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Abstract 

The need to understand and quantify the magnitude and frequency of past and current 

environmental changes increased the demand for high-resolution proxy data across spatial and 

temporal scales. Due to their long lifespan and global distribution, trees provide a unique and 

continuous record of environmental variability. More specifically, trees can be used as proxies of 

environmental conditions since their physical and chemical characteristics reflect the conditions 

in which they have been growing. 

Focused on case studies from Sweden, this thesis presents a sample of applications where 

different tree-ring parameters were combined and compared with meteorological records, 

historical documents and soil profiles to provide information on natural and human-induced 

changes in the environment.  

Tree-ring width (TRW) measurements from living trees and subfossil wood from Jämtland, 

west-central Sweden, were combined to develop a two-millennia-long chronology from Norway 

spruce, a species that has been traditionally overlooked in dendroclimatic assessments in the 

region. This record enabled delivery of new perspectives on past regional climate variability and 

represents an important achievement for inter- and intraregional proxy analyses. 

A unique maximum latewood density (MXD) chronology was developed from trees growing in 

drought-prone environments in the Stockholm Archipelago and used to reconstruct past 

precipitation variability for east-central Sweden. The results showed that MXD provides a 

stronger climate–growth relationship than TRW and allows a broader target seasonal average 

(May - July) to be reconstructed. 

The resolution provided by ring width and density measurements is insufficient to understand 

growth responses to environmental stress at intra-annual scales. A pilot study using stem radial 

increment data retrieved from several dendrometers placed in the Stockholm area provided 

important insights into daily and seasonal growth dynamics in response to site-specific 

conditions. The main results show that short-term events, such as droughts, can significantly 

impact trees’ climate–growth relationship and their vegetative period. 

Annually resolved time-series of wood elemental composition were used to investigate 

environmental contamination at a glassworks site in southern Sweden. The dendrochemical 

signals showed large variability both between and within the species in analysis, suggesting a 

strong control of the soil properties and species-specific uptake on trees’ elemental composition. 

The findings presented in this thesis show that tree rings can be a highly suitable proxy to 

understand past and ongoing environmental changes and the link between ecosystems, climate 

and human activities. Overall, regionally developed networks of tree-ring data elucidated 

processes behind large-scale climate dynamics and provided new insights on past regional 

climate variability. In addition, locally-focused studies revealed fine-grained variations and the 

challenges of understanding the numerous physiological interactions between individual trees 

and the surrounding environment. 



 
 

Sammanfattning 

Denna avhandling presenterar ett urval av applikationer/projekt där träd används som 

detaljerade arkiv i olika tids- och rumsskalor av dåtida och nuvarande miljöförändringar. Med 

fokus på fallstudier från Sverige har olika trädringsparametrar kombinerats och jämförts med 

meteorologiska observationer, historiska dokument och sedimentkärnor för att ge information 

om både naturliga och mänskliga effekter på miljön. 

Mätningar av ringbredd (förkortat TRW för engelskans tree-ring width) från levande och 

subfossila träd från Jämtland, centrala västra Sverige, kombinerades för att bygga en två tusen 

år lång kronologi från gran, en art som har förbisetts i dendroklimatologiska studier i regionen. 

Resultaten ger en betydelsefull insikt om hur klimatet har utvecklats på regional nivå. 

En kronologi av maximal veddensitet (förkortat MXD för engelskans maximum latewood 

density) presenteras här från träd som växer under relativt torra förhållanden i Stockholms 

skärgård och används för att rekonstruera nederbörden för östra Mellansverige. Resultaten visar 

att MXD ger en betydligt starkare klimatsignal än TRW och en längre säsong (maj–juli) för 

klimatrekonstruktioner. 

Den temporala upplösningen av ringbredds- och densitetsmätningar är otillräcklig för att 

förstå trädens tillväxtrespons och känslighet för miljöstress på en intra-årlig tidskala. En 

pilotstudie genomfördes där trädens stamtillväxt mätts med hjälp av flera dendrometrar 

placerade i Stockholmsområdet. Dendrometermätningarna gav viktiga insikter i daglig och 

säsongsmässig tillväxtdynamik. Resultaten visar att kortvariga händelser såsom torka kan 

påverka trädens klimat–tillväxtförhållanden och den vegetativa perioden väsentligt. 

Genom användning av den innovativa XRF-röntgentekniken (förkortat från engelskans X-ray 

fluorescence) har trädringar analyserats för olika grundämnen i syftet att spåra och kartlägga 

föroreningar i miljön och dess spridningsmönster vid ett glasbruk i södra Sverige. De 

dendrokemiska signalerna visade stor spårämnesvariation både mellan och inom trädslagen i 

analysen, vilket ger tydliga indikationer för en stark kontroll av markegenskaperna och 

artspecifika upptag på trädets kemiska sammansättning. 

Resultaten som presenteras i denna avhandling visar att trädringar kan vara en mycket lämplig 

sorts proxydata för att förstå tidigare och pågående miljöförändringar samt kopplingen mellan 

ekosystem, klimat och mänsklig aktivitet. Sammantaget belyste regionalt utvecklade nätverk av 

trädringsdata processer bakom storskalig klimatdynamik och gav nya insikter om tidigare 

regional klimatvariation. Dessutom avslöjade lokalt fokuserade studier detaljerade variationer 

och utmaningarna kring att förstå de många fysiologiska interaktionerna mellan enskilda träd och 

den omgivande miljön. 

  



 
 

List of papers 

I. Rocha, E., Gunnarson, B.E., Björklund, J., Zhang, P., Linderholm, H.W. A Norway spruce tree-

ring width chronology for the Common Era from the Central Scandinavian Mountains. 

(Submitted to Dendrochronologia). 

 

II. Rocha, E., Gunnarson, B.E., Holzkämper, S., 2020b. Reconstructing Summer Precipitation 

with MXD Data from Pinus sylvestris Growing in the Stockholm Archipelago. Atmosphere 

11, 790. https://doi.org/10.3390/atmos11080790 

 

III. Rocha, E., Holzkämper, S., 2021. Assessing urban climate effects on Pinus sylvestris with 

point dendrometers: a case study from Stockholm, Sweden. Trees. 

https://doi.org/10.1007/s00468-020-02082-8 

 

IV. Rocha, E., Gunnarson, B., Kylander, M.E., Augustsson, A., Rindby, A., Holzkämper, S., 2020a. 

Testing the applicability of dendrochemistry using X-ray fluorescence to trace 

environmental contamination at a glassworks site. Science of the Total Environment. 720, 

137429. https://doi.org/10.1016/j.scitotenv.2020.137429 

 

Author contribution 

I. ER initiated the paper, conducted part of the fieldwork, prepared the data and performed 

the analysis. ER led the writing with input and editing from B.E.G, JB, PZ and H.W.L. 

 

II. ER, B.E.G, and SH conceived and designed the project. ER conducted the fieldwork, 

prepared the data and performed the analysis. ER led the writing with input and editing 

from B.E.G and SH.   

 

III. SH conceived the idea and, together with ER, designed the project. ER conducted the 

fieldwork, prepared the data and performed the analysis. ER led the writing with input and 

editing from SH.   

 

IV. ER designed the project together with SH. ER led the fieldwork planning and performance 

together with MK, B.E.G and SH. ER prepared the tree-ring and ran the XRF analysis for the 

sediment cores with assistance from MK. ER subsampled the sediment cores, and AA 

prepared the samples for the geochemical analysis. ER led the writing with input and editing 

from B.E.G, MK, AA, AR and SH. 

 

 



 
 

Abbreviations 

TRW  Tree-ring width  

MXD  Maximum Latewood Density 

XRF  X-ray fluorescence  

ED-XRF   Energy-dispersive X-ray fluorescence  

UHI  Urban heat island 

LRs  Light rings 

ΔR  Stem radius variation 

ITRDB  International Tree-ring Data Bank 

  



 

 
 

Contents 

1. Introduction ................................................................................................................................... 1 

1.1 Tree-rings as environmental archives ........................................................................................... 1 

1.2 Dendroclimatology, dendroecology and dendrochemistry .......................................................... 2 

1.3 Aims and objectives of the thesis ................................................................................................. 3 

2. Material and Methods ................................................................................................................... 4 

2.1 Fieldwork approach and sampling design..................................................................................... 4 

2.2 Proxy types and preparation techniques ...................................................................................... 6 

2.2.1 Ring width ............................................................................................................................. 7 

2.2.2 Wood density ........................................................................................................................ 7 

2.2.3 Stem radial variation ............................................................................................................. 8 

2.2.4 Tree-ring chemical elements................................................................................................. 8 

2.3 Data analysis ............................................................................................................................... 10 

2.3.1 Paper I ................................................................................................................................. 10 

2.3.2 Paper II ................................................................................................................................ 10 

2.3.3 Paper III ............................................................................................................................... 11 

2.3.4 Paper IV ............................................................................................................................... 11 

3. Results /Summary of papers ........................................................................................................ 12 

3.1 A Norway spruce tree-ring width chronology for the Common Era from the Central 
Scandinavian Mountains ......................................................................................................................... 12 

3.2 Reconstructing summer precipitation with MXD data from Pinus sylvestris growing in the 
Stockholm archipelago ............................................................................................................................ 13 

3.3 Assessing urban climate effects on Pinus sylvestris with point dendrometers – a case study 
from Stockholm, Sweden. ....................................................................................................................... 14 

3.4 Testing the applicability of dendrochemistry using X-ray fluorescence to trace environmental 
contamination at glassworks site............................................................................................................ 16 

4. Discussion ..................................................................................................................................... 17 

4.1 Climatic signals ............................................................................................................................ 17 

4.2 Spatial representation of the climatic signal and the influence of large-scale atmospheric 
patterns on tree growth in Scandinavia.................................................................................................. 19 

4.3 Site-specific conditions on tree-growth responses ..................................................................... 20 

4.4 Monitoring tools ......................................................................................................................... 21 

4.5 Beyond radial increment ............................................................................................................. 22 

4.6 Final remarks – perspectives on future research........................................................................ 23 

5. Conclusions ............................................................................................................................ 24 

6. Financial support .................................................................................................................... 25 

7. Acknowledgements ................................................................................................................ 25 

8. References .............................................................................................................................. 27 

 



 

1 
 

1. Introduction 
1.1  Tree-rings as environmental archives 

Tree growth and vitality are driven by different biotic and abiotic factors that leave a permanent 

imprint on the annual growth layer, providing a manifold of high temporal resolution records of 

past and current environmental conditions (Fritts and Swetnam, 1989; Schweingruber, 1996). 

The idea that ring growth in trees is associated with environmental conditions was already 

mentioned in ancient Greece (Speer, 2010). However, it was mainly during the first half of the 

20th century that dendrochronology evolved into its core applications of archaeological dating 

and climate reconstructions (Douglass, 1909, 1920, 1928, 1941).  

Dendrochronology relies upon the fundamental principle that trees growing in regions with 

distinct climatic seasonality develop annual growth rings. The year-to-year climate variability 

generates patterns of wide and narrow rings in the tree-ring series. These patterns will be 

common to all the trees across a climatically homogenous region (Fritts, 1976; Vaganov et al., 

2006), enabling crossdating (i.e., pattern-match) between tree-ring sequences of multiple trees. 

Crossdating is considered the backbone of tree-ring research allowing calendar-exact dating of 

relict remnants of wood and, in this way, extend the records on timescales beyond the reach of 

instrumental data (Speer, 2010).  

Since its establishment as a science, dendrochronology has constantly expanded through 

cross-disciplinary research, becoming one of the most extensively used proxies to represent past 

environmental processes and conditions in an attempt to understand their nature, magnitude 

and frequency (Jones et al., 2009). The broad and dense spatial distribution of tree-ring records 

allowed the development of local and global networks of tree-ring archives (Figure 1) with 

numerous practical applications, including climatic reconstructions, natural hazards and 

environmental monitoring (Balouet et al., 2007; Hughes et al., 2011; Stoffel et al., 2010). Over 

the years, tree-ring records have been developed in several forms, including ring width, wood 

density, cell size, stem diameter variation, trace element composition and stable isotope ratios. 

The present work explores different dendrochronological applications within the well-

established subfields of dendroclimatology, dendroecology and dendrochemistry to broaden our 

understanding of past and ongoing environmental changes and the link between tree-growth, 

climate and human activities. 
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Figure 1. Location of available tree-ring chronologies in the International Tree-ring Data Bank (ITRDB). 

 

1.2  Dendroclimatology, dendroecology and dendrochemistry 

Dendroclimatology deals with the relationship between the annual growth layers and the 

different climatic parameters allowing the reconstruction and analysis of past climatic variability. 

Whether a climatic parameter can be reconstructed depends on the strength of the climatic 

signal (Fritts, 1976). The two most commonly recognized signals are temperature and moisture 

variability. As a general rule, trees growing at high-latitudes and high-elevation sites display a 

strong and positive link between ring width and summer temperatures, whereas trees growing 

at low latitudes and low elevation sites are moisture-sensitive (St. George, 2014; St. George and 

Ault, 2014). Tree-ring chronologies have been used to reconstruct past temperature and 

moisture variability from local to hemispherical scales (Anchukaitis et al., 2017; Cook et al., 2015, 

1999). Even though the number of tree-ring chronologies used in paleoclimate reconstructions 

has significantly increased around the globe over the last decade (Wilson et al., 2016), there are 

still large spatial differences in the distribution of these records (Figure 1) and the species studied. 

The Scandinavian region has one of the most highly replicated networks of tree-ring data in the 

world; yet, a large discrepancy in the time and range of past climatic changes is observed among 

the records (Esper et al., 2012). The continuous development of high-resolution tree-ring data is 

critical to provide a more coherent view of past and current climatic trends in the region. 

In addition to the climatic influence, tree-growth is also shaped by a complex set of 

interactions with the surrounding environment (e.g., wildfires, insect outbreaks, nutrients, 

floods, anthropogenic influence), traditionally considered noise in dendroclimatic analyses 

(Abrams, 1992; Gavin et al., 2003; Hoffman et al., 2016; Kramer et al., 2001; Nowacki and Abrams, 
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1997; Pearson, 2010). The study of trees´ response to these environmental conditions is called 

dendroecology (Fritts and Swetnam, 1989; Schweingruber, 1996). This discipline has provided 

fundamental insights into the different processes and environmental interactions driving tree-

growth and vitality from individual responses to forest dynamics at various timescales (Amoroso 

et al., 2017). Dendroecological approaches have become a key tool in land-use planning and 

natural resource management. Over the last decade, particular focus has been given to the link 

between tree growth and human activities to assess and understand the impact of these activities 

on the surrounding environment.  

Taking advantage of trees' individual response and the time stamp provided by 

dendrochronology, research has been developed using tree rings to reconstruct pollution history 

(Lageard et al., 2008; Watmough, 1999). The analysis of elemental concentrations within tree 

rings to characterize historical pollution and element variability is called dendrochemistry. 

Studies in dendrochemistry have been conducted since the 1950s through wood extracts or 

digests in diverse ecological applications, including soil quality monitoring (Augustin et al., 2005), 

studies on atmospheric pollution (Baes and McLaughlin, 1984; Dinis et al., 2016), investigation of 

metals released by mining activity (Guyette et al., 1991) and studying groundwater 

contamination (Vroblesky et al., 1999). Despite the growing body of research covering several 

different scenarios (see Binda et al., 2020), uncertainties concerning the suitability of 

dendrochemistry as unbiased evidence of past and current anthropogenic impacts on the 

environment are still many (Bindler et al., 2004; Brackhage et al., 1996; Nabais et al., 1996) and 

reasonable interpretations are dependent on increased knowledge of several methodological 

and physiological questions (Scharnweber et al., 2016; Smith and Shortle, 1996). 

1.3  Aims and objectives of the thesis 

The overall aim of this thesis was to contribute to a broader understanding of the tree –

growth/environment relationships across spatial and temporal scales: from large-scale climate 

dynamics and common regional signals to individual tree root uptake; from millennial timescales 

to instantaneous reactions to weather changes and potential future responses through annual, 

sub-annual and daily resolution. 

 

The specific objectives of this thesis were: 

 To provide new insights into the environment-growth relationship from micro-sites to 

broad regions. (Papers I, II, III and IV) 

 To improve the current knowledge on past local/regional climatic history. (Papers I and II) 

 Explore linkages between tree-ring data and human activities. (Papers III and IV) 
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2. Material and Methods  
2.1  Fieldwork approach and sampling design 

The data presented in this thesis was collected during multiple fieldwork campaigns, where 

sampling design, site selection and the number of sampled trees varied depending on the 

purpose of the investigation and the processes to be analyzed (Figures 2 and 3). In Paper I, the 

aim was to expand the species representation in the network of tree-ring data from the Central 

Scandinavian Mountains and extend the records back in time. For that, living and subfossil 

samples of Norway spruce were collected. For Paper II, subsets of living trees from different age 

classes were collected from a network of drought-prone environments (i.e., thin layer of dry and 

nutrient-poor soil), where tree-growth was limited by moisture availability. The choice of trees 

in Paper III was based on the species (i.e., Scots pine, one of the most commonly used species in 

tree-ring assessments), the site location in regards to the spatial distribution of the urban heat 

island (UHI), the trees´ positions within the stand (dominant individuals) and the absence of 

apparent injuries or defects. In Paper IV, trees were selected based on the distance from the 

pollutant source and their age (older trees were prioritized) and species to get a gradual signal of 

the pollution and species-specific uptake characteristics. To identify suitable trees (i.e., growing 

at locations characterized by high soil pollution), a portable XRF spectrometer was used to quickly 

determine in-situ metal concentrations at the growth site, increasing the efficiency in the field 

and in the laboratory later on. Trees from non-exposed sites were also collected for background 

reference.  

 

Figure 2. Study area locations, with the specific domains of Papers I – IV marked out in blue. 
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Figure 3. Sampling. (a) Subfossil wood dragged out from a lake. (b) Sampling increment cores from a 
living tree. (c) Dendrometers data collection. (d) Soil coring. 
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2.2  Proxy types and preparation techniques 

The environmental information embedded in the annual growth layer of a tree can be processed 

in various ways (Figure 4). The variables studied in this work were the ring width, wood density, 

chemical composition and stem radial variation (Figure 5). 

 

Figure 4. Materials and techniques used in this thesis. (a) Automatic point dendrometer. (b) 
Dendrometer mounted on the tree. (c) Wood samples collected from living trees mounted onto strips of 
wood. (d) Sample from subfossil wood. (e) Twin bladed circular saw. (f) Laths cut from the tree-ring 
cores. (g) Soxhlet used to extract resin and other compounds before wood density analysis. (h) Sliding 
measuring table used for ring width measurements. (i) ITRAX multiscanner used for the MXD and trace 
elements measurements.  
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2.2.1 Ring width 

Tree-ring width (TRW) was the first proxy record explored by the scientific community. It is the 

most common and straightforward measurement of the annual ring increment, representing the 

distance between a sharp boundary (i.e., ring border) and the other next to it (Figure 5a). 

Beforehand, the sample's surface is prepared according to standard procedures (Stokes and 

Smiley, 1996), enabling tree ring counting. Typically, the samples are measured along the axis of 

the cell structure using specialized devices such as stereomicroscopes connected to sliding 

measuring tables or digital scanners for post-editing in multiple tree-ring image-analysis software 

(e.g., WinDENDRO (Campbell et al., 2011; Guay et al., 1992); CDendro/CooRecorder (Larsson, 

2014)). Measuring the tree-ring width is the first step of any dendrochronological research. This 

procedure enables cross-dating between different ring-width series, identification of missing 

rings or false rings and the development of master chronologies (Cook et al., 1990; Fritts, 1976; 

Vaganov et al., 2006). In this thesis, annual ring widths were measured with an accuracy of ± 10 

µm, using a stereomicroscope and a sliding measuring table connected to the TSAP-win software 

from Rinntech.  

2.2.2 Wood density 

Wood density has provided a complementary tool to tree-ring research. The density of an annual 

growth ring is the product of several wood properties such as cell size, cell-wall thickness, lumen 

diameter and the proportion of fibres (Polge, 1970). In general, the density of a ring increases 

from the earlywood to the latewood (Björklund et al., 2019; Polge, 1970; Vaganov et al., 2006). 

In the field of dendroclimatology, maximum latewood density (MXD) is the density parameter 

most frequently used due to the tight correlation with the different climatic parameters 

(Björklund et al., 2019). Density chronologies from temperature-limited environments show a 

strong correlation to growing season air temperature (Grudd, 2008; Gunnarson et al., 2011), 

whereas density chronologies developed from drought-prone environments have been shown to 

be closely related to moisture availability (Camarero et al., 2017; Cleaveland, 1986). Wood 

density measurements are expensive and laborious, and despite the development of alternative 

techniques to extract density information from tree samples, radiodensitometric measurements 

continue to provide the highest correlations with climate to date. Radiodensitometric data are 

produced by exposure of wood samples of known depth to X-ray radiation (Schweingruber et al., 

1978; Vaganov et al., 2006). The output format is then analyzed using proper commercial 

software. The density data used in this thesis were produced at the Stockholm tree-ring 

laboratory using the ITRAX-multiscanner from Cox Analytical Systems (www.coxsys.se) and the 

cores prepared according to standard techniques outlined in Schweingruber et al. (1978) and 

Gunnarson et al. (2011). A more detailed description of the specific settings for the technique is 

given in Paper II. 
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2.2.3 Stem radial variation 

The stem is the main body of a tree, and its radial variation is directly related to the diurnal 

rhythms of water storage (i.e., depletion and replenishment) and, consequently, seasonal tree 

growth (Deslauriers et al., 2003; Kozlowski and Winget, 1964; Offenthaler et al., 2001; Tatarinov 

and Čermák, 1999). At a diurnal timescale, radial variation provides information on water 

demand due to transpiration losses. During the day, water loss through the canopy causes stem 

contraction (shrinking). At night, the transpiration process ends, and absorption of soil water 

occurs, leading to stem expansion (swelling) (Zweifel et al., 2005). At the seasonal timescale, 

continuous monitoring provides information on intra- and inter-annual increment dynamics (i.e., 

identifying the main period of growth, dry periods or frost events). 

Exact measurements of daily and seasonal stem variation can be obtained using the 

dendrometer technique. Dendrometers enable continuous measurements of stem radial 

variation at high temporal (minutes) and spatial (micrometres) resolution without an invasive 

sampling of the cambium (Drew and Downes, 2009; van der Maaten et al., 2013). This approach 

provides valuable insight into trees' instantaneous reaction to the different environmental 

changes (Drew and Downes, 2009; King et al., 2013; Klippel et al., 2017; Kocher et al., 2012). In 

the present study, stem radius variation was monitored with the automatic point dendrometers 

model DR from Ecomatik. Automatic point dendrometers continuously record changes in the tree 

stem and register these impulses as an electric signal (volts). The raw data is then converted 

according to the manufactures specifications into a spatial distance (µm). A more detailed 

description of the specific settings for the technique is given in Paper III. 

2.2.4 Tree-ring chemical elements 

Analysis of chemical elements to characterize past environmental conditions has been used in 

several proxy archives, from ice cores (Gabrielli et al., 2005) to speleothems (Hellstrom and 

McCulloch, 2000) and sediments (Kylander et al., 2011). In tree rings, they can provide a highly 

resolved archive on various ecological applications, including tree functioning (Smith et al., 2014), 

forest health (St.Clair et al., 2008), climate (Sánchez-Salguero et al., 2018), soil monitoring 

(Ortega Rodriguez et al., 2018), volcanic eruptions (Sheppard et al., 2008), and anthropogenic 

pollution (Balouet et al., 2012). Elements may enter trees via roots, bark or leaves. However, 

absorption by roots is the main pathway (Kabata-Pendias, 2011). Element uptake by roots is 

controlled by bioavailability, soil properties (e.g., pH, organic matter content, redox potential) 

and different plant factors (e.g., root exudation, presence of mycorrhizal fungi and selective 

uptake). A variety of analytical methods are available for looking at wood chemical composition 

in the annual growth rings. Energy-dispersive X-ray fluorescence (ED-XRF) has become a standard 

analytical technique for non-destructive and rapid wood cores analysis at high resolution (Smith 

et al., 2008). Elemental line scanning of a wood increment core using the ED-XRF allows the 

simultaneous analysis of different elements by measuring the characteristic X-ray lines generated 
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by the different elements exposed to X-rays (Balouet et al., 2007; Smith et al., 2008). The 

chemical data obtained from the ED-XRF analysis are expressed in counts (i.e., count-rates of 

fluorescent photons), a semi-quantitative measure of the light intensity and proportional to the 

element concentration (Croudace and Rothwell, 2015; Smith et al., 2008). The data used in this 

thesis for the dendrochemical analysis were created by ED-XRF using the ITRAX-multiscanner 

from Cox Analytical Systems (www.coxsys.se) at the Stockholm tree ring laboratory. A more 

detailed description of the specific settings for the technique is given in Paper IV. 

 

Figure 5. Schematic overview of the different tree-ring data used in this thesis. The increment core was 
sampled from a Scots pine tree. (a) Radiographic image produced from the X-ray analysis. (b) Daily 
radius variation of the tree stem revealing periods of water depletion and replenishment (i.e., shrinking 
and swelling). (c) Time-series of annual ring width measurements. (d) Density profile obtained from the 
X-ray analysis. (e) Potassium elemental profile obtained from the same sample after exposure to the ED-
XRF wood scanner. 
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2.3  Data analysis 
2.3.1 Paper I 

Trees growing within the same environmental settings share the climate signal as one of the main 

factors influencing growth. However, prior to using tree-ring data in paleoclimate 

reconstructions, the impact of tree-age-related trends, such as juvenile period (i.e., young trees 

produce larger growth rings) and tree aging effect (i.e., declining growth rate with tree 

maturation); stand dynamics (e.g., competition for light conditions); and other disturbance 

factors need to be removed from each tree-ring series in order to maximize the climatic signal 

(Cook and Kairiukstis, 1990). This procedure, usually referred to as standardization (or 

detrending), transforms the tree-ring series into dimensionless indices. Different mathematical 

functions can be fitted to the raw data series depending on the disturbance and biological growth 

trend present in the raw tree-ring measurements. Norway spruce often grows in dense closed-

canopy forests where the tree-growth is greatly affected by competition and stand dynamics (e.g. 

storms). To preserve the low-frequency signal of the TRW data, a Regional Curve Standardization 

(RCS) approach, with the fitting of an age-dependent spline (Briffa et al., 1992), was performed 

using the ARSTAN software (Cook and Krusic, 2005). In this approach, all of the tree-ring series 

are aligned by their cambial age, and a curve is fitted to the regional average growth, named 

regional curve (RC), or expected growth trend that is subsequently divided or subtracted from 

each tree-ring series. One of the main limitations of this methodology is that external 

disturbances common to the entire stand will influence the final regional curve. After the first 

standardization procedure, the data showed that noise from the stand dynamics was still present 

in the final TRW chronology, especially in periods with low sample depth. Therefore, an individual 

curve fitting with a cubic smoothing spline 20-years low pass filter was applied to specific tree-

ring series and the final chronology computed as the arithmetic mean. The relationship between 

tree growth and climate (gridded temperature and precipitation data) was investigated by 

Pearson correlation statistics. 

2.3.2 Paper II 

In this study, the shape of the individual wood density series was characterized by a positive 

growth trend over the juvenile period and a negative trend thereafter. For this reason, 

standardization was performed by fitting a Hugershoff-growth curve to each density series (Cook 

et al., 1990; Warren, 1980). The standardization procedure was performed using the software 

ARSTAN (Cook and Krusic, 2005). The climate signal in the detrended MXD chronology was 

compared with observed temperature and precipitation data from the Stockholm meteorological 

station (59.20.52°N, 18.3.45°E; Swedish Meteorological and Hydrological Institute, SMHI) and the 

relationship estimated by Pearson correlation coefficients. The reconstruction was validated 

using the split-sample approach, where one half of the data is used for calibration and the other 

half withheld for validation. Calibration and validation periods were divided into segments of 
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equal length, and the skills of the reconstruction were assessed through the squared correlation 

coefficient (r2), reduction of error (RE), and coefficient of efficiency (CE) (National Research 

Council, 2006). 

While crossdating and developing site chronologies, the presence of light-colored latewood 

bands (i.e., light rings (LRs)) was noted in specific years (Filion et al., 1986; Girardin et al., 2009; 

Liang and Eckstein, 2006; Tardif et al., 2011). These features were also visible in the density 

profiles, with an evident decline in the latewood density values. LRs were quantitatively defined 

(Wang et al., 2000) and a regional chronology produced with those years where at least 30% of 

the samples demonstrated such declines in the MXD values. The climate influence on LR 

formation was assessed by the non-parametric Mann-Whitney U-test statistics. For the climatic 

reconstruction, a simple linear regression was performed where the tree ring data were used as 

a predictand for summer precipitation (May-July).  

2.3.3 Paper III 

In this study, individual time-series of dendrometer data were averaged per site and converted 

from the original 30-minutes into hourly resolution. Based on previous dendroclimatological 

research in the region that indicated a climate growth relationship extending from May to 

September (Düthorn et al., 2013; Esper et al., 2018; Linderholm et al., 2004), the analysis was 

performed from April to October (Day of the Year 91 to 303) and the data were extracted at 

monthly resolution. Stem radius variation (ΔR) documented with dendrometers is registered as 

curves (Figure 5b), and several metrics can be extracted from the raw data (e.g., radius 

amplitudes, radius maximum and minimum, duration of each phase). To analyze these different 

components, two main approaches were used: the extraction of daily properties of the circadian 

cycle (i.e., information on stem radius daily maximum, minimum and amplitude change from 

radius maximum to radius minimum; Bouriaud et al., 2005; King et al., 2013) and stem cycle 

phases (i.e., contraction, expansion and stem-increment; Deslauriers et al., 2003; Downes et al., 

1999). The relationship between the stem radius variation and the different environmental data 

was assessed through Spearman correlations. 

2.3.4 Paper IV 

ED-XRF analysis does not require chemical preparation or solvent extraction; however, 

heterogeneities in the wood matrix (e.g., thickness of the samples, earlywood-latewood density 

differences) can affect the reflected intensity. To correct for matrix related effects, the XRF values 

of each element are divided by the coherent scattering (Garivait et al., 1997). Tree-ring width 

data were produced from the radiographic images using WinDENDRO software (Régent 

Instruments Canada Inc., version 2017a). The pixel-based output was used to assign each XRF 

point measurement to a specific annual ring.  

Annual element averages were calculated for each tree-ring series. To enable inter- and intra-

element comparison, the time-series were normalized to their mean and standard deviation (i.e., 
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Z-scores). Finally, to account for trees’ juvenile phase (i.e., age trend) and scanning resolution 

issues (e.g., rings not parallel to the X-ray-beam), the first years nearby the pith were removed 

from the analysis (Lindeberg, 2004; Scharnweber et al., 2016). Dendrochemical investigations by 

line-scanning ED-XRF rely on observed peak/amplitude anomalies in the long-term trend of the 

trace elements in analysis. Here, anomalies in the elemental profiles were defined as a deviation 

in annual averages of at least 30% of the characteristic pattern (Balouet et al., 2012) and 

extending over more than one year. 

3. Results /Summary of papers 
3.1  A Norway spruce tree-ring width chronology for the Common Era from the Central 

Scandinavian Mountains 

Despite the dense spatial and temporal coverage of tree-ring data in Scandinavia, dendroclimatic 

research has mainly been drawn from a single species, Scots Pine (Pinus sylvestris L.) (Linderholm 

et al., 2010). Paper I presents the first millennia-long TRW chronology inferred from Norway 

spruce (Picea abies) in Scandinavia and represents a unique opportunity for carrying out new 

inter- and intraregional proxy comparisons. The chronology is composed of living and subfossil 

trees extending from BCE 115 to 2012 CE. Climate-growth analysis shows a significant positive 

correlation with monthly mean temperatures from June to August, with the highest correlation 

found in June (Figure 6a). Comparison between the Norway spruce and the Scots pine chronology 

from the same region shows similar growth patterns in key periods of the regional climate 

history, including the Roman Warm Period (RWP; BCE 30-240 CE, Wang et al., 2013), the Medieval 

Climate Anomaly (MCA; 950-1250 CE, IPCC, 2013) and the Little Ice Age (LIA; 1450-1850 CE, Lamb, 

1979) (Figure 6c).  

Evidence for the influence of large-scale climate dynamics is given by the growth response to 

the global cooling of 536 CE, possibly witnessing a major volcanic eruption for which the source 

remains debatable (Büntgen et al., 2016). This study represents a step towards a better 

understanding of the long-term climate evolution in west-central Scandinavia. However, before 

using the present spruce chronology in any climatic reconstruction, efforts should be made to 

increase the stability of the sample depth through time. 
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Figure 6. (a) Correlation between the TRW chronologies and monthly mean temperatures over the 
period 1901-2012. (b) Scatter plot of the June-July mean temperature and the Norway spruce TRW data. 
(c) Comparison of the Norway spruce TRW chronology (red) and the updated Scots pine TRW chronology 
from the Central Scandinavian Mountains (unpublished; black). Data smoothed with a 10-year-low-pass 
Gaussian filter. 

3.2  Reconstructing summer precipitation with MXD data from Pinus sylvestris growing in 
the Stockholm archipelago 

Future climatic projections for the region indicate a mean annual temperature increase of 

between 3° to 6°C on average by the end of the 21st century (Eklund et al., 2015), most likely 

leading to an intensified hydrological cycle (Huntington, 2006). In this context, high-resolution 

proxy-derived climate reconstructions are crucial to understand the ongoing climatic changes in 

a longer time scale than those offered by the instrumental records. Motivated by previous studies 

in the region showing the dependence of summer precipitation for Scots pine radial growth 

(Linderholm et al., 2004; Seftigen et al., 2013), Paper II presents a seasonal precipitation 

reconstruction at a sub-regional scale (here the Stockholm archipelago) covering the period 

1750-2018 CE. The hypothesis is that wood density (MXD) can be used as a proxy for summer 

precipitation since it often exhibits a stronger growth-climate relationship (Wilson et al., 2016) 
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than TRW and is less susceptible to abiotic disturbances (Rydval et al., 2016). Mean May-July 

precipitation was reconstructed for the period 1750-2018 CE, and the MXD data explained 41% 

of the observed precipitation variability (Figure 7).  

The results showed that strong and robust precipitation signals can be extracted from MXD 

data in a moisture-sensitive area at high northern latitudes, which is an important outcome for a 

region that lacks a dense network of hydroclimate records (Linderholm et al., 2018; Seftigen et 

al., 2020). LRs were found to be indicators of extreme drought conditions, and our analysis 

suggests that the process leading to their formation is associated with persistent high-pressure 

anomalies over Scandinavia. Such conditions may be triggered by the summer North Atlantic 

Oscillation (SNAO). 

 

Figure 7. (a) Comparison between observed (black) and reconstructed (green) May-July precipitation 
from the Stockholm region. Green bold line represents the 10-year-low-pass Gaussian filter. The mean 
value (51 mm) was determined based on the entire 1750-2018 period (b) Light ring chronology. 
(Modified figure 6 and 7 from Paper II). 

3.3  Assessing urban climate effects on Pinus sylvestris with point dendrometers – a case 
study from Stockholm, Sweden. 

Paper III studies trees´ climate response and seasonal growth dynamics related to site-specific 

conditions. Located in a drought-sensitive region (Linderholm et al., 2004; Seftigen et al., 2013) 

and with several patches of indigenous forests located within the UHI area, Stockholm provided 

a good framework to study how tree growth rates and climatic responses may vary over small 

spatial scales as a reaction to the expected rising temperatures and increasing frequency of 

extreme drought events (IPCC, 2018). This research line was motivated by earlier studies in the 

region that showed different tree-ring climate sensitivities in response to microsite conditions 

(Düthorn et al., 2013; Esper et al., 2018). To date, the assessment of such differences was done 

by analyzing long-term climatic signals at annual resolution. In this study, automatic point 
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dendrometers were used to assess Pinus sylvestris radial variation at hourly resolution for a more 

robust inference on the main climatic factors controlling the annual growth.  

The results show that growth response to increasing temperature is mainly controlled by 

moisture availability. However, topography, canopy coverage and microclimate conditions 

significantly impact the increment response (Figure 8). The experienced heat stress of 2018 

caused water-deficit, directly affecting trees' daily and seasonal water storage dynamics and 

limiting tree growth in the urban environments. The high-resolution monitoring yield valuable 

insight into daily and seasonal patterns of Scots pine stem-radius variation and can represent an 

important tool to document and verify patterns in changing environments. 

 

Figure 8. Stem radius daily growth rates (µm/day) and total annual increment (µm) for the three sites in 
analysis during normal and drought weather conditions (Modified figure 1 and 4 from Paper III). 
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3.4 Testing the applicability of dendrochemistry using X-ray fluorescence to trace 
environmental contamination at glassworks site 

Tree rings provide a continuous record of environmental factors influencing the tree growth 

during its lifetime and a chronological control to the exact calendar year of past events. This 

paper presents a multidisciplinary approach combining high-resolution time series of tree-rings 

and soil profiles (Figure 9) to characterize and reconstruct the contamination history at a 

glassworks site. Comparing and combining these element data with the few available historical 

documents on the industrial activity at the glassworks site enabled the reconstruction of seven 

release events of pollutants. Analysis of individual trees’ chemical profiles allowed the 

development of "event" chronologies where the temporal and spatial progression of the releases 

was identified. The most affirming discovery of this study was the presence of well-defined 

Barium (Ba) anomalies in the wood cores of European aspen (Populus tremula). The absence of 

any trace of Ba in the wood cores of Norway spruce and Scots pine is a strong indicator that tree 

species biology may interfere with the dendrochemical signal. Despite high concentrations of As, 

Pb, Zn, Cd, Cu, and Al in the soil, no traces of these elements were identified in the tree-ring 

profiles. The presence of Fe and Mn oxides and organic-rich layers in the sediments, both critical 

features in the sorption and adsorption process of trace elements (Barrón and Torrent, 2013; 

Kabata-Pendias, 2011), might have controlled the location, mobility and bioavailability of these 

contaminants for tree uptake.  

 

Figure 9. Schematic overview of the Barium profile in a wood-core and a soil core from the Bergdala 
glassworks. 
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4. Discussion 
4.1  Climatic signals 

The fact that sequences of ring widths crossdate over large spatial scales reveals an external 

control on tree-growth that can only be climatic (Fritts, 1976). In Scandinavia, the climatic 

influence on tree-radial growth presents a clear shift from a strong and positive response to 

summer temperature in the north to a generally weak and negative response towards the south. 

The inverse geographical pattern is observed for summer precipitation (Figure 10). These regional 

settings have allowed the use of tree-ring records as paleoclimatic proxies for both temperature 

and moisture variability (Linderholm et al., 2010).  

The results from the dendroclimatic analysis conducted in this thesis (Papers I, II, III) present 

optimum target windows (i.e., best-fitted correlation with the climate data) reflecting warm-

season climate, similar to most of the tree-ring data from Europe (St. George, 2014). The 

assessment presented in Paper I revealed that the relationship between Norway spruce-TRW and 

temperature in the Central Scandinavian Mountains is stronger than that observed for the Scots 

pine-TRW (TJune-July; r=0.61, for Norway spruce and TJuly-August; r=0.43 for Scots pine). Stronger 

temperature signals and wider target seasons (TApril-September; r > 0.75) have been extracted from 

Scots pine tree-ring data in the region using wood density (Linderholm and Gunnarson, 2019; 

Zhang et al., 2016). Hypothetically, the same may be achieved for the Norway spruce chronology. 

Most attempts to obtain moisture signals from tree-ring data in Scandinavia have only used 

ring-width as a proxy. Paper II showed the potential of using wood density parameters to extract 

stronger precipitation signals with a broader seasonal window (PMXD(May-July); r = 0.64; PTRW(May-

June); r = 0.61). Both assessments also suggest that winter conditions may exert a considerable 

influence on tree-ring formation at these high northern latitudes. In the region, tree-growth 

response to winter conditions are mostly related to snow cover and soil moisture variability, 

impacting the onset of the cambial activity (Vaganov et al., 2006) and growth conditions at the 

beginning of the growing season.  

For the Central Scandinavian Mountains, this relationship has been explored before for Scots 

pine (Linderholm and Chen, 2005), and our results suggest that it may be even more pronounced 

in Norway spruce due to the species’ earlier optimum climate window and the wetter conditions 

of the growth habitat. For the Stockholm region, despite the clear precipitation signal from the 

MXD data (Paper II), the high-resolution monitoring provided in Paper III showed that 

temperature triggers the onset of tree radial growth in the region. This relationship is also 

observed in Seftigen et al. (2020), with a clear positive response of the earlywood wood Blue 

Intensity (BI; an alternative optical technique to radiodensitometry; see overview in Campbell et 

al., 2011) parameter to late winter-early summer temperature (February-May). Similar signals 

are also present in our earlywood density data but not shown or explored in this thesis. It is 

indeed this mixed response to temperature and precipitation that has led to tree-ring data from 

cool and moist regions at high northern latitudes being disregarded as a suitable proxy for 

precipitation reconstructions.  
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Figure 10. Spatial correlations between the Norway spruce chronology and Stockholm archipelago 
chronology with temperature and precipitation data from CRU TS 4.0.3 for the respective target seasons 
over 1901-2012. The plots were created using the KNMI Climate Explorer (Royal Netherlands 
Meteorological Institute, https://climexp.knmi.nl/start.cgi). 
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4.2  Spatial representation of the climatic signal and the influence of large-scale 
atmospheric patterns on tree growth in Scandinavia 

The results from Papers I and II show that, in general, strong and spatially representative signals 

of temperature and precipitation can be extracted from tree-ring data (TRW and MXD) in 

Scandinavia (Figure 10). The spatial coverage of the temperature signal was regional and covered 

most of Fennoscandia. The precipitation signal, derived from Scots pine, had a smaller spatial 

extension than the temperature signal, derived from Norway spruce, despite the higher number 

of sampled trees over the common calibration period 1901-2012 (Norway spruce n = 35; Scots 

pine n = 80). These results reflect the higher spatial variability of the precipitation signal (Jaagus, 

2009), which demands denser local networks of tree-ring data to reproduce well the magnitude 

of the hydroclimatic anomalies.  

The influence of large-scale atmospheric patterns on extreme growth events (LR years and 

wet years) was assessed in Paper II. To explore the strength of this relationship, a similar 

assessment is provided here for the Norway spruce data. The composite maps of extreme growth 

years and 500-hPa geopotential height (Twentieth Century Reanalysis Project V2;  Compo et al., 

2011) indicate a spatial pattern mainly characterized by a dipole pressure field in the Scandinavia 

– Greenland region (Figure 11). Extreme positive growth years in the spruce data and LR years in 

the pine chronology (Figure 11a and c) can be associated with anomalous high-pressure systems 

over Scandinavia, resembling the Scandinavian blocking regime (Rimbu and Lohmann, 2011), and 

providing the region with warm and dry conditions. In contrast, extreme negative growth years 

in the spruce data and reconstructed wet years in the pine chronology (Figure 11b and d) seems 

to be related to low-pressure anomalies over Scandinavia (more pronounced for the spruce 

data), similar to the pattern described for the negative phase of the Summer North Atlantic 

Oscillation (SNAO) and causing wet and cooler weather conditions in the region. In fact, the 

patterns reproduced by the extremes in the pine data (Figure 11c and d) show a slightly 

southwards shift of the Scandinavian node towards the British Isles and southern Scandinavia, a 

clear indication of the latitudinal component of the proxy.  

The influence of the North Atlantic Oscillation (NAO) on Scandinavian regional climate is well 

known (Folland et al., 2009), and its relationship with tree-growth in the region has been shown 

in several studies (Fuentes et al., 2018; Linderholm et al., 2009; Lindholm et al., 2001; Macias et 

al., 2004; Seftigen et al., 2015). Our results corroborate the strength of this relationship, and both 

datasets can be useful when assessing the temporal stability and consistency of these 

mechanisms back in time. 
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Figure 11. Composite maps for (a) positive and (b) negative extreme growth years for Norway spruce 
and (c) Light ring years and (d) wet (>61mm) reconstructed years for Scots pine and 500 hPa 
geopotential height fields from the 20th-century reanalysis dataset for the respective target seasons 
over the period 1900-2012. The plots were created using the KNMI Climate Explorer (Royal Netherlands 
Meteorological Institute, https://climexp.knmi.nl/start.cgi). 

4.3  Site-specific conditions on tree-growth responses 

Based on the fundamental principle that trees growing across a climatically homogenous region 

are affected by the same environmental factors, traditional tree-ring approaches (Papers I and II) 

aggregate data (e.g., ring width, wood density, stable isotopes) over relatively broad areas. 

However, over the last decades, several studies have pointed out that varying abiotic factors such 

as micro-sites conditions (Buras et al., 2018; Düthorn et al., 2013; Hartl et al., 2021; Linderholm 

et al., 2014; Oberhuber et al., 2014), topography (i.e., aspect, slope) (Kirchhefer, 2000; 

Oberhuber and Kofler, 2000), altitude (Klippel et al., 2020; Zhang et al., 2015), nutrient availability 

(Sullivan et al., 2015), and soil chemical properties (Augustin et al., 2005; Hevia et al., 2018; Kuang 

et al., 2008) can significantly alter the annual growth response within and among species at the 

local scale. The potential effects of site-specific conditions on tree-growth responses were 

assessed in more detail in Papers III and IV. 

The high-resolution monitoring provided in Paper III shows that substantial topoclimatic 

differences (e.g., slope, canopy coverage and microclimate conditions) can occur on a very fine 

spatial scale, and this becomes a significant factor explaining the different growth rates, dynamics 

and climatic responses observed among the sites for the species. The results in Paper IV show 

that tree species biology, physiological processes, and small-scale changes in soil properties 
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contribute to the large variability observed in the chemical signals at the study site. Both 

assessments (Papers III and IV) highlight the importance of small-scale approaches and 

multidisciplinary research as a fundamental step to understand and interpret the different 

responses observed among and within tree species, sites and forests.  

4.4  Monitoring tools 

The use of trees as bio-indicators of environmental stress has become a standard application of 

tree-ring research and a powerful tool for verifying and documenting environmental changes 

(Lüttge and Buckeridge, 2020). This thesis focused on using trees as sensors for changes in climate 

conditions and environmental pollution (Papers III and IV).  

Urban environments are typically warmer than their rural counterparts due to the UHI effect. 

Urban trees and forests have been pointed out as one of the main assets to mitigate urban 

environmental pressures such as heatwaves, air pollution and environmental degradation (de 

Coninck et al., 2018). However, the heat stress and evapotranspiration changes experienced in 

these environments can severely impact their physiological functioning, with significant 

consequences for the ecosystem services that they provide.  

Over the two years monitoring period (2017 and 2018), we recorded a clear response of the 

urban trees to the UHI effect through a delay in the timing of the daily radius maximum and 

minimum and continually lower radius amplitudes. The observed delay in maximum 

replenishment and depletion can be associated with the typical temporal variation of urban and 

rural air temperatures (i.e., urban areas are characterized by a reduced cooling in the late 

afternoon and a slow warm-up after sunrise). Although the limited sample size is insufficient to 

draw broad conclusions, the observed differences in stem radial variation in response to 

environmental stress is a promising direction for future research, where factors such as soil 

nutrients and moisture content, stomatal conductance and cellular analysis can be integrated for 

a finer scale monitoring.  

Automatic dendrometers present a new research opportunity at high spatial and temporal 

resolution. However, the data provided is not a direct measure of tree-growth and vitality, it is 

rather an indicator of the tree water status, and therefore annual or inter-annual stem growth 

assessments are recommended to interpret and understand growth changes and responses to a 

specific stress (e.g. the severe drought of 2018) in long-term perspectives (Deslauriers et al., 

2007; Drew and Downes, 2009).  

A more direct assessment of the human activities/tree-growth relationship was provided 

through the analysis of chemical elements in tree rings (Paper IV). Over the last decades, the 

development of highly-resolved analytical techniques has allowed a broader scope of studies 

using trees as bio-indicators for environmental pollution. The complex nature of the different 

processes and relationships involved in the uptake, transport and incorporation of elements in 

trees challenges the use of dendrochemistry as a bio-monitoring method. An appropriate 

sampling design and the comparison and combination of other environmental proxies (e.g. 
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sediments) and observational records (e.g. historical archives) in the analysis can help overcome 

some of the challenges. 

 The spatial and temporal character of the tree-ring data plays a vital role in the reconstruction 

of past pollution patterns. As our results show and in agreement with the literature, the spatial 

signals are more easily defined, with average concentrations clearly dependent on the distance 

from the pollution source. The temporal patterns are more ambiguous with the signals 

depending strongly on the type of tree and respective element in analysis. Good results can thus 

be obtained by increasing the sample replication. So far, the use of conifer species has historically 

dominated dendrochemical analysis; a more comprehensive use of different species would 

enable exploration of different research questions and extend the scope of dendrochemical 

applications. 

A clear conclusion from both experiments (Papers III and IV) is that using trees to monitor 

environmental conditions requires validation through comparison with a reference (i.e., trees 

without the stress factor) and extensive sample replication to obtain reliable results. 

4.5  Beyond radial increment 

From the parameters explored here, TRW presents by far the lowest temporal resolution (annual) 

but the greatest temporal depth; this allows the placement of the current environmental changes 

in a centennial to millennia-length perspective. From a dendroclimatic perspective, chronologies 

developed from TRW alone contain substantial biological memory (i.e., the influence of the 

previous year’s growth and climate on the current year growth) (Esper et al., 2012; Franke et al., 

2013; Schneider et al., 2015), resulting in more modest representations of past climatic extremes. 

To overcome these limitations, ring width records have been successively replaced by wood 

density measurements. This parameter has shown to be less susceptible to abiotic disturbances. 

It often exhibits a stronger year-to-year association with climate variables (Rydval et al., 2018; 

Wilson et al., 2016) and substantially longer target windows for environmental reconstructions. 

However, due to the intensive labor involved with this technique and the wood-decay state of 

some of the samples, especially subfossil material (i.e., material excavated from lakes), very few 

chronologies extend beyond the first millennia.  

The year-to-year comparison offered by the TRW and density parameters with the different 

climatic variables does not usually consider stem radial increment dynamics at shorter time scales 

than monthly resolution. The patterns of stem expansion and contraction on time scales from 

minutes to weeks provide valuable insights into trees’ instantaneous reaction to changes in the 

surrounding environment. However, such fine resolution data are restricted to a few sites and 

short time-series, limiting large-scale and long-term comparisons. 

When assessing environmental changes using tree rings, the analysis of chemical features 

through ED-XRF (Paper IV) provides highly sensitive and precise spatial (and with that, also 

temporal) resolution with the concurrent analysis of multiple elements concentration within an 

individual growth ring (Smith et al., 2014). The minimal sample preparation required and the 
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celerity of the analysis allow the development of regional chronologies with stable sample 

replication through time, representing an unrealized potential for paleoenvironmental 

reconstructions (Hevia et al., 2018; Sánchez-Salguero et al., 2018).  

4.6  Final remarks – perspectives on future research 

This thesis highlights the possibilities and challenges of tree-ring research by addressing a 

selection of questions across temporal and spatial scales and it provides a valuable basis for 

several future projects.  

Regarding the Norway spruce chronology (Paper I), further endeavours are necessary to 

increase the replication, and if possible, extend the current record further back in time. However, 

there is no pollen evidence of Norway spruce presence in this area prior to the Common Era 

(Giesecke and Bennett, 2004). The potential of this record could be substantially boosted by 

integrating other tree-ring parameters, as shown in Paper II for the MXD and LRs. An 

indispensable step before attempting a climatic reconstruction is a more in-depth insight of 

growth-controlling factors of Norway spruce in different environments (e.g., lake-shore vs inland, 

elevational differences; slope exposition). 

Going forward, our findings from Papers I and II show the need of developing a mixed-species 

network of tree-ring data in Scandinavia in a more robust (i.e., larger sample depth) and spatially 

representative way. However, the precipitation signals derive from latitudes where climate and 

human intervention impair wood preservation, either as dry-wood or subfossil (i.e., from the 

lakes), and therefore the development and extension of the existent moisture-sensitive 

chronologies may not be possible.   

Regarding the impact of urban environments on tree-growth (Paper III), future field studies 

should focus on increasing the network of dendrometers, expanding to different tree species, 

and developing a monitoring system along an urban to rural transect. Such field measurements 

should be conducted over longer periods of time and complemented by cellular analysis through 

micro-coring or pinning to assess the potential impact of changing environmental conditions (e.g. 

rising temperatures) on the vegetative period (i.e., timing and duration of the growing season).  

Regarding the use of dendrochemistry, further research should aim at increasing the pool of 

studies and investigated tree species. The development of long-term and annually resolved 

chronologies of chemical elements may provide a solid base to study the influence of site-specific 

conditions on tree-growth responses. However, when studying environmental changes through 

dendrochemical markers, it is essential that the measured features are absolutely bounded to a 

specific annual ring. If this technique is to be used in longer time scales than those provided by 

the living trees, the next research step is to distinguish between elements incorporated in the 

wood during the annual tree growth and those translocated or secondarily incorporated 

throughout the years while preserved in lake sediments (i.e., subfossil wood) or due to the 

weather conditions (i.e., dry wood). Such knowledge on elements mobility would represent a 
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new opportunity in tree-ring research to reprocess samples until now only used for density 

analysis and look for specific events (e.g. volcanic eruptions) and their chemical signature.  

Finally, as a common goal for the research community, efforts should be made on expanding 

the list of tree-ring parameters included in the International Tree-ring Data Bank (ITRDB) as well 

as complementary metadata (e.g., site characteristics; tree dimension; slope exposition) to 

facilitate the use of the data in large-scale assessment and to promote multidisciplinary research.  

5. Conclusions 

Tree-ring based environmental assessments have been crucial to untangle the role of natural and 

anthropogenic forcing into the environment and have allowed recent environmental changes to 

be placed within long-term frameworks. In this work, we explored four main types of tree-ring 

data and showed the strengths of tree-ring research in providing high-resolution information 

across spatial and temporal scales. The main conclusions of this thesis can be summarized as 

follows: 

i) By using different tree-ring parameters (such as wood density; LRs) and increasing 

the species diversity, additional climatic variables and relationships can be explored, 

providing broader target windows for climatic reconstructions and different 

seasonal information that could further contribute to increased knowledge of past 

climatic variability in Scandinavia and possibly other Nordic regions. 

 

ii) The integration of the temporal and spatial strengths of the different tree-ring 

parameters can offer a more holistic understanding of tree-growth responses to 

changes in site and environmental conditions and provide a unique seasonal archive. 

 

iii) Trees are valuable bio-monitoring tools of different human-environmental 

interactions; however, they are not passive recorders of environmental changes, and 

multidisciplinary approaches are critical to understand and interpret 

dendrochronological records.  
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