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Recent nature conservation and climate change 
mitigation initiatives increasingly focus on  research 
and protection of  ancient woodlands and primary 
forests, as ecologists better understand and recognise 
their multiple and unique environmental benefits 

(Pimm et  al.  2018; Di  Marco et  al.  2019), including 
their key role as carbon sinks (Luyssaert et al. 2008; 
Keith et  al.  2022). Ecosystems with the presence 
of old individuals promote – among other ecosystem 
services –  further carbon storage because of  their 
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long residence times (Kangas, Ollikainen 2022). It is, 
therefore, essential to  investigate and preserve old 
populations (Keith et al. 2022). Nevertheless, not only 
trees (Körner 2017) but also shrubs can grow for cen-
turies (Lehejček et al. 2017). The dendrochronological 
potential of tundra shrubs received broader attention 
relatively recently due to  more advanced methods 
of  their analysis (Kolischuk  1990). Ever since, our 
knowledge of  tundra shrub-dominated ecosystems 
has grown decently (see e.g. Woodcock, Bradley 1994; 
Schmidt et al. 2006; Buchwal et al. 2013; Myers-Smith 
et al. 2015; Wilmking et al. 2018; Lehejček et al. 2023). 
Those and other studies portray shrub-dominated 
ecosystems as one of the most heavily affected by cur-
rent climate change because they are predominantly 
situated in climatically extreme regions beyond lati-
tudinal and elevational tree lines. Both tundra and 
semi-arid shrub-dominated communities are facing 
historically unprecedented changes in climate condi-
tions (Tumajer et  al.  2021). Warmer and drier con-
ditions are forecast to put increasing pressure on trees 
in dry biomes (Bennett et al. 2015). This pressure may 
then lead to trees being replaced by shrubs (Camare-
ro, Ortega-Martínez 2019). Conversely, tundra shrubs 
may respond to  rising temperatures by  increased 
growth rates and establishment (Li et al. 2016) while 
being simultaneously suppressed by  boreal forests 
on  the other side of  the biome gradient. Old shrub 
communities will therefore likely serve as important 
genetic reservoirs for shrub expansion towards the 
new limits (Myers-Smith et al. 2011). Such sites are 
often located beyond abiotic tree lines under extreme 
microhabitat conditions, where logging or  fire are 
not likely and the effect of competition or herbivory 
is limited (Larson et al. 1999).

Here, we  provide insight into such an  ecosystem 
by analysing growth patterns and examining the age 
of old juniper (Juniperus communis) shrubs growing 
on  a  boulder field in  northeast Norway. Juniperus 
communis is the most widely distributed woody plant 
around the globe, exhibiting unique growth  plas-
ticity (Tumajer et  al.  2021) and climate sensitivity 
(Lehejček et  al.  2017). Its territory spans all conti-
nents of  the Northern Hemisphere and most of  its 
biomes (Adams 2008). It  is an evergreen, long-lived 
shrub that often colonises extreme sites (Thomas 
et  al.  2007). The  species has strong dendroenviron-
mental potential (Pellizzari et al. 2014) and its growth 
parameters have already been successfully used to re-
construct continental ice sheet melt (Buras et al. 2017) 
or a snowpack duration (Carrer et al. 2023).

To provide the above-mentioned insight, we applied 
dendrochronological and wood anatomy techniques. 
We also examine the responsiveness of junipers to the 
climate by relating ring width measurements to mean 
temperature and precipitation data.

MATERIAL AND METHODS

The area of interest is characterised by one of the 
oldest rock formations in Scandinavia, which origi-
nated in  the Palaeoproterozoic era. It  consists 
mainly of  pink and yellowish-grey arkoses and 
conglomerates with interbedded greenish-grey 
sandstones and mudstones (Siedlecki  1980). This 
region is influenced by the Northern Atlantic Cur-
rent, which reaches the Barents Sea. The  vicin-
ity of  the ocean provides a  relatively mild climate 
with a mean annual precipitation total of 561 mm, 
a  mean annual temperature of  0.5 °C  and a  mean 
summer (JJA) temperature of 11.0 °C (NMI 2023). 
Throughout the last century, the study site has been 
exposed to heavy industrial pollution from a near-
by nickel–copper smelter in Nikel (Никель), Russia 
(Bjerke et al. 2006; Myking et al. 2009).

For this study, we sampled 41  individuals of  J. co-
mmunis  L., Cupressaceae (Figure  1). The  sampling 
site was a large boulder field on a slope by the bank 
of Gardsjøen Lake, close to  the Russian border and 
the settlement of  Grense Jakobselv in  the munici-
pality of  Sør-Varanger (Troms og Finnmark county 
in  Norway; 69°42'36''N, 30°51'00''E). Boulder fields 
are characterised by  extreme drainage and consist 
of  very dry stands interspersed with moist or  wet 
microhabitats in enclosed pockets and depressions. 
We designed the sampling to obtain a representative 
population signal for the site, so we did not select indi-
viduals based on their size or other external features. 
To capture the full variety of plant ages and various 
sizes, we established a grid, within which we sampled 
the closest individuals to the grid intersection points. 
The  junipers sampled were of  the multi-stemmed 
prostrate growth form (up to 0.5 m in height), often 
with twisted or eccentric growth due to harsh climate 
conditions and occasional disturbance from rockfall. 
We  took basal stem discs (at root collars if  accessi-
ble) using a hand-saw from each plant to maximise 
the number of rings and obtain the oldest parts of the 
plant stems (Schweingruber et  al.  2013). All  shrubs 
inhabited an elevation range of 150–180 m a.s.l.

Ring-parameter measurements were taken along 
the longest axis of  stem discs because it  is  the 
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least likely to  intersect missing or  wedging rings. 
It  is  therefore the most reliable parameter for sub-
sequent measurements (Schweingruber et al. 2013). 
The stem discs were hand-sawed in a way so as to ob-
tain a piece of wood with the surface perpendicular 
to the tracheids and containing the longest axis of the 
respective stem disc. A solution of corn starch and 
water was then applied to this surface to stabilise the 
cell walls and prevent the distortion of  the cellular 
structure (Schneider, Gärtner 2013). The 10–20 µm 
thick thin-sections were later obtained using a slid-
ing laboratory microtome. Sodium hypochlorite was 
used as a bleaching agent prior to cleaning the thin-
sections with water and double-staining for 5  min 
in a 1 : 1 solution of Safranin and Astrablue (the so-
lution used according to Schweingruber et al. 2013), 
and then washed again. Increasing ethanol concen-
trations were used (70%, 90%, and 98%, respectively) 
to  dehydrate the samples. Xylene was then ap-
plied to eliminate any remaining water in the sam-
ples. Finally, the samples were preserved in Canada 
balsam, embedded under a cover glass (Schweingru-
ber et al. 2008) and dried for at least 12 h at 60 °C.

Images of microsections were taken using a digi-
tal camera (EOS  650D; Canon, Japan) connected 

to  a  microscope (BX41; Olympus, Japan) under 
100×  magnification, and photos were analysed 
using WinCell Pro  2011  software (Regent Instru-
ments WinRHIZO Pro; 2011). We measured mean 
ring width along the longest axis of all individuals 
by  manual path analysis using WinCell software. 
To  determine the minimum plant age (Schwein-
gruber et al. 1990), we cross-dated the ring widths 
in PAST4 (Version 4.2, 2007) and inspected them 
visually to detect possible missing rings.

Individual tree-ring series were detrended 
by a 50-year-long spline with a 50% frequency cut-
off as a function predicting radial growth. The re-
sulting ring-width indices (RWI) were calculated 
as  ratios between modelled and observed growth 
(Cook, Peters  1981). Finally, a  master chronology 
was calculated using Tukey's biweight robust mean 
(R package dplR 1.7.4; Bunn 2019).

We have determined the mean and standard de-
viation for age, diameter, and increase per year. Us-
ing the function 'rwi. stats' (R package dplR 1.7.4; 
Bunn  2019), we  calculated the expressed popu-
lation signal (EPS), the mean inter-series correla-
tion (Rbar), and the signal-to-noise ratio in moving 
30-year long windows with a 15-year overlap. Ad-

Figure 1. (A) Boulder field hosting a juniper population on a slope by the bank of the Gardsjøen Lake; (B) common juni-
per on a boulder with its typical prostrate form; (C) stem disc of the oldest individual harvested close to the root collar 
showing irregular and eccentric growth; (D) microscopic image of a 15 μm thick microtome slice enabling precise annual 
ring determination, period 1645–1648
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ditionally, for each series we computed mean sen-
sitivity, first order of autocorrelation, and the mean 
correlation with the master chronology. Based 
on  the age structure of  the site we  determined 
age classes (50–100, 100–150, 150–200, 200–250, 
250–300, 600–700) and calculated Rbar (mean cor-
relation coefficient among annual-ring series) for 
each. Then, we computed a linear model with Rbar 
as a predictand and age class as a predictor.

To assess the climatic signal, we computed Pear-
son's correlations (and their significance by  boot-
strapping) of tree-ring chronology with temperature 
and precipitation data from previous June to  cur-
rent September in order to cover the most impor-

tant period (representing the phase of the vegetation 
season, nutrient and carbohydrate stock, or repro-
duction) for current plant growth (Fritts  1976), 
using the R  package treeclim (Version  2.0.6.0; 
Zang, Biondi 2015) and CRU climatic data (Harris 
et al. 2020) in the time period 1901–2013.

RESULTS

The mean diameter of the junipers sampled was 
6.08 ± 3.37 cm (mean ± SD). The oldest individual 
contained 683  rings, and this number represents 
its conservative minimum age (Figure 2A). We ad-
mit here that juniper cross-dating was a  chal-

Figure 2. (A) Master chronology (black line) and sample depth (grey area, age distribution); (B) expressed population 
signal (EPS, blue line), mean inter-series correlation (Rbar, red line); (C) age structure of study site
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lenge not comparable with any of  our previous 
work (Lehejček et  al.  2017; Tumajer et  al.  2021). 
In  total, we  added 62  missing rings. The  age dis-
tribution of  shrubs in  the population is  pre-
sented in  Figure  2C, with their mean age being 
190 ± 148  years. This represents the mean annu-
al-ring width of 0.037 ± 0.013 mm·yr−1. The mean 
sensitivity  was  0.32, the signal-to-noise ratio was 
2.83, the Rbar was  0.06, the EPS  was 0.14  (Fig-
ure 2B), the mean first order of autocorrelation was 
0.73 ± 0.08, and the mean correlation of  the indi-
vidual series with the chronology was 0.22 ± 0.10. 

The  linear model explaining Rbar by  age classes 
(negative effect) was highly significant (P  =  0.01) 
with 83% explained variability (Figure  3), while 
the effect of  the number of  discs was positive 
(R2 = 0.56), however insignificant.

The climate-growth correlations of tree-ring chro-
nology were in general quite weak and insignificant. 
The only statistically significant responses were the 
positive influence of  precipitation in  January and 
the positive effect of temperatures in May and July. 
The highest correlation (0.32) was with mean cur-
rent summer temperatures (May–August; Figure 4).

Figure 3. Relationship of age classes and 
mean inter-series correlation (Rbar)

Colours from red to green – number 
of cores in a given age class from low 
to  high, respectively; black line and 
shaded area  – linear trend and con-
fidence interval (95%) between Rbar 
and age class

Figure 4. Climate-growth responses between tree-ring chronology and monthly mean temperature (red) or precipitation 
(blue) in time window 1901–2013

Solid bars with thick margins – statistically significant Pearson correlation coefficients (P < 0.05); months in lowercase and 
uppercase letters are representing previous year and current year, respectively
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DISCUSSION

Age determination. The determination of the age 
of a woody plant based on the counting of its growth 
rings generally underestimates its actual age com-
pared to alternative methods (e.g. radiocarbon 14C). 
The reason for this is the high frequency of missing 
rings in slow-growing shrubs and the oldest individ-
uals in particular (Mathaux et al. 2016; Camarero, 
Ortega-Martínez 2019). Even though some juniper 
studies (Trkal, Lehejček  2017; Shetti et  al.  2018a) 
used the serial sectioning method which supports 
the cross-dating efforts (Kolishchuk  1990), den-
drochronology can do nothing about the fact that 
in  climatically limited years (typically extremely 
cold and/or dry) not even a  single row of  cells 
is  formed at  the sampling spots (Speer  2010). 
On  the other hand, Shetti et  al.  (2018a), based 
on disc scanning and ring width measurements, re-
ported no missing rings in juniper shrubs (n = 30) 
at a site near Kirkenes, which is unusual (Pellizzari 
et al. 2014). A reliable alternative to serial section-
ing is  wood anatomy microsectioning (Schneider, 
Gärtner  2013). It  has already been successfully 
applied to  slow-growing juniper shrubs, provid-
ing reliable results in  terms of  ring determination 
and further applications (e.g. Pellizarri et al. 2014; 
Lehejček et al. 2017), as  it provides more detailed 
insight into the growth of woody plants (Schwein-
gruber et al. 2008). Because junipers at our site grow 
considerably slower compared to  those studied 
by  Shetti et  al.  (2018a), and because growth rings 
often consist of a few cell rows only, we believe that 
the application of  wood anatomy microsectioning 
was our only option in this study to determine and 
measure annual rings. Naturally, both methods can 
be combined (i.e. serial sectioning based on micro-
sectioning), but this is rarely done, as it is time-con-
suming and laborious. Additionally, also multi-axis 
measurements and disc cross-dating may be  ap-
plied (Shetti et  al.  2018b) or  more shrub samples 
can be  harvested (Carrer et  al.  2023) to  increase 
the potential for more reliable cross-dating results 
and Rbar. Thus, it is very likely that we potentially 
could omit some missing rings due to cross-dating 
constraints probably associated with individual-
istic and eccentric growth in  extreme conditions 
accentuated by  heavy industrial pollution. There-
fore, the shrub ages reported here have to  be  re-
garded as a conservative minimum plant life span. 
Nonetheless, based on our findings and to our best 

knowledge, we  consider our juniper growth re-
cord the longest shrub record in Scandinavia ever 
reported. We  named the oldest individual of  our 
record Old Juniper Troll (683 years).

Age comparison. Studies conducted on  com-
mon juniper prove that the species can live for 
a  very long time. Pellizzari et  al.  (2014) reported 
a 402-year-long chronology from a site in the Ven-
tina area in  the Engadine Alps. Similarly, Carrer 
et al. (2023) reported almost 500-year-old individ-
uals from the Alps. Climatically more comparable 
to our Sør-Varanger site is the tundra environment 
of southwest Greenland, where one study encoun-
tered a  juniper at  least 350  years old (Lehejček 
et al. 2017). To our knowledge, only four other Ju-
niperus communis chronologies from Scandinavia 
have been published, as  summarised in  Tumajer 
et al. (2021). These data generally indicate a shorter 
lifespan of  populations and a  distinctly lower age 
of the oldest individual: Abisko (mean age 85 years, 
max. age 323  years), Kevo (119/418), Kirkenes 
(98/240), Finse (66/97). Different juniper species 
from Scandinavia can also live notably long, as pre-
sented, for example, in Wilmking et al.  (2012) for 
Juniperus nana from Abisko (mean age 53  years, 
max. age 174  years). Empetrum nigrum, another 
slow-growing shrub, exhibits a significantly shorter 
life span in Scandinavia, which is just over 60 years, 
as documented by Bär et al. (2008). Thus, our Sør-
Varanger juniper population (190/683) is  con-
siderably older than any other shrub population 
from Scandinavia.

Even older individuals were found by  Shiyatov 
et  al.  (2002) in  the Polar Urals (Juniperus nana, 
850 years), Camarero and Ortega-Martínez (2019) 
in  the Pyrenees (Juniperus phoenicea, 927  years), 
or  Miles and Worthington (1998) in  California 
(Juniperus occidentalis, 2 675  years). Probably 
the oldest shrub from Scandinavia ever report-
ed is  a  940-year-old common juniper from Kevo 
(Kallio et al. 1971). Unfortunately, neither growth 
chronology nor methods accompany this single 
statement in the Kevo station report.

Climate sensitivity and population character-
istics. The presented record indicates a moderate 
to low climate sensitivity of the population under 
study. Climate correlations derived from it  (not 
shown) therefore suffer from wide confidence 
intervals, as  our record is  dominated by  an  indi-
vidual shrub-level signal rather than a  coherent 
stand-level signal (Speer  2010). Although shrub 
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chronologies can generally provide lower Rbar 
and EPS  values, we  still suggest that populations 
at  extreme sites like ours, which consist of  very 
old individuals often affected by  large micro-site 
variations and exhibiting individualistic growth 
patterns, are a valuable source of information. Het-
erogenous growth of  individual age classes of the 
population provides further explanation  of  low 
Rbar and EPS  values. Similarly, Camarero and 
Ortega-Martínez (2019) faced issues with finding 
climate signals for old and slow-growing juniper 
populations in  cliff or  rocky sites. Furthermore, 
heavy industrial pollution –  as  in  our case from 
a  nickel powerplant –  is  known to  influence 
plant physiology and growth (Odasz-Albrigtsen 
et  al.  2000; Hruška et  al.  2023) and thus further 
weakens the climate signal. We  therefore suggest 
that old populations from extreme sites, includ-
ing polluted ones, might not be  useful for long-
term climate reconstructions because they are 
likely to  be  influenced by  a  whole range of  envi-
ronmental conditions. Even so, however, they can 
still provide important material for dating studies 
or archaeological research.

CONCLUSION

We have dated the oldest living shrub popula-
tion (190  ±  148  years) and provided the longest 
shrub growth record (683  years) from Scandina-
via, using the methods of  dendrochronology and 
wood anatomy microsectioning. Ring counting, 
even with cross-dating, generally underestimates 
the age of very old individuals. It  is compromised 
by missing rings, which is also a  limitation of this 
study where we  were not fully successful with 
cross-dating. We  therefore present a  conserva-
tive minimum age, which may be  refined by  al-
ternative dating approaches. The  old population 
of  Juniperus communis at  Sør-Varanger is  only 
moderately climate-sensitive due to  the extreme-
ness of  the site, the considerable share of  old in-
dividuals in  the population, their individualistic 
growth, and industrial pollution. All  these fac-
tors compromise the utility of  this population for 
climate-environmental reconstructions.

With respect to the increasing impacts of climate 
change on  the environment, old junipers, which 
are often found beyond abiotic tree-lines in  cold 
and/or dry environments, constitute important 
gene reservoirs for future shrub recruitment.

Data availability statement. Analyses presented 
and data supporting the results in the paper are avail-
able at https://github.com/JirkaSkaut/Juniper_Troll 
or upon request to the corresponding author.
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