar willow from the Hornsund area.  

2. STUDY AREA  

Location and climate 
The study area is located in the southwestern part of 

Spitsbergen specifically the Svalbard Archipelago (Fig. 
1). A large part of this High Arctic island is covered with 
glaciers, which are in the phase of accelerated retreat 
(Hagen et al., 2003; Błaszczyk et al., 2013). A predomi-
nant feature of the research area is high mountain relief 
with extensive talus cones and debris flow tracks 
(Owczarek 2010; Owczarek et al., 2013). This part of 
Spitsbergen is comprised of metamorphosed Precambrian 
and Lower Palaeozoic rocks (amphibolites, mica schists 
and quartzites), known as the Hecla Hoek Succession 
(Manecki et al., 1993). Typical landforms of the non-
glaciated areas are coastal plains with several marine 
terrace levels of various ages located at the elevation of 
2–230 m a.s.l. (Lindner et al., 1991) (Fig. 2). Present-day 
glacier forefields are being rapidly transformed by parag-

 
Fig. 1. Location map showing the sampling sites in the southwestern 
Spitsbergen in the vicinity of the Polish Polar Station in Hornsund. 

 

 
Fig. 2. General view on the typical sampling area in northwestern 
shore of Hornsund fjord; flat raised marine terraces with tundra vegeta-
tion are visible in the foreground. 
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lacial processes (Owczarek et al., 2014a). The active 
layer within the lower levels of the raised marine beaches 
reaches maximum depth of 1.3 to 2.0 m depending on the 
types of the ground and weather conditions in each par-
ticular season (Leszkiewicz and Caputa, 2004; Migała et 
al., 2004). 

Spitsbergen has a periglacial climate often referred to 
as the “High Arctic climate” (Przybylak, 2016). Over the 
last 30 years, mean annual air temperature in the 
Hornsund area has varied from –7.4°C (1988) to –1.5°C 
(2006) with an average of –4.2°C (Marsz and Styszyńska, 
2013; Hornsund GLACIO-TOPOCLIM Database, 2014). 
Inter-annual fluctuations of temperature are typical of this 
area but a distinct warming trend is evident. Nordli 
(2010) has calculated air temperature trends for about the 
last 100 years in Svalbard, which is +0.24°C per decade, 
but during the last 30 years the growth has been faster 
(+1.1°C per decade) (Marsz and Styszyńska, 2013) (Fig. 
3). The annual total precipitation in this area is 434 
mm/year (1979–2012). The extreme daily totals are ob-
served in August and September (43–58 mm) (Hornsund 
GLACIO-TOPOCLIM Database, 2014). The growing 
season in this part of Spitsbergen is restricted to three 
months and usually begins in the first half of June when 
the ground temperature first exceeds 0°C (Fig. 4).  

Polar willow ecology 
Different tundra plant communities occur in the non-

glaciated parts of Spitsbergen. Four plant zones are dis-
tinguished on which of the following species dominates 
(Rønning, 1996): white Arctic mountain heather (Cassio-
pe tetragona L.), mountain avens (Dryas octopetala L.), 
Svalbard poppy (Papaver dahlianum Nordh.) and polar 
willow (Salix polaris Wahlenb.). The Salix polaris zone 
is best developed on the northern coast of the Hornsund 
fjord, where it covers raised marine terraces. Besides 
polar willow and net-leaved willow (Salix reticulata L.), 
the community mainly consists of purple saxifrage (Saxi-
fraga oppositifolia L.) and different species of mosses 
and lichens.  

Polar willow (Salix polaris) is a deciduous, prostrate, 
creeping shrub, usually less than eight cm tall (Påhlsson, 
1985). It grows in different locations, but favours flat 
gravel areas and wet depressions (Rønning, 1996). This 
plant forms extensive mats often together with other 
species, for example purple saxifrage and different spe-
cies of mosses. Only the oval, dark green leaves with 
short green shoots are visible above the ground (Fig. 5a). 
Wooden branches and the root system of polar willow are 
located underground, in the uppermost part of the perma-
frost active layer. The diameter of the branches does not 
exceed 1.2 cm. This dwarf shrub has well-defined growth 
rings with boundaries delimited by one or more rows of 
cells (Fig. 5b) (Owczarek, 2009; Owczarek et al., 2013).  

 
Fig. 3. Course of annual mean air temperature and precipitation totals 
in the Polish Polar Station, Hornsund (77°N,15°E) (source: Marsz and 
Styszyńska, 2013). 

 

 
Fig. 4. Summary of climate at the meteorological station in the Polish 
Polar Station, Hornsund (77°N,15°E) (source: Marsz and Styszyńska, 
2013). 

 

 

 
Fig. 5. A. Small colony of Salix polaris (Wahlenb.) on the flat raised 
marine terrace surface (camera lens cap scale); B. Cross-section of 
14-years old S. polaris, high variability of growth-ring width is clearly 
visible. 
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3. MATERIALS AND METHODS 

Field sampling 
Complete individuals of Salix polaris, including their 

root and branch systems, were collected during the short 
Arctic summer seasons in 2007, 2008, 2011 and 2012. 
The total of 45 samples of polar willow from 10 sites 
were collected from the flat raised marine terraces at the 
elevation of 12–28 m a.s.l. in the vicinity of the Polish 
Polar Station in Hornsund (Fig. 1). Each individual was 
documented in a digital photograph. Each sampling point 
was situated on relatively homogeneous surface, that does 
not show clear evidence of periglacial activity (e.g. soli-
fluction lobes). The sites were flat and well-drained, 
never in local depressions, channels or on steep edges. 
Each collected individual was cut with pruning shears 
and placed in string bags. To protect the samples, the 
bags were filled with a mixture of ethanol and glycol. 

Sample preparation and analysis  
The collected samples were sectioned with GSL 1 

sledge microtome. The 15–20 µm cross-sections were 
taken along each individual from four to seven different 
places (depending on the length of the root and wooden 
branches) in order to develop their chronology (Fig. 6). 
This method was described in detail in previous research 
(e.g. Bär et al., 2006; Hallinger et al., 2010; Owczarek et 
al., 2014a; Myers-Smith et al., 2015b). In the laboratory, 
microtome cross-sections were prepared from the whole 
stem diameter of the selected segments. After staining 
with 1% solutions of safranin and astra blue dyes, digital 
photographs of the micro-sections were taken for tree-
ring analyses. The width of rings distinguished in the 
collected individuals ranges from relatively wide 0.8 mm, 

to extremely narrow of less than 0.01 mm (Fig. 5b). Par-
tially or completely missing growth rings are very com-
mon in the analysed specimens. 

Chronology development and analysis of extreme years  
The Salix polaris measurements followed the standard 

dendrochronological procedures (Cook and Kairiukstis, 
1990 and Speer, 2010). The ring widths were measured 
along two or three radii using the OSM 3.65 and PAST4 
software (VIAS, 2005). The TSAP software was used for 
visual cross-dating of growth width series, and the 
COFECHA software for the statistical quality control of 
cross-dating (Holmes, 1983). Locally absent or wedging 
rings were examined by applying serial sectioning for 
each individual (Fig. 6) (Kolishchuk, 1990).  

In general, the raw data fluctuated around a horizontal 
straight line, without a distinct age trend. Therefore the 
measurements were transformed into chronology by av-
eraging. The ARSTAN (ver.41d) standardisation software 
was used to calculate the chronology and its parameters 
(Cook, 1985). In order to compare the resulting chronol-
ogy with other chronologies and to assess its reliability 
and relevance for the dendroclimatological research, the 
appropriate descriptive statistics, including mean sensitiv-
ity (MS), mean series inter-correlation (Rbar) and ex-
pressed population signal (EPS), were calculated (formu-
las after Wigley et al. (1984) and Speer (2010)). In the 
standardised dendrochronological data, the extreme years 
were distinguished using the threshold value of ±1 stand-
ard deviation. In the next step the distinguished negative 
years were compared with climatic variables. The mete-
orological data from the Hornsund station, covering the 
period 1978–2011, were obtained from Marsz and 
Styszyńska (2013) and Hornsund GLACIOTOPOCLIM 

 

Fig. 6. Individual plant chronology 
of 38 year old Salix polaris created 
on the basis of serial sectioning 
(after Owczarek et al. (2014a) 
modified). 
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Database (2014). The climate variables investigated in 
this study included the monthly data: mean air tempera-
ture (°C), mean maximum diurnal air temperature (°C), 
mean minimum diurnal air temperature (°C), monthly 
absolute maxima of air temperature (°C), monthly abso-
lute minima of air temperature (°C), number of days with 
positive mean diurnal air temperature, sunshine duration 
(hours), percentage of relative sunshine duration, total 
monthly precipitation (mm), monthly mean thickness of 
snow cover (cm) and number of days with snow cover. In 
addition we used daily air temperature and precipitation 
data for the selected years. 

4. RESULTS  

Tree-ring chronology 
Finally, 21 out of the 45 samples were included in the 

chronology and became the basis for further analyses. 
The remaining sequences were removed due to a large 
number of missing rings, eccentricity, presence of scars 
and clearly visible reaction wood. The oldest individuals 
of Salix polaris used in the chronology construction were 
62 years old, while the mean plant age was 38. After 
truncation up to minimum three series, the constructed 
chronology covers the years 1951–2011 (Table 1, Fig. 
7). The annual increments are in general very narrow and 

vary between 18 µm/yr to 564 µm/yr, with the mean 
approx. 137 µm/yr. In the course of the sample curves of 
the dwarf shrub no age trend is observed, as is in the case 
of trees. In general, from the beginning of the 1980s an 
increase of the mean and maximum growth ring width is 
observed (Fig. 8). Increase in temperature of 1.1°C per 
decade and 43 mm of annual precipitation per decade is 
accompanied by positive trend in growth ring width (12 
and 35 µm for mean and maximum growth ring width, 
respectively) (Table 2). The reduced growth ring width 
over the last five years is a result of unequal samples 
replication in comparison to the previous three decades. 
In the detailed course of the chronology curve a decline 
can be observed in the 1980s (Fig. 7). The periods of 
increased growth rate can be noticed in the 1970s and 
1990s.  

The developed chronology shows very high inter-
annual variations expressed by quite a high value of the 
mean sensitivity (0.56) (Table 1). The Expressed Popula-
tion Signal values were slightly below the 0.85 threshold 
(Wigley et al., 1984), and their mean value for the whole 
chronology was 0.82 (this value decreased in the oldest 
part of the chronology). This means that in order to re-
duce the reconstruction uncertainty in the future it will be 
necessary to increase the sample size (number of plants), 
especially of the oldest individuals.  

Interpretation of extreme years 
Consistent extreme years (narrow or wide ring 

widths) could be distinguished on many sections and in 
the resulting chronology. We found 13 extreme years in 
the Hornsund chronology, of which nine were negative: 
1958, 1967, 1975, 1980, 1981, 1989, 1999, 2006 and 
2010, and four were positive: 1963, 1966, 1976 and 1997. 
Positive years are usually the effect of regeneration after 
unfavourable conditions in the previous years. Negative 
years are much more important for dendroclimatological 
and ecological analyses, indicating unfavourable envi-
ronmental conditions. Interpretation of extremely low 
growth or even a missing ring on the basis of existing 
meteorological data for the Hornsund station showed that 

Table 1. Statistics for polar willow growth-ring chronology. 

Parameter  
Time period (>3series) 1951–2011 
Chronology length (>3series) 60 
Number of series  21 
Mean series length 38 
Mean growth-ring width (Standard deviation) (mm) 0.14 (0.08) 
Mean index (Standard deviation) 0.96 (0.58) 
Mean series correlation with master 0.44 
Mean inter-series correlation (Rbar) 0.32 
Expressed population signal (EPS) 0.82 
Mean sensitivity  0.56 
Autocorrelation 1storder, unfiltered / filtered 0.27 / –0.01 
 

 

 

Fig. 7. Growth-ring chronology of 
Salix polaris (solid line) and its 
sample replication (dashed line). 
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there is no a single factor influencing growth of polar 
willow.  

Detailed interpretation of the extreme years showed 
that very narrow rings occur when a few unfavourable 
climatic factors before or during the year of ring for-
mation act together (Table 3). Despite the fact that there 
were not enough observational data for the years 1958, 
1967 and 1975, we can trace the course of the weather in 
subsequent extreme negative years since 1978. In the year 
1980 low annual air temperature of the previous year and 
the second largest absolute minimum of the air tempera-
ture were accompanied by a number of days with positive 
mean diurnal air temperature during winter. Such thermal 
fluctuations could have damaged the plant tissue and 
previous year’s shoots. Another threat for the dwarf 
shrubs in 1980 was very low precipitation that spring 
(May-June). Similar meteorological situations, i.e. the 
occurrence of a number of days with positive tempera-
tures in winter, were observed in 2006. That year had up 
to 13 days with positive temperature in January and the 
highest absolute maximum of air temperature in January 
(4.9°C) recorded for Hornsund. Despite the high precipi-
tation in January 2006 (321% of the norm for the refer-
ence period, 1978–2011), the above average temperatures 
led to fast snow melt and consequently very low mean 
thickness of snow cover in January. The lack of any sub-
stantial snow cover along with the lowest recorded abso-
lute minimum of air temperature (–35.9°C) that same 
month, could have caused damage to the dwarf shrubs, 
and thus explain the very narrow ring produced later that 
year. Additionally, the lowest recorded absolute minima 

of air temperature in May and June of that same year 
(2006) and the lack of snow cover at that time would 
have caused a water shortage for plants and thus also 
explain the formation of a very narrow ring. In 2010, a 
rapid thaw took place in January, an effect of nine days 
with positive temperature. Additional occurrence of liq-
uid precipitation resulted in only 26 days with snow cov-
er. After episodes of snow melt, a rapid temperature drop 
took place (Fig. 9). Lack of a deep and stable snow cover 
which isolates and protects Salix shrubs against frost 
damage resulted in a very narrow growth ring formation 
that year. 

The reason for extremely narrow growth of polar wil-
low could have also been very low precipitation at the 
beginning of the growing season accompanied by a lack 
of snow cover, which severely restricted water availabil-
ity to the shrubs and resulted in the formation of a very 
narrow ring. Low amount of spring precipitation is rather 
typical for this area but exceptional years with values, 
which are significantly below the average, can be distin-
guished. The growing periods for Salix communities are 
determined based on the start of daily temperature 
T > 0°C. Although Kappen (1993) reported, that vascular 
plants can be active under snow, no photosynthesis is 
observed if the ground is frozen. Such weather conditions 
occurred, for example, in 1989, when there was a low 
annual air temperature the previous year, followed record 
lowest precipitation in May 1989 and a lack of snow 
cover the next month. Also, a similar weather pattern 
occurred in 1999, with low (snow) precipitation during 
that winter and spring, and in fact the lowest annual 

Table 2. Values of trend coefficients of climate and tree-ring variables and their statistical characteristics. 

Variable Trend coefficient  R R2 p< N Trend per decade 
Mean growth ring width 1.20 (± 0.50) 0.33 0.11 0.019 50 12.0 µm 
Maximum growth ring width 3.50 (± 1.10) 0.42 0.17 0.003 50 35.0 µm 
Annual air temperature 0.10 (± 0.02) 0.70 0.49 0.000 34 1.1 °C 
Annual precipitation 4.27 (± 1.51) 0.45 0.20 0.008 34 42.7 mm 

 

 

 

Fig. 8. Mean, minimum and maxi-
mum grow-ring widths variability of 
Salix polaris samples used in the 
constructed chronology. 
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snow-cover thickness of the whole instrumental record 
(1978–2011). Development of narrow rings in 1989 and 
1999 as an effect of physiological drought connected with 
low winter precipitation can be linked to more complex 
weather conditions. Other factors like predominance of 
anticyclonic circulation at the beginning of the 1989 
vegetation period (Niedźwiedź, 2006) and relatively high 
June temperature during these years (respectively 2.3°C 
and 2.6°C mean monthly air temperature when the aver-

age for the period 1978–2011 is 1.9°C) led to increase of 
evaporation and soil desiccation. 

In addition, most of the extreme years were character-
ised by very low (above average for the reference period) 
sunshine duration in summer (Table 3). Sunshine is not 
the growth limiting factor at this site, but its values are 
connected to temperature, which logically drives the tree 
growth during the polar summer. 

Table 3. Climatic conditions of the negative pointer years. 
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1980 –6.2 –30.2 5 9.1 15.5 115.0 17 44 21 10 
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1989 –7.3 –28.5 0 5.2 9.8 72.7 22 7 0 0 
1999 –4.9 –22.9 1 11.2 21.5 159.8 14 11 6 4 
2006 –2.6 –20.5 15 45.6 7.1 53.0 10 5 0 0 
2010 –2.7 –23.7 9 20.3 10.6 78.9 21 13 5 10 

 

Unfavourable climatic conditions marked grey 

 
Fig. 9. Annual course of daily mean air temperature and number of hours with liquid precipitation in 2010 in the Polish Polar Station, Hornsund 
(GLACIO-TOPOCLIM Database, 2014). 
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5. DISCUSSION  

What was received in the course of the study is a 61-
year-long chronology, which is similar to the results from 
the other parts of the Arctic (Woodcock and Bradley, 
1994; Zalatan and Gajewski, 2006; Forbes et al., 2010; 
Buchwal et al., 2013; Schweingruber et al., 2013). The 
obtained EPS value, which is a measure of the common 
variability in a chronology, was also similar to the results 
of other shrubs studies: 0.58–0.90 for Betula nana (Blok 
et al., 2011), 0.69 for Cassiope mertensiana (Rayback et 
al., 2012), 0.79–0.86 for Salix polaris (Buchwal et al., 
2013), and 0.83–0.97 for Salix pulchra (Blok et al., 
2011). However, in some studies stable values higher 
than the threshold were obtained: 0.87–0.88 for Em-
petrum hermaphroditum (Bär et al., 2006) and 0.98 for 
Salix lanata (Forbes et al., 2010).  

The extensive warming and changes in precipitation 
of the Svalbard archipelago during the last few decades 
correlates with the increase of growth rings width. These 
data confirm the observations over the Arctic areas where 

the fast expansion of tundra shrubs is observed (Forbes et 
al., 2010; Blok et al., 2011; Callaghan and Tweedie 2011 
and Tremblay et al,. 2012).  

During the last few years there has been a significant 
progress in the development of the Arctic plants chronol-
ogies. However, synchronisation of these chronologies 
can be difficult due to ecological disturbances, for exam-
ple the impacts of microtopography, microclimatic differ-
ences, soil conditions, influence of animals, insect defoli-
ation (Büntgen and Schweingruber, 2010). Therefore 
there is a need for developing numerous site chronologies 
from different parts of the Svalbard archipelago in order 
to recognise common growth patterns that can be associ-
ated with climate variability. Southwestern Spitsbergen, 
due to its location on the southern edge of Svalbard ar-
chipelago, is an important area for climate reconstruction 
and prediction in the High Arctic. It should be added that 
some extreme pointer years reconstructed in this study 
are in accordance with those from different parts of the 
Arctic (Fig. 10). The negative years 1980–1981 in this 
study can also be observed in S. arctica chronology from 

 

Fig. 10. Tree-ring chronologies for 
different location of North Atlantic 
sector, including southwestern 
Spitsbergen and north coast of 
Eurasia: A — Salix polaris from 
Svalbard (this study), B — Betula 
pubescens from Troms Region, 
northern Norway (Opala et al. 
2014), C — Salix lanata from 
Nenets Autonomous Okrug, north-
west Russia (ITRDB, 2015a and 
Forbes et al., 2010), D — Pinus 
sylvestris from Kola Peninsula, 
northwest Russia (ITRDB, 2015b 
and Gervais and MacDonald, 
2000). Black circles indicate nega-
tive pointer years common within 
all chronologies. Red circles indi-
cate negative pointer years present 
only in single locations (not ob-
served in Hornsund site). 
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Ellesmere Island (Woodcock and Bradley, 1994), S. pola-
ris from the central part of Spitsbergen (Buchwal et al., 
2013) and S. lanata from the coastal zone of the north-
west Russian Arctic (Forbes et al., 2010). The negative 
year 1968 in this study is also apparent in the chronolo-
gies of S. lanata from the Russian Arctic and S. alaxensis 
from the Western Canadian Arctic (Zalatan and Gajew-
ski, 2006). Also in the case of the positive years, con-
sistent years can be distinguished in many arctic regions. 
For example, a very wide ring of 1997 found in the S. 
polaris chronology (this study) was also found in Em-
petrum hermaphroditum in the Norwegian part of the 
Scandinavian Mountains (Bär et al., 2006), while a wide 
ring of 1967 is also present in the chronology of S. lanata 
(Forbes et al., 2010) and S. alexensis (Zalatan and 
Gajewski, 2006).  

The results of this study support the “snow-shrub hy-
pothesis” developed in earlier studies in the Arctic (Hal-
linger et al., 2010; Schmidt et al., 2010 and Mallik et al., 
2011), that deep snow cover is important to protect Salix 
shrubs from frost damage and provide a water reservoir 
by snow melt during the growing season. These papers 
indicate the influence of winter precipitation on shrub 
growth. The positive impact of deeper winter snow on 
shrub growth was also experimentally demonstrated on 
the example of Cassiope tetragona in the Advent Valley 
in Central Spitsbergen (Blok et al., 2015). The seasonal 
temperature fluctuation, type of soil and type of tundra 
community influence on active-layer thickness, the upper 
part of which is penetrated by dwarf shrub roots. The 
depth of thaw determines water drainage, nutrient migra-
tion and water absorption (Migała et al., 2014). Calaghan 
et al. (1993) reported that Salix polaris tolerates very 
short growing seasons and long periods of winter snow 
cover, and the development of these plant is strongly 
related to water availability and temperature. Our re-
search confirms these observations. The negative influ-
ence of the positive temperature values during winter 
months can be linked to the melting snow cover and the 
development of a thin ice cover, which can partially dam-
age the previous year dwarf shrub branches. Bokhorst et 
al. (2009, 2012) reported similar data, that dwarf shrubs 
in the Arctic area are negatively impacted by extreme 
warming events during winter. 

Strong positive correlation of growth ring width with 
summer temperature was not observed in the Hornsund 
area (Owczarek et al., 2014b). Positive correlation with 
precipitation was noted in a few parts of the Arctic 
(Holzkämper et al., 2008 and Blok et al., 2011). Howev-
er, the dominant influence of summer temperature was 
described in other regions, e.g. in Central Spitsbergen 
(Buchwal et al., 2013) and East Greenland (Büntgen et 
al., 2015). The presented results indicate the effect of 
many climatic factors acting together, with significant 
influence of climate extremes. The occurrence of these 
extremes is concurrent with the dendrochronological 
pointer years for the analysed polar willow. 

Non-climate factors can also affect growth ring 
widths, and the resulting chronology curve, independent 
of climate. The influence of the geomorphological pro-
cesses on the growth ring width of the dwarf shrub, re-
ported by Owczarek et al. (2013), was reduced in this 
study, because the samples were collected from the flat 
raised marine terraces. The disturbances observed in 2005 
and 2006 were connected with the insect outbreaks noted 
in 2005 in different parts of the Arctic (Hallgrímsson et 
al., 2006; Jepsen et al., 2013 and Halldórsson et al., 
2013). Despite the fact that the 2006 was the warmest 
year during the observation period in this part of Spits-
bergen, the growth ring widths during these years were 
relatively small, which may also be due to insect damage. 
Epstein et al. (2013) mentioned that the insect outbreaks 
are an important factor for the recent dynamics of the 
tundra vegetation.  

6. CONCLUSIONS 

- During the last decade there has been a significant 
increase in the number of the Arctic plants chronolo-
gies due to a high sensitivity of tundra vegetation to 
modern climate change. However, synchronisation of 
these chronologies can be difficult due to local site in-
fluences. Therefore, there is a need for developing 
numerous site chronologies from different parts of the 
High Arctic in order to recognise a common growth 
pattern that can be associated with climate variability. 

- Salix polaris is one of the species from southwest 
Spitsbergen than can be useful for dendrochronologi-
cal research. It creates very narrow but clearly visible 
and well-defined growth rings. The constructed chro-
nology covers the years 1951–2011 and is the first 
such development for this part of Spitsbergen. The ex-
tensive warming and changes in precipitation of the 
Svalbard archipelago during the last few decades cor-
relates with the increase of growth rings width but in-
tra-annual variability is also distinctly visible. The 
further increase of temperature and precipitation is 
projected by all climate models and therefore better 
understanding of climate-vegetation interaction is 
crucial. 

- Consistent extreme pointer years (very narrow or 
wide ring widths) could be distinguished in many sec-
tions of constructed chronology. We found 13 ex-
treme years in the Hornsund chronology, of which 
nine were negative: 1958, 1967, 1975, 1980, 1981, 
1989, 1999, 2006 and 2010, and four were positive: 
1963, 1966, 1976 and 1997. The occurrence of cli-
mate extremes for the Hornsund meteorological sta-
tion is concurrent with the dendrochronological point-
er years for the analysed polar willow. 

- The presented results indicate the importance of deep 
snow cover for isolation, frost damage protection and 
also as a water reservoir during the growing season 
for Salix polaris. Negative years, the most important 
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for dendroclimatological and ecological analyses, in-
dicate unfavourable environmental conditions. The 
formation of narrow growth rings in the presented 
chronology is connected especially with the positive 
mean diurnal air temperature during winter and rapid 
thaw of snow cover, very low precipitation at the be-
ginning of the growing season accompanied by a lack 
of snow cover in late spring and very low sunshine 
duration in summer. 

ACKNOWLEDGEMENTS 

This research was supported by the grant no. N N306 
601440 “Dendrochronological record of modern climate 
change and activity of periglacial processes in the south-
western Spitsbergen” from the Ministry of Science and 
Higher Education in Poland. The publication has been 
(partially) financed from the funds of the Leading Na-
tional Research Centre (KNOW) received by the Centre 
for Polar Studies of the University of Silesia, Poland. The 
authors extend many thanks to the two reviewers for their 
thoughtful comments and suggestions. Prof. Piotr 
Głowacki (Institute of Geophysics, Polish Academy of 
Sciences) and the team of the Stanisław Siedlecki Polish 
Polar Station in Hornsund are greatly acknowledged for 
their help and hospitality during field research. 

REFERENCES 

Bär A, Bräuning A and Löffler J, 2006. Dendroecology of dwarf shrubs 
in the high mountains of Norway – A methodological approach. 
Dendrochronologia 24: 17–27. 

Bär A, Bräuning A and Löffler J, 2007. Ring-width chronologies of the 
alpine dwarf shrub Empetrum hermaphroditum from the Norwe-
gian mountains. IAWA Journal 28 (3): 325–338. 

Blok D, Sass-Klaassen U, Schaepman-Strub G, Heijmans MMPD, 
Sauren P and Berendse F, 2011. What are the main climate drivers 
for shrub growth in Northeastern Siberian tundra? Biogeosciences 
8: 1169–1179, DOI 10.5194/bg-8-1169-2011. 

Blok D, Weijers S, Welker JM, Cooper EJ, Michelsen A, Löffler J and 
Elberling B, 2015.Deepened winter snow increases stem growth 
and alters stem δ13C and δ15N in evergreen dwarf shrub Cassiope 
tetragona in higharctic Svalbard tundra. Environmental Research 
Letters 10: 044008, DOI 10.1088/1748-9326/10/4/044008. 

Błaszczyk M, Jania JA and Kolondra L, 2013. Fluctuations of tidewater 
glaciers in Hornsund Fjord (Southern Svalbard) since the begin-
ning of the 20th century. Polar Polish Research 34(4): 327–352, 
DOI 10.2478/popore-2013-0024. 

Bokhorst S, Bjerke JW, Tømmervik H, Callaghan TV and Phoenix GK, 
2009. Winter warming events damage sub-Arctic vegetation: Con-
sistent evidence from an experimental manipulation and a natural 
event. Journal of Ecology 97: 1408–1415, DOI 10.1111/j.1365-
2745.2009.01554.x. 

Bokhorst S, Bjerke JW, Tømmervik H, Preece C and Phoenix GK, 
2012. Ecosystem Response to Climatic Change: The Importance of 
the Cold Season. Ambio 41(Suppl 3): 246–255, DOI 
10.1007/s13280-012-0310-5. 

Briffa KR, Osborn TJ and Schweingruber FH, 2004. Large-scale tem-
perature influences from tree rings: a review. Global Planetary 
Change 40: 11–26. 

Briffa KR, Osborn TJ, Schweingruber FH, Harris IC, Jones PD, Shiya-
tov SG and Vaganov EA, 2001. Low-frequency variations from 
northern tree ring density network. Journal of Geophysical Re-
search 106(D3): 2929–2941, DOI 10.1029/2000JD900617. 

Brönnimann S, 2015. Climatic Changes Since 1700. Springer: 360pp. 
Buchwal A, Rachlewicz G, Fonti P, Cherubini P and Gärtner H, 2013. 

Temperature modulates intra-plant growth of Salix polaris from a 
high Artic site (Svalbard). Polar Biology 36: 1305–1318, DOI 
10.1007/s00300-013-1349-x. 

Büntgen U and Schweingruber FH, 2010. Environmental change with-
out climate change? New Phytologist 188: 646–651, DOI 
10.1111/j.1469-8137.2010.03342.x. 

Büntgen U, Hellmann L, Tegel W, Normand S, Myer-Smith I, Kirdya-
nov A, Nievergelt D, Schweingruber FH, 2015. Temperature driv-
en germination pulse of Arctic dwarf shrub communities. Journal 
of Ecology 103(2): 489–501, DOI 10.1111/1365-2745.12361. 

Büntgen U, Raible CC, Frank D, Helama S, Cunningham L, Hofer D, 
Nievergelt D, Verstege A, Timonenh M, Stenseth NCh and Esper 
J, 2011. Causes and consequences of past and projected scandina-
vian summer temperatures, 500–2100 AD. PLoS ONE 6(9): 
e25133, DOI 10.1371/journal.pone.0025133. 

Callaghan TV and Tweedie CE, 2011. Multi-decadal changes in tundra 
environments and ecosystems: the International Polar Year– back 
to the future project. Ambio 40: 555–557. 

Callaghan TV, Sømme L and Sonesson M, 1993. Impacts of climate 
change at high latitudes on terrestrial plants and invertebrates. 
Research report for the Directorate for Nature Management Nr. 
1993 – 1, Trondheim: 67pp. 

Cook ER and Kariukstis LA (eds), 1990. Methods of Dendrochronolo-
gy: Applications in the Environmental Sciences. Kluwer Academ-
ic, Boston: 394pp. 

Cook ER, 1985. A Time Series Analysis Approach to Tree-Ring Stand-
ardization. School of Renewable Natural Resources University of 
Arizona, Tuscon: 183pp. 

D’Arrigo R, Wilson R, Liepert B and Cherubini P, 2008. On the ‘Diver-
gence Problem’ in Northern Forests: A reviev of the tree-ring evi-
dences and possible causes. Global Planetary Change 60: 289–
305, DOI 10.1038/nclimate2697. 

Epstein HE, Myers-Smith I, Walker DA, 2013. Recent dynamics of 
arctic and sub-arctic vegetation. Environmental Research Letters 
8: 015040. DOI 10.1088/1748-9326/8/1/015040. 

Esper J and Schweingruber FH, 2004. Large-scale treeline changes 
recorded in Siberia. Geophysical Research Letters 31: L06202. 
DOI 10.1029/2003GL019178. 

Forbes BC, Macias Fauria M and Zetterberg P, 2010. Russian Arctic 
warming and 'greening' are closely tracked by tundra shrub wil-
lows. Global Change Biology 16: 1542–1554, DOI 
10.1111/j.1365-2486.2009.02047.x. 

Gervais BR and MacDonald GM, 2000. A 403-year record of July 
temperatures and treeline dynamics of Pinus sylvestris from the 
Kola Peninsula, northwest Russia. Arctic, Antarctic, and Alpine 
Research 32: 295–302, DOI 10.2307/1552528. 

Hagen JO, Kohler M and Winther JG, 2003. Glaciers in Svalbard: mass 
balance, runoff and freshwater flux. Polar Research 22: 145–159, 
DOI 10.1111/j.1751-8369.2003.tb00104.x. 

Halldórsson G, Sigurdsson BD, Hrafnkelsdóttir B, Oddsdóttir ES, 
Eggertsson O and Ólafsson E, 2013. New arthropod herbivores on 
trees and shrubs in Iceland and changes in pest dynamics: A re-
view. Icelandic Agricultural Sciences 26: 69–84. 

Hallgrímsson H, Halldórsson G and Kjartansson BP, 2006. 
Birkidauðinn á Austurlandi 2005(Dieback of birch in the east in 
2005) . Journal of Icelandic Forestry 2: 46–55 (in Icelandic). 

Hallinger M, Manthey M and Wilmking M, 2010. Establishing a miss-
ing link: warm summers and winter snow cover promote shrub ex-
pansion into alpine tundra in Scandinavia. New Phytologist 186: 
890–899, DOI 10.1111/j.1469-8137.2010.03223.x. 

Holmes RL, 1983. Computer-assisted quality control in tree-ring dating 
and measurement. Tree-Ring Bulletin 43: 69–78. 

Holzkämper S, Kuhry P, Kultti S, Gunnarson B and Sonninen E, 2008. 
Stable isotopes in tree rings as proxies for winter precipitation 
changes in the Russian Arctic over the past 150 years. Geochron-
ometria 32: 37–46, DOI 10.2478/v10003-008-0025-6. 

Hornsund GLACIOTOPOCLIM Database, 2014. WEB site: 
<http://www.glacio-topoclim.org>. Accessed 2015 June 01. 

http://dx.doi.org/10.5194/bg-8-1169-2011
http://dx.doi.org/10.1088/1748-9326/10/4/044008
http://dx.doi.org/10.2478/popore-2013-0024
http://dx.doi.org/10.1111/j.1365-2745.2009.01554.x
http://dx.doi.org/10.1111/j.1365-2745.2009.01554.x
http://dx.doi.org/10.1007/s13280-012-0310-5
http://dx.doi.org/10.1029/2000JD900617
http://dx.doi.org/10.1007/s00300-013-1349-x
http://dx.doi.org/10.1111/j.1469-8137.2010.03342.x
http://dx.doi.org/10.1111/1365-2745.12361
http://dx.doi.org/10.1371/journal.pone.0025133
http://dx.doi.org/10.1038/nclimate2697
http://dx.doi.org/10.1088/1748-9326/8/1/015040
http://dx.doi.org/10.1029/2003GL019178
http://dx.doi.org/10.1111/j.1365-2486.2009.02047.x
http://dx.doi.org/10.2307/1552528
http://dx.doi.org/10.1111/j.1751-8369.2003.tb00104.x
http://dx.doi.org/10.1111/j.1469-8137.2010.03223.x
http://dx.doi.org/10.2478/v10003-008-0025-6


DENDROCHRONOLOGY AND EXTREME YEARS OF  POLAR WILLOW FROM SPITSBERGEN 

94 

ITRDB The International Tree-Ring Data Bank, 2015a. WEB site: 
<https://www.ncdc.noaa.gov/paleo/study/11228>. Accessed 2015 
June 01. 

ITRDB The International Tree-Ring Data Bank, 2015b. WEB site: 
<https://www.ncdc.noaa.gov/paleo/study/3293>. Accessed 2015 
June 01. 

Jacoby GC and D’Arrigo R, 1989. Reconstructed northern hemisphere 
annual temperature since 1671 based on high latitude tree-ring data 
from North America. Climatic Change 14: 39–59, DOI 
10.1007/BF00140174. 

Jacoby GC, Brubaker LB, Garfinkel H, Lawson MP and Kuivinen KC, 
1982. The Arctic. In: Hughes MK, Kelly PM, Pilcher JR and La-
Marche VC, eds., Climate from tree rings. Cambridge University 
Press, Cambridge: 107–118. 

Jepsen JU, Biuw M, Ims RA, Kapari L, Schott T, Vindstad OPL and 
Hagen SB, 2013. Ecosystem impacts of a range expanding forest 
defoliator at the forest-tundra ecotone. Ecosystems 16(4): 561–575, 
DOI 10.1007/s10021-012-9629-9. 

Kappen L, 1993. Plant activity under snow and ice, with particular 
reference to lichens. Arctic 46 (4): 297–302. 

Kolishchuk VG, 1990. Dendroclimatological study of prostrate woody 
plants. In: Cook ER and Kairiukstis LA, eds., Methods of dendro-
chronology. Applications in the environmental sciences. Kluwer, 
London: 51–55. 

Leszkiewicz J and Caputa Z, 2004. The thermal condition of the active 
layer in the permafrost at Hornsund, Spitsbergen. Polish Polar Re-
search 25(3–4): 223–239. 

Lindner L, Marks L, Roszczynko W and Semil J, 1991. Age of raised 
marine beaches of northern Hornsund Region, South Spitsbergen. 
Polish Polar Research 12: 161–182. 

Mallik AU, Wdowiak JV and Cooper EJ, 2011. Growth and reproduc-
tive responses of Cassiope tetragona, a circumpolar evergreen 
shrub, to experimentally delayed snowmelt. Arctic, Antarctic and 
Alpine Research 43: 404–409, DOI 10.1657/1938-4246-43.3.404. 

Manecki A, Czerny J, Kieres A, Manecki M and Rajchel J, 1993. Geo-
logical map of the SW part of Wedel Jarlsberg Land, Spitsbergen, 
1: 25 000. University of Mining and Metallurgy, Cracow. 

Marsz AA and Styszyńska A (eds.), 2013. Climate and Climate Change 
at Hornsund, Svalbard. The publishing house of Gdynia Maritime 
University, Gdynia: 402pp. 

Migała K, Głowacki P and Klementowski J, 2004. Thaw dynamics of 
the active layer of permafrost in the Hornsund area—SW Spitsber-
gen and its circumstances. Polish Polar Studies, 30th International 
Polar Symposium, Gdynia: 251–262. 

Migała K, Wojtuń B, Szymański W and Muskała P, 2014. Soil moisture 
and temperature variation under different types of tundra vegeta-
tion during the growing season: A case study from the Fuglebek-
ken catchment, SW Spitsbergen. Catena 116: 10–18, DOI 
10.1016/j.catena2013.12.007. 

Myers-Smith I, Hallinger M, Blok D, Sass-Klaassen U, Rayback SA, 
Weijers S, Trant A, Tape KD, Naito A, Wipf S, Rixen C, Dawes 
M, Wheeler J, Buchwal A, Baittinger C, Macias-Fauria M, Forbes 
BC, Lévesque E, Boulanger-Lapointe N, Beil I, Ravolainen V and 
Wilmking M, 2015b. Methods for measuring arctic and alpine 
shrub growth: a review. Earth-Science Reviews 140: 1–13, DOI 
10.1016/j.earscirev.2014.10.004. 

Myers-Smith IH, Elmendorf SC, Beck PSA, Wilmking M, Hallinger M, 
Blok D, Tape KD, Rayback SA, Macias-Fauria M, Forbes BC, 
Speed JDM, Boulanger-Lapointe N, Rixen C, Lévesque E, 
Schmidt NM, Baittinger C, Trant AJ, Hermanutz L, Collier LS, 
Dawes MA, Lantz TC, Weijers S, Jørgensen RH, Buchwal A, Bu-
ras A, Naito AT, Ravolainen V, Schaepman-Strub G, Wheeler JA, 
Wipf S, Guay KC, Hik DS and Vellend M, 2015a. Climate sensi-
tivity of shrub expansion across the tundra biome. Nature Climate 
Change 5: 887–891, DOI 10.1038/nclimate2697. 

Niedźwiedź T, 2006. Calendar of circulation types for Spitsbergen: 
December 1950 – December 2006. Computer data set at the De-
partment of Climatology, Faculty of Earth Sciences, University of 
Silesia, Sosnowiec. 

Nordli O, 2010. The Svalbard Airport temperature series. Bulletin of 
Geography – physical geography series 3: 5–25. 

Opała M, Migała K and Owczarek P, 2014. Tree rings of downy birch 
(Betula pubescens) from Island of Tromsøya (Norway) as proxies 
for past temperature changes in the Low Arctic. In: Migała K, 
Owczarek P, Kasprzak M and Strzelecki MC, eds., New perspec-
tives in polar research. University of Wrocław: 269–280. 

Owczarek P, 2009. Dendrogeomorphological potential of Salicaceae 
from SW Spitsbergen (Norway). In: Kaczka R, Malik I, Owczarek 
P, Gärtner H, Helle G and Heinrich I, eds., TRACE - Tree Rings in 
Archaeology, Climatology and Ecology Vol. 7. Scientific Tech-
nical Report STR 09/03, Potsdam: 181 – 186. 

Owczarek P, 2010. Talus cone activity recorded by tree-rings of Arctic 
dwarf shrubs: a study case from SW Spitsbergen, Norway. Ge-
ologija 52: 34–39, DOI 10.2478/v10056-010-0003-3. 

Owczarek P, Latocha A, Wistuba M and Malik I, 2013. Reconstruction 
of modern debris flow activity in the arctic environment with the 
use of dwarf shrubs (south-western Spitsbergen) – a new dendro-
chronological approach. Zeitschrift für Geomorphologie Supp 
57(3): 75–95, DOI 10.1127/0372-8854/2013/S-00145. 

Owczarek P, Nawrot A, Migała K, Malik I and Korabiewski B, 2014a. 
Flood-plain responses to contemporary climate change in small 
High-Arctic basins (Svalbard, Norway). Boreas 43: 384–402, DOI 
10.1111/bor.12061. 

Owczarek P, Opała M and Migała K, 2014b. Climatic signals in growth 
rings of the High Arctic dwarf shrub Salix polaris (Wahlenb.): a 
case study from SW Spitsbergen, Svalbard. In: Migała K, Owcza-
rek P, Kasprzak M and Strzelecki MC, eds., New perspectives in 
polar research. University of Wrocław: 257–268. 

Påhlsson L, 1985. List of vegetation types and land forms in the Nordic 
countries with the plant species of the vegetation types in Latin, 
the Nordic languages and English. Nordic Council of Ministers, 
Oslo: 69pp. 

Przybylak R, 2016. The Climate of the Arctic. Springer: 287pp. 
Rayback SA and Henry HR, 2005. Dendrochronological potential of the 

arctic dwarf shrub Cassiope tetragona. Tree-Ring Research 61: 
43–53, DOI 10.3959/1536-1098-61.1.43. 

Rayback SA, Lini A and Berg DL, 2012. The dendroclimatological 
potential of an alpine shrub, Cassiope mertensiana, from Mount 
Rainier, WA, USA. Geografiska Annaler Series A: Physical Geog-
raphy 94: 413–427, DOI 10.1111/j.1468-0459.2012.00463.x. 

Rønning OI, 1996. The Flora of Svalbard. Norwegian Polar Institute, 
Oslo: 184pp. 

Schmidt NM, Baittinger C and Forchhammer MC, 2006. Reconstructing 
century-long regimes using estimates of high Arctic Salix arctica 
radial growth. Arctic, Antarctic and Alpine Research 38: 257–262, 
DOI 10.1657/1523-0430(2006)38[257:RCSRUE]2.0.CO;2. 

Schmidt NM, Baittinger C, Kollmann J and Forchhammer MC, 2010. 
Consistent dendrochronological response of the dioecious Salix 
arctica to variation in local snow precipitation across gender and 
vegetation types. Arctic, Antarctic and Alpine Research 42: 471–
475, DOI 10.1657/1938-4246-42.4.471.  

Schweingruber FH and Dietz H, 2001. Annual rings in the xylem of 
dwarf shrubs and perennial dicotyledonous herbs. Dendrochrono-
logia 19:115–126. 

Schweingruber FH and Poschold P, 2005. Growth rings in herbs and 
shrubs: life span, age determination and stem anatomy. Forest 
Snow and Landscape Research 79: 415pp. 

Schweingruber FH, Hellmann L, Tegel W, Braun S, Nievergelt D and 
Büntgen U, 2013. Evaluating the wood anatomical and dendroeco-
logical potential of arctic dwarf shrub communities. IAWA Journal 
34(4): 485–497, DOI 10.1163/22941932-00000039. 

Speer J, 2010. Fundamentals of Tree-Ring Research. University of 
Arizona Press, Arizona: 333pp. 

Tremblay B, Lévesque E and Boudreau S, 2012. Recent expansion of 
erect shrubs in the Low Arctic: evidence from Eastern Nunavik. 
Environmental Research Letters 7, DOI 10.1088/1748-
9326/7/3/035501. 

Vienna Institute of Archaeological Science (VIAS), 2005. On Screen 
Measuring and Image Analysis. Time Table. Installation and In-
struction Manual, Version 2.1. VIAS: Vienna. 

Warren-Wilson J, 1964. Annual growth of Salix arctica in the high-
Arctic. Annales of Botany 28: 71–78. 

http://dx.doi.org/10.1007/BF00140174
http://dx.doi.org/10.1007/s10021-012-9629-9
http://dx.doi.org/10.1657/1938-4246-43.3.404
http://dx.doi.org/10.1016/j.catena2013.12.007
http://dx.doi.org/10.1016/j.earscirev.2014.10.004
http://dx.doi.org/10.1038/nclimate2697
http://dx.doi.org/10.2478/v10056-010-0003-3
http://dx.doi.org/10.1127/0372-8854/2013/S-00145
http://dx.doi.org/10.1111/bor.12061
http://dx.doi.org/10.3959/1536-1098-61.1.43
http://dx.doi.org/10.1111/j.1468-0459.2012.00463.x
http://dx.doi.org/10.1657/1523-0430(2006)38%5b257:RCSRUE%5d2.0.CO;2
http://dx.doi.org/10.1657/1938-4246-42.4.471
http://dx.doi.org/10.1163/22941932-00000039
http://dx.doi.org/10.1088/1748-9326/7/3/035501
http://dx.doi.org/10.1088/1748-9326/7/3/035501


P. Owczarek and M. Opała 

95 

Weijers S, Also IG, Eidesen PB, Broekman R, Loonen MJJE and Ro-
zema J, 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, Broekman R and Rozema J, 2010. Dendrochronology in the 
High Arctic: July air temperatures reconstructed from annual shoot 
length growth of the circumarctic dwarf shrub Cassiope tetragona. 
Quaternary Science Reviews 29: 3831–3842, DOI 
10.1016/j.quascirev.2010.09.003. 

Wigley TML, Briffa KR and Jones PD, 1984. On the average value of 
correlated time-series, with applications in dendroclimatology and  

hydrometeorology. Journal of Climate and Applied Meteorology 
23: 201–213, DOI 10.1175/1520-
0450(1984)023<0201:OTAVOC>2.0.CO;2. 

Woodcock H and Bradley RS, 1994. Salix arctica (Pall.): its potential 
for dendroclimatological studies in the High Arctic. Dendro-
chronologia 12: 11–22. 

Zalatan R and Gajewski K, 2006. Dendrochronological potential of 
Salix alaxensis from the Kuujjua River area, western Canadian 
Arctic. Tree-Ring Research 62: 75–82, DOI 10.3959/1536-1098-
62.2.75. 

http://dx.doi.org/10.1016/j.quascirev.2010.09.003
http://dx.doi.org/10.1175/1520-0450(1984)023%3c0201:OTAVOC%3e2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(1984)023%3c0201:OTAVOC%3e2.0.CO;2
http://dx.doi.org/10.3959/1536-1098-62.2.75
http://dx.doi.org/10.3959/1536-1098-62.2.75

