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A B S T R A C T

Fennoscandia is a favourable region for dendroclimatological research. Yet, most of the dendroclimatological 
research in Scandinavia has focused on Scots pine (Pinus sylvestris L.) while fewer studies have focused on 
Norway spruce (Picea abies L.), despite its wide distribution. In the present study we explore the potential of 
increasing the fidelity of the climate information from Norway spruce tree-ring data by investigating Late Wood 
Blue Intensity (LWBI) measurements from trees sampled at the elevational tree line in the Central Scandinavian 
Mountains. We present -to the knowledge of the authors- the first LWBI chronology and summer temperature 
(June through August) reconstruction based on LWBI measurements from the species, which covers the period 
1750–2020. The LWBI chronology has a substantially stronger temperature signal than its corresponding tree- 
ring width (TRW) chronology, and displays a good spatial representation across the Nordic countries. The 
temperature reconstruction follows the general patterns of the temperature history previously reported for the 
central Scandinavian mountains. This suggests that Norway spruce and the LWBI technique are viable for 
studying past climate history and evaluating ongoing changes. The introduction of another species in den
droclimatic reconstructions in the area could yield more precise insights of regional climate variations, as 
different species exhibit varying sensitivities to climatic conditions. However, while Norway spruce can be 
preserved for a long time under favourable conditions, the use of Norway spruce subfossil wood in LWBI research 
is untested. Therefore, further research is required to develop longer Norway spruce LWBI chronologies and to 
fully evaluate the potential of using Norway spruce in dendroclimatic studies.

1. Introduction

In the context of climate change, the examination of past climates is 
essential to understand natural climatic variability. In recent decades 
there has been an increase of climate proxies extending over centuries to 
millennia which have greatly enhanced our understanding of past nat
ural climate variability (e.g. PAGES2k Consortium, 2017). These efforts 
have improved our general understanding of the climate system and 
climatic fluctuations over time and space.

Tree rings are one of the most utilized climate proxies because they 
provide information/data with annual resolution which can be cali
brated against observational records (Jones et al., 2009). This paleo
climate archive is widely used in regional to global climate 
reconstructions, and the number of tree-ring chronologies is continu
ously increasing, albeit with large differences regarding their spatio
temporal distribution (e.g., St. George, 2014). Because of large areas of 
relatively untouched forests and favourable conditions for wood 

preservation in bogs and lakes, Fennoscandia is a favourable region for 
dendroclimatological research (Linderholm et al., 2010). Most of the 
dendroclimatological research in Scandinavia has focused on Scots pine 
(Pinus sylvestris L.) due to both its reliable climate signal and long life
span of trees. Fewer studies have focused on Norway spruce (Picea abies 
L.), despite its wide distribution. Norway spruce is an opportunistic 
species and relatively adaptable to biotic variations (Mäkinen et al., 
2003; van der Maaten-Theunissen et al., 2013). The climatic sensitivity 
of spruce shows clear regional differences in Fennoscandia, where 
moisture availability is mainly a limiting factor for radial growth at 
lower elevation and latitude, while temperature becomes a more 
important factor at higher elevation and latitude (Mäkinen et al., 2002; 
Andreassen et al., 2006; Seftigen et al., 2015). From a dendroclimato
logical perspective, the lesser interest in Norway spruce compared to 
Scots pine may be related to difficulties obtaining multi-century length 
records due both to its comparatively shorter life span (400 years vs. 700 
years, respectively; Castagneri et al., 2013; Linderholm et al., 2014) and 

* Correspondence to: Department of Earth sciences, University of Gothenburg, Box 460, Gothenburg 40530, Sweden.
E-mail address: mauricio.fuentes@gu.se (M. Fuentes). 

Contents lists available at ScienceDirect

Dendrochronologia

journal homepage: www.elsevier.com/locate/dendro

https://doi.org/10.1016/j.dendro.2025.126304
Received 20 June 2024; Received in revised form 28 January 2025; Accepted 8 February 2025  

https://orcid.org/0000-0003-1075-4749
https://orcid.org/0000-0003-1075-4749
mailto:mauricio.fuentes@gu.se
www.sciencedirect.com/science/journal/11257865
https://www.elsevier.com/locate/dendro
https://doi.org/10.1016/j.dendro.2025.126304
https://doi.org/10.1016/j.dendro.2025.126304
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dendro.2025.126304&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Dendrochronologia 90 (2025) 126304

2

its decay-prone nature, thereby making the presence of remnant mate
rial with an exterior ring dating prior to the 20th century extremely rare 
(Storaunet and Rolstad, 2002). However, Rocha et al. (2021) presented 
the first Norway spruce temperature reconstruction spanning two 
millennia, also demonstrating that wood from Norway spruce can be 
preserved for a long time under favourable conditions.

Tree-ring width (TRW) is the most widely used proxy for climate 
reconstructions since it is the easiest tree-ring parameter to obtain. 
Depending on the growth environment, TRW can provide useful infor
mation about growing season conditions (Fritts, 1976). However, at 
high latitudes in the Northern Hemisphere, maximum latewood density 
(MXD; Schweingruber et al., 1978) generally shows stronger agreement 
with instrumental temperature observations than TRW does (e.g. Franke 
et al., 2013; Lücke et al., 2019). Because of its comparatively stronger 
temperature signal, MXD may be preferred for accuracy, but at a higher 
work effort and cost. Aiming to find an affordable and less laborious 
alternative to MXD with similar quality, McCarroll et al. (2002) showed 
that blue light intensity reflectance/absorption (BI) from digital images 
of tree rings could be used as a surrogate for MXD. Since then, BI has 
been further explored (see e.g. Campbell et al., 2007; Rydval et al., 2014;
Björklund et al., 2014, 2015) and is now established in the scientific 
community (Kaczka and Wilson, 2021). The method is still developing, 
e.g., regarding its utility for different species. For example, non-climatic 
colour variations in the wood, such as the lighter sapwood and darker 
heartwood in some conifers, can bias BI-measurements (Björklund et al., 
2014, 2015; Wilson et al., 2019). Norway spruce generally do not have 
distinct colour variations, making it a good candidate species for this 
methodology. Although BI has been tested on Picea abies in central 
Europe (Kaczka et al., 2018) and different Picea species in North 
America (P. rubens Sarg., Heeter et al. 2019 and P. glauca, Wilson et al. 
2019), no reconstructions have yet been attempted in Fennoscandia.

In the present study we build on the results from Rocha et al. (2021)
by exploring the potential of increasing the fidelity of the climate 

information from Norway spruce tree-ring data by investigating Blue 
Intensity (BI) measurements from trees sampled at the altitudinal tree 
line in the Central Scandinavian Mountains. Our aim is to present the 
first summer temperature reconstruction based on BI measurements 
from the species. We hypothesize that Norway spruce is a good candi
date for BI studies and that it will be a stronger proxy for summer 
temperature than TRW, similar to that of BI measurements from Scots 
pine.

2. Materials and methods

2.1. Study area

The study area is located east of the main divide of the Scandinavian 
mountains (Fig. 1) and belongs to the Northern Boreal zone. The 
topography is generally characterized by glacially eroded gentle slopes 
with elevations ranging from 600 to 1100 m a.s.l., occasionally rising to 
elevations around 1700 m.

Local climate is influenced by the proximity of the Norwegian Sea 
due to the convection of maritime air masses as a combined effect of the 
dominant westerly wind flow and the general low elevation of the 
mountains together with major east-west oriented valleys. Regional 
climate is also strongly influenced by the North Atlantic Oscillation 
(NAO) (Chen and Hellström, 1999; Folland et al., 2009). Mean annual 
temperature at the closest meteorological station with a long record 
(Storlien) is 2.1 ◦C with the coldest month being February (-5.8 ◦C) and 
the warmest month July (12.2◦C). Average monthly precipitation is 
74 mm, with the wettest month being August (99 mm) and the driest 
month being April (45 mm) (1991–2020; Storlien, data from the Swedish 
Meteorological and Hydrological Institute, SMHI, 2022).

Fig. 1. Location of the study area in Sweden (left) and a detailed map section from Vålådalen nature reserve (right). The red dots indicate the location of the 
sampling sites with slope direction displayed by the yellow arrow. IBN=North-facing slope on Ierhkiebielie. MVNW and MVSE= Northwest and southeast facing 
slopes of Middasvalen respectively. The orange cones indicate the three locations of the meteorological station near Storlien. S=Storlien station, SV=Storlien- 
Visjövalen and SSA=Storlien-Storvallen A.
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2.2. Study sites

Spruce samples for dendroclimatological analysis were collected at 
three tree-line sites within the Vålådalen nature reserve (Fig. 1). No 
logging or other human disturbances were evident. The vegetation at the 
sampling sites were dominated by grasses and shrubs, with the field 
layer being commonly composed of Ericacea species such as crowberries 
(Empetrum nigrum); lingonberries and blueberries (Vaccinium vitis-idaea, 
Vaccinium myrtillus resp.) and dwarf birch (Betula nana). The tree species 
included Norway spruce (Picea abies), Scots pine (Pinus sylvestris L.), 
mountain birch (Betula pubescens) and Juniper (Juniperus communis). 
The upper treeline (in this study defined as the elevational limit of any 
individual >2 m in height), is populated by mountain birch, followed by 
Norway spruce and Scots pine at lower elevations. The soils are thin and 
consist of till, lacustrine sediments and glaciofluvial deposits (Lundqvist, 
1969). The vegetation at the tree line is often interspersed by bedrock.

Two sites lying ca. 27 km apart from each other were chosen for the 
sampling, Mount Middagsvalen (Fig. 2a) and the northern slope of 
Ierhkiebielie (Fig. 2d). The spruce tree-line is characterized by ‘tree 
islands’ with multiple spruce individuals growing together or solitary 
trees.

At Middagsvalen (880 m a.s.l.) samples from two slopes were 
collected, north-west and south-east. The steepness of the NW slope 
varies between 20 and 30◦ near the treeline, and 5 to 15◦ downslope 
towards the forest-line (Fig. 2b, MVNW, 63◦8′41 N, 13◦2′42 E). This site 
was rather mesic, with variable moisture availability at the microsite 
level. The spruce treeline was found at 819 m a.s.l. (+/− 3 m), ca. 35 m 
above the forest line (limit), but newly established saplings were found 
above the treeline. The slope facing SE is steeper, varying from 30 to 45◦

and from 15 to 30◦ downslope near the continuous forest (Fig. 2c, MVSE, 
63◦8′27 N, 13◦2′54 E). Compared to the NW slope, the SE was drier, and 
trees were found growing in depressions where the soil moisture likely 

was higher. Here the spruce treeline was found at 844 m a.s.l (+/− 3 m), 
ca. 45 m above the forest line.

The north-facing slope of Ierhkiebielie was sampled (Fig. 2d, IBN, 
63◦12’28 N, 12◦32’16 E). The slope steepness varies between 0 and 10◦

from the treeline to the continuous forest and the site is evidently more 
moist when compared to the previous sites. Trees were growing in 
bigger groups up to the treeline and no saplings or smaller spruces were 
growing above the treeline. The spruce treeline was found at 745 m a.s.l. 
(+/− 3 m), ca. 15 m in elevation above the continuous forest. The site 
had the highest average tree age (Table 1) and there were only a few 
young trees found in total.

2.3. Sample collection and preparation

Norway spruce were sampled with a 5.17 mm-diameter increment 
borer at an average of 70 cm above the ground (lower than ‘breast 
height’ to sample more rings), avoiding irregularities such as branches, 
knots and reaction wood, and prepared according to standard dendro
chronological techniques (Stokes and Smiley, 1996). The largest trees 
(expected to be the oldest) were selected for sampling to attain a longer 

Fig. 2. The study locations; showing mountain Middagsvalen: (a), the north-western slope of Middagsvalen MVNW: (b), the south-eastern slope of Middagsvalen 
MVSE: (c) and the northern slope of Ierhkiebielie IBN: (d).

Table 1 
Tree-ring statistics from samples collected at each site.

Site NS NSBI TA(M-A-M) TS RBAR MS

IBN 47 35 22–131–347 1675–2021 0.419 0.069
MVNW 47 36 25–107–372 1650–2021 0.450 0.073
MVSE 43 33 20–59–162 1860–2021 0.369 0.063
Total: 137 104 ​ ​

NS, Number of trees sampled; NSBI, Number of samples used for BI; TA(M-A-M), 
Tree age (min-average-max); TS, Time span of chronology; RBAR, interseries 
correlation (BI); MS, Mean sensitivity (BI).
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time span in the chronology. A total of 137 trees were sampled across all 
three sites, with a tree age spanning between 20 – 372 years (Table 1).

To facilitate chronology building, all samples were visually cross- 
dated, and later annual tree ring increments were measured on a Lin
tab sliding measuring system connected to the Time Series Analysis 
Program (TSAP-Win 4.70b) software (Rinntech, Heidelberg, Germany) 
with a precision of 0.001 mm (1 μm) under a microscopic magnification 
of 10x/25. Two radii from each tree were used. For each pair of mea
surements (i.e., within-tree samples) student’s t-test values and the 
cross-date index (CDI) calculated by TSAP was used to ensure the radii 
were in agreement. If well correlated, the two radii were averaged to one 
series for the individual tree. Subsequently, all tree-ring series were 
cross-dated against each other. The cross-dating accuracy was assessed 
using the program COFECHA (Holmes, 1983). In periods of low repli
cation, the Norway spruce tree-ring width chronology from the same 
area by Rocha et al. (2021) was used to facilitate cross-dating.

Following visual and statistical control, samples were selected for BI 
measurements. A number (15) of younger trees (<40 years) were left out 
to get a more even spread of age groups at each site. Also, tree-ring series 
with signals that significantly deviated from those of other trees (15) and 
samples with large colour variations (3) were also excluded. A total of 
104 samples were selected for BI measurements. Since most of the 
remaining spruce samples had relatively even colour and almost no resin 
throughout the cores, no ethanol wash was performed (Wilson et al., 
2019; Heeter et al., 2019). The samples were scanned to 3200 dots per 
inch (DPI) by means of an Epson (Perfection V600) scanner calibrated 
with an IT8.7/2 colour card using the SilverFast (LaserSoft Imaging) 
scanning software. The scanned images were subsequently measured 
and cross-dated against the previous TRW-version of the exact same 
individuals using the CooRecorder/CDendro (version 8.1, www.cybis. 
com) software. Subsequently, a test was conducted to compare the 
temperature signal of 20 Norway spruce BI-series generated in CooRe
corder using mean latewood blue intensity (LWBI), mean earlywood 
blue intensity (EWBI) and DeltaBI (latewood-earlywood, Björklund 
et al., 2014). LWBI had the highest temperature correlations with 
instrumental data and better intercorrelation between samples. 
Thereby, LWBI data were chosen for the full chronology. LWBI data was 
generated using 50 % of the darkest pixels of the latewood portion of 
each annual ring. A colour intensity calibration curve was created and 
implemented before the final LWBI extractions (Cybis, 2016). The LWBI 
from different radii belonging to the same tree was averaged, as for 
TRW.

2.4. Standardization

Tree ring width usually exhibits a decreasing growth trend as a tree 
gets older, which is unrelated to environmental conditions. This bio
logical age trend needs to be removed to enhance the information 
associated with climate in the tree ring data (Fritts, 1976). In this study 
we used an age dependant spline (ADS) with the software ARSTAN 

(Cook and Krusic, 2005) to remove the age trend. The standard chro
nology (STD) was used in our analyses. The ADS conforms to the idea 
that radial growth decreases with tree age, while the tree also becomes 
less sensitive to disturbances (Cook and Peters, 1981). The spline stiff
ness parameter increases as the tree gets older and tracks the growth 
trajectory in the tree-ring series. Furthermore, the ADS adapts to the 
length of the tree-ring series. Because we targeted spruce from the 
treeline, the proportion of age distribution is skewed to younger in
dividuals (about 50 % recruitment from 1950), though the LWBI chro
nology was expected to retain a fair amount of low frequency variance 
considering the age of the older individuals (Cook et al., 1995). By that, 
using an ADS was deemed appropriate. To determine the strength of the 
common signal of the samples, the Expressed Population Signal (EPS) 
and R-bar statistics were calculated (Wigley et al., 1984). LWBI-data and 
TRW-data were standardized using the same approach. Since the stan
dardized chronologies separated by sampling site were highly similar 
(Fig. 3), the samples from the three sites were averaged into one LWBI 
and one TRW chronology, and called Vålådalen (with MVNW and IBN 
being more similar (r = 0.87 < 0.01) while MVSE was slightly different 
from the others (r = 0.66 and r = 0.62 < 0.01 for MVNW and IBN 
respectively) which likely stems from a dominance of younger trees at 
MVSE).

2.5. Statistical analysis and temperature reconstruction

Climate data were retrieved from the closest meteorological stations 
in Storlien (SMHI, 2022). Continuous meteorological data exist from 
1899, although the station has been moved about 5 km on two occa
sions. To determine the climate signal in the tree-ring data, the LWBI - 
and TRW-chronologies were correlated against monthly mean temper
ature and total precipitation data. The DendroClim2002 software 
(Biondi and Waikul, 2004) was used to calculate significant Pearson 
correlations (p < 0.05). Temperature averages of multiple summer 
months were used to identify the optimal target season. Spatial corre
lation maps of the LWBI and TRW chronologies and 0.5◦ gridded CRU TS 
4.05 climate data were downloaded using the climate explorer tool 
provided by the Royal Netherlands Meteorological Institute (https:// 
climexp.knmi.nl/start.cgi) (Trouet and Oldenborgh, 2013). Subse
quently, a temperature reconstruction model was created using linear 
regression with the software PAST (Hammer et al., 2001). A split sample 
validation analysis was conducted to determine the temporal stability of 
the model, where the full data period (1900–2020) was split into two 
sub-periods: 1900–1959, 1960–2020 (Snee, 1977). To validate the 
quality of the model, the mean square error (MSE), square root of MSE 
(RMSE), coefficient of efficiency (CE) and reduction of error (RE) sta
tistics were calculated (National Research Council, 2006).

3. Results

The Vålådalen LWBI and TRW chronologies (z-scored) are presented 

Fig. 3. Latewood Blue Intensity indices 1650–2020 separated by sampling site, showing the chronologies IBN (red), MVNW (blue) and MVSE (green).
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in Fig. 4a. The chronologies consist of 104 samples and span 1650–2020 
(371 years) with a mean segment length of 103.5 years. The sample 
depth is low in the earlier parts of the chronologies, with only one series 
extending to 1650, 5 series to 1679 and 10 series to 1759 (Fig. 4c). The 
LWBI chronology has a series intercorrelation of r = 0.565 and a mean 
sensitivity index of 0.070. The EPS of the LWBI chronology surpasses the 
0.85 threshold from 1750 and the average RBAR (1650–2020) is 0.4 
(Fig. 4b). The TRW chronology has a series intercorrelation of r = 0.642 
and a mean sensitivity index of 0.285. The EPS of the TRW chronology 
surpasses 0.85 from 1742 and the average RBAR (1650–2020) is 0.41. 
The TRW data have a higher first-order autocorrelation (1-year lag) than 
the LWBI data (r = 0.40 (TRW) and r = 0.08 (LWBI)).

3.1. Comparing the climate signal between LWBI and TRW

The temperature signal in the Vålådalen LWBI chronology is more 
pronounced than in the TRW chronology. The LWBI chronology corre
lates significantly (1900–2020, p < 0.05) with monthly temperatures 
from April to September (r = 0.19 – 0.67), with the highest correlation 
reached for temperature data in July (r = 0.67) and the seasonal average 
from June through August (JJA) (r = 0.79) (Fig. 5a). The TRW chro
nology correlates significantly (1900–2020, p < 0.05) with monthly 
temperature data from May to July (r = 0.20 – 0.46), reaching the 
highest correlation with temperature data in June (r = 0.46) and the 
seasonal average from June through August (JJA) (r = 0.41). Appar
ently, both chronologies are significantly (1900–2020, p < 0.05) and 
negatively correlated with precipitation during summer, correlating 
most strongly with average precipitation from June through August 
(JJA) (LWBI r = -0.4; TRW r = -0.28) (Fig. 5b). The LWBI chronology 
shows significant negative correlations with monthly precipitation from 
June to August (r = -0.24, p < 0.05), while the TRW chronology only 
shows significant negative correlation with June precipitation (r = - 
0.23, p < 0.05). However, the relationship with precipitation is not 
entirely clear, since partial correlations controlling the effects of tem
perature indicate barely or non significant correlations (p = 0.09 and 

p = 0.049 for precipitation totals in JJA and MJJA respectively). The 
spatial temperature correlation patterns between gridded JJA temper
ature data (CRU TS4.05; Harris et al., 2020) and the LWBI (Fig. 5c) and 
TRW (Fig. 5d) chronologies reveal a stronger temperature signal in the 
LWBI data. The LWBI chronology correlates well (r > 0.6, p < 0.05) 
with temperatures across most of the Nordic and Baltic countries, while 
the temperature signal in the TRW chronology is weaker (r = 0.4–0.5, 
p < 0.05) and more centred around the study area, with lower correla
tions (r = 0.3–0.4, p < 0.05) across most of the Nordic and Baltic 
countries.

3.2. Temperature reconstruction

Given the stronger temperature signal in LWBI compared to TRW, 
only the former was used here to develop a summer (JJA) temperature 
reconstruction. The calibration and verification statistics indicated a 
stable relationship between the LWBI data and observed temperatures, 
with a slightly stronger relationship in the early period (1900–1959: 
R2=0.66, CE=0.61) compared to the late period (1960–2020, R2=0.61, 
CE=0.54). Both RE and CE are positive, indicating the skill of the model 
for predicting temperature variability. For the full 1900–2020 calibra
tion period the R2-value is 0.63 and the MSE/RMSE of 0.6/0.77 provide 
an estimate of the degree of agreement between predicted and observed 
values (Table 2).

There is a strong linear relationship between the LWBI chronology 
and observed JJA temperatures (Fig. 6a), and a good agreement on 
interannual timescales (r = 0.80 p < 0.01) is apparent (Fig. 6b). On 
longer timescales, three features stand out: a more stable warming trend 
in the last 160 years, lower variance from the early 1960s and onwards 
compared to the first ca 200 years, and more variability of cold and 
warm periods in the first half of the reconstruction compared to the 
second half. Colder decades are found in the 1790 s, the 1810s, the 
1860s and the early 1900s. Warmer decades in the 1770 s, the 1830s, 
the 1850s, the 1880s, 1930s, 1970s and the 21st century.

Fig. 4. a) The Vålådalen chronologies 1650–2020 (LWBI in blue and TRW in green) with the temporal evolution of the chronologies (z-scored, calculated over the 
common period 1650–2020); b) the EPS (upper series) and RBAR (lower series) of the chronologies and c) the sample depth of the chronologies.
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4. Discussion

This study presents the first LWBI based reconstruction from Norway 
spruce in Scandinavia. Several BI-reconstructions based on Scots pine 
have been published (e.g., Trachsel et al., 2012; McCarroll et al., 2013; 
Björklund et al., 2015; Fuentes et al., 2018), similarly, multiple blue 
intensity chronologies were presented on Engelmann spruce from north 
America (Heeter et al., 2020, 2021). In this study we focus on Picea abies 
with the intent of diversifying the use of available species for tempera
ture reconstructions in this region. As such, our results suggest that 
P. abies is an amenable alternative to Pinus sylvestris, which is by far the 
most used species to reconstruct climate in Scandinavia either using BI, 
TRW or MXD (e.g., Linderholm and Gunnarson, 2005; Gunnarson, 2008, 

Esper et al., 2014, Björklund et al., 2015; Linderholm and Gunnarson, 
2019; Seftigen et al., 2020). Considering that studies are mainly devel
oped on the same species with wide geographic distribution, there is a 
possibility of a bias in the final reconstructions due to the 
species-specific responses to the environmental settings, i.e., traits 
depending on phenology and the genetic pool of the populations (see 
Salmela et al., 2013). The use of multiple species for dendroclimatic 
reconstructions is generally positive as it provides more details of 
regional climatic variation depending on differences in the species 
sensitivities to certain environmental variables, such as temperature, 
precipitation, target season, elevation etc. (e.g., Frank and Esper, 2005; 
Maxwell et al., 2015; Alexander et al., 2019). Analysis of the Picea abies 
temperature signal indicates dependency on the period between early to 
middle (May-August) summer temperature. This could complement the 
temperature signal of Pinus sylvestris which tends to capture middle to 
late (July-September) summer temperature and have a weaker response 
towards temperatures in May and June (e.g., Linderholm and Gunnar
son, 2005; Zhang et al., 2016; Fuentes et al., 2018; Semenyak and 
Dolgova, 2023). The observed variations in temperature signal might be 
due to physiological differences between the species that may be 
observed in phenological differences (Stridbeck et al., 2022). Norway 
spruce is regarded as a shade-tolerant species (Caudullo et al., 2016) and 
Scots pine as a light-demanding species (Durrant et al., 2016). Theo
retically, the shade-tolerance of spruce could enable the species to 
photosynthesize on days and periods when pine photosynthesis is 

Fig. 5. The climate signal of the Vålådalen LWBI and TRW data, for (a) temperature and (b) precipitation, showing the correlations with instrumental observations 
from the meteorological stations near Storlien (SMHI, 2022). Along the X axis, individual monthly averages and seasonal averages for the months of April through 
September (A-S), June through August (JJA) and May through August (MJJA). All correlations calculated for present-year data over the 1900–2020 period. The 
dotted line shows the significance boundary (95th percentile range). The lower panels show the spatial correlation between June-August average temperature from 
the CRU TS4.05 dataset (Harris et al. 2020) with the LWBI chronology (c) and the TRW chronology (d) (computed using the KNMI Climate explorer, Royal 
Netherlands Meteorological Institute (https://climexp.knmi.nl/start.cgi). Calculated over the 1901–2020 period. The green star shows the study location.

Table 2 
Calibration and verification statistics of the Vålådalen JJA temperature 
reconstruction.

Calibration period: 1900–1959 1960–2020 1900–2020

Explained variance R2 0.66 0.61 0.63
Number of observations 60 61 121
Verification period: 1960–2020 1900–1959 ​
RE ​ 0.6 0.65 0.63
CE 0.54 0.61 ​
MSE/RMSE 0.62/0.79 0.7/0.84 0.6/0.77
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marginal (e.g., cloudy days).
The effects of moisture conditions as a cause of differing temperature 

signals may be difficult to assess with the data obtained in this study: 
Scots pine is considered drought-tolerant (Durrant et al., 2016) while 
Norway spruce is rather sensitive to summer drought (Caudullo et al., 
2016). Given that the tree-line environments we visited are rather 
drought prone during the summer months due to the high angle of the 
slopes, shallow soils, soil properties and strong winds, a significant 
negative correlation with precipitation during the growing season is not 
altogether consequent since it may be interpreted as an effect of adverse 
conditions or alternatively, of enhanced cloudiness. While an associa
tion between cloudiness/sun light and tree growth has been found in 
relation to Scots Pine in Scandinavia (e.g. Gagen et al., 2011; Seftigen 
et al., 2011) it has not been explored for Norway spruce, perhaps since it 
is a shade tolerant species it has received less attention as a source of 
dendrochronological data. Moreover, the -a priori- negative correlation 
with precipitation becomes non-significant when partial correlation 
tests are run controlling the effects of temperature as correlation values 
drop to marginally significant or non-significant, indicating uncertainty.

What we know is that pine trees are better suited for hydrological 
conditions that may be encountered in tree-line environments, while 
light conditions together with the phenological differences may play a 
role on the observed diverging temperature signal. Thus, combining 
datasets of spruce and pine from the same region may reduce potential 
biases introduced by different climate sensitivities of the species, pro
vide more details of climatic variation in the full summer period and 
perhaps offer better understanding of past climates and within-year 
variations. The source of the differences in climate signal should be 
studied further.

4.1. LWBI vs TRW

The accessibility due to the price and technical requirements makes 
the BI methodology attractive, since it still allows the assessments of 
high-quality climate signals, especially in the higher frequencies 
(McCarroll et al., 2002; Campbell et al., 2007; Rydval et al., 2014; 

Wilson et al., 2014; Björklund et al., 2014, 2015). Our results show that 
the temperature signal derived from LWBI tree ring indices is much more 
pronounced than for TRW (Fig. 5). The values reached from correlation 
functions between LWBI and instrumental climate data are almost 
r = 0.8 for seasonal averages of the summer months, as compared to 
almost r = 0.4 for TRW. This implies that explained variances from 
linear regressions between LWBI and TRW data against temperature 
data presented here differed by up to r2 = 0.38, indicating that LWBI 
offers greater possibilities to achieve accurate reconstructions at the 
higher frequency variability. Thus, our results are consistent with pre
vious reports on application of the BI methodology in the study area. 
Further, it could be expected that the interannual temperature signal is 
of similar strength to that of MXD (Björklund et al., 2014, 2015), 
although it is not tested in this study.

4.2. Comparison with other BI chronologies

To set the Vålådalen spruce LWBI chronology in a local context, we 
compared our results with the other two previous ΔBI chronologies 
developed in the area: Jämtland (Björklund et al., 2015) and Rogen 
(Fuentes et al., 2018). These records were developed from samples of 
Scots pine, thus allowing us to assess similarities and differences be
tween these different species at nearly the same location. We find the 
Vålådalen chronology to have reasonably good agreement with two 
Scots pine ΔBI chronologies at decadal timescales (Fig. 7b-c). All chro
nologies indicate an increasing trend from around the 1850s and on
wards, after which lower indices become less persistent and rarer. The 
Vålådalen LWBI-indices exhibit a short decrease after 1970, rising 
sharply after 1990, coinciding better with the records from Jämtland 
than those from Rogen (Fig. 7b-c). The Vålådalen LWBI chronology has a 
slightly stronger correlation with the Jämtland chronology (r = 0.73, 
n = 258, p < 0.01) compared to the Rogen chronology (r = 0.68, 
n = 258, p < 0.01), which is likely due to the close geographic prox
imity of the Vålådalen- and Jämtland-chronologies (Fig. 7a). The most 
notable variations in the Vålådalen LWBI chronology are the somewhat 
consistently higher indices ca. 1840–1860 and 1870–1900, as well as the 

Fig. 6. plate a) Scatter plot of observed JJA mean temperature and the Vålådalen LWBI chronology. b) Comparison of reconstructed (red) and observed (black) JJA 
mean temperature 1900–2020. c) The Vålådalen LWBI reconstruction of JJA mean temperature 1750–2020 (EPS >0.85) is plotted in grey. The yellow plot shows the 
30-year Gaussian low-pass filtered version of the reconstruction. The straight black line is the chronology mean (10.1◦C).
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lower indices ca. 1920–1950. As a result, the Vålådalen LWBI chronol
ogy has a less pronounced increasing trend as compared to the other two 
ΔBI chronologies. This is likely related to the higher proportion of 
younger trees in the Vålådalen LWBI chronology. Younger trees are 
more sensitive to climatic variations and disturbances compared to older 
trees (Fritts, 1976) and trends of younger and older trees are likely to 
differ. When using a flexible detrending approach such as the ADS, a 
high proportion of younger trees may further cause increased lows and 
reduced highs in the final chronology. Thus, it is expected to be some 
variation in the Vålådalen series. Arguably, it may be more appropriate 
to examine the Vålådalen LWBI chronology with a focus on high fre
quency variations with less regard to longer trends. When visually 
comparing the chronologies on interannual to decadal variability there 
is good agreement between the records, albeit with differences in 
amplitude of the fluctuations. The similarities between the records can 
be interpreted as the climate sensitivity of the species and the clear 
dominance of temperature as a growth limiting factor. In turn, the dif
ferences between the records may be attributed to influences of micro
site conditions and different habitat requirements between Norway 
spruce and Scots pine, which requires further studies to fully understand 
the mechanisms involved. Our results imply that the LWBI temperature 
signal is of similar strength in Norway spruce to that of Scots pine in the 
central Scandinavian mountains, albeit with different temperature sen
sitivities in the summer period. This makes it a good candidate species 
for LWBI research. LWBI chronologies using Norway spruce may also be 
created without an ethanol wash, which may save time and effort 
compared to using resin-rich species such as Scots pine. On the other 
hand, this process implies a tradeoff since it forces the removal of col
oured samples diminishing the sample depth. Rocha et al. (2021)
demonstrated that wood from Norway spruce can be preserved for long 
periods of time under favourable conditions but the use of Norway 
spruce subfossil wood in LWBI research is untested. Another possibility 
could be to use Norway spruce samples from old buildings and structures 
as the species has long been used for construction. Still, more research is 
needed if longer LWBI chronologies of Norway spruce are to be created, 
but there are possibilities in utilizing the species in more climate 

research.

5. Conclusions

Our results show that Norway spruce LWBI is a powerful temperature 
proxy, with greater temperature signal than TRW, and the Vålådalen 
LWBI June through August temperature reconstruction follows the 
general patterns and timing of the temperature history previously re
ported for the central Scandinavian mountains. This indicates the 
feasibility of Norway spruce and LWBI techniques to be used for 
studying the past climate history and assess ongoing changes. The LWBI 
chronology accurately portrays warmer and colder decades from the last 
270 years, with good similarity in the higher frequencies when 
compared to ΔBI chronologies from a nearby area. The development of 
dendroclimatic reconstructions based on Norway spruce in an area 
where Scots pine is mainly used traditionally, highlights potential biases 
introduced by different climate sensitivities of each of the species. We 
encourage further investigation to address methodological issues 
regarding the use of Norway spruce alone and in combination with other 
species in Scandinavia.
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