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Abstract 

Forests are ecologically important ecosystems, for example, they absorb CO2 from the 

atmosphere, mitigate climate change, and constitute habitats for the majority of terrestrial 

flora and fauna. Currently, due to increasing human pressure, forest ecosystems are 

increasingly subjected to changing environmental conditions, which may alter forest growth 

to varying degrees. However, how exactly different tree species will respond to climate 

change remains uncertain and requires further comprehensive studies performed at different 

spatial scales and using various tree-ring parameters. 

This dissertation aims to advance the knowledge about tree-ring densitometry and 

tree responses to climate variability and extremes at different spatial scales, using various 

tree species. More specifically, the following aims are pursued: (i) to obtain and compare 

wood density data using different techniques, and to assess variability among laboratories 

(Chapter I). (ii) To investigate microsite effects on local and regional Scots pine (Pinus 

sylvestris L.) responses to climate variability (Chapter II) and extremes (Chapter III), 

using ring width (RW) and latewood blue intensity (LBI) parameters. (iii) To give a general 

site- and regional-scales overview of Scots pine, pedunculate oak (Quercus robur L.), and 

European beach (Fagus sylvatica L.) RW responses to climate variability (Chapter IV). (iv) 

To discuss the challenges which may result from compiling tree ring records from different 

(micro)sites into large-scale networks. The study area comprises nine coastal dune sites, each 

represented by two contrasting microsites: dune ridge and bottom (Chapters II and III), and 

310 different sites within the south Baltic Sea lowlands (Chapter IV). 

 The dissertation confirms that sample processing and wood density measuring are 

very important steps, which, if not performed carefully, may result in biases in growth trends, 

climate-growth responses, and climate reconstructions. The performed experiment proved 

that the mean levels of different wood density-related parameters are never comparable due 

to different measurement resolutions between various techniques and laboratories. Further, 

the study revealed substantial biases using data measured from rings of varying width due 

to resolution issues, where resolution itself and wood density are lowered for narrow rings 

compared to wide rings (Chapter I).  

The (micro)site-specific investigation showed that, depending on the species, 

different climate variables (temperature, precipitation, or drought) constitute important 

factors driving tree growth across investigated locations (Chapters II and IV). However, 

there is evidence that the strength and/or direction of climate-growth responses differ(s) 
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between microsite types (Chapter II) and across sites (Chapter IV). Moreover, climate-

growth responses are non-stationary over time regardless of the tree species and tree-ring 

parameter used in the analysis (Chapters II and IV). There are also differences in RW and 

LBI responses to extreme events at dune ridge and bottom microsites (Chapter III).  

The regional-scale investigations revealed that climate-growth responses (strength 

and non-stationarity) are quite similar to those observed at the local scale. However, 

compiling RW or LBI measurements into regional networks to study tree responses to 

extreme events led to weakened signals (Chapter III). 

The findings presented in Chapters II and IV suggest that the strength, direction, 

and non-stationary responses are very likely caused by several climatic and non-climatic 

factors. The mild climate in the south Baltic Sea region presumably does not constitute a 

leading limiting growth factor, especially for Scots pine, whose distribution extends from 

southern to northern Europe. Thus, the observed climate-growth responses are usually of 

weak to moderate strength. In contrast, for other species reaching their distribution limit at 

the Baltic coast, the climatic signal can be very strong. However, the observed findings also 

result from the effects of microsite conditions, and potentially other factors (e.g., 

management, stand dynamic), which all together alter the physiological response of the tree 

at a local scale. Although climate at the south Baltic Sea coast is mild, extreme climate events 

may occur and affect tree growth. As demonstrated (Chapter III), extreme climate events 

affected tree growth across dune sites, however, to varying degrees. The prominent 

differences in tree responses to extreme climate events were significant at the local scale but 

averaged out at the regional scale. This is very likely associated with observed microsite 

differences, where each microsite experiences different drivers and dynamics of extreme 

growth reductions. 

This dissertation helped to demonstrate that integrating local tree-ring records into 

regional networks involves a series of challenges, which arise at different stages of research. 

In fact, not all possible challenges have been discussed in this dissertation. However, it can 

be summarized that several steps performed first at the local scale are very important for the 

quality and certainty of climate-growth responses, tracking tree recovery after extreme 

events, and potential climate reconstructions at the larger scale. Among them, identification 

of microsite conditions, sample preparation, and measurement, examination of growth 

patterns and trends, and identification of a common limiting growth factor are very 

important. Otherwise, the compilation of various tree-ring data into a single dataset could 

lead to over- or underestimation of the results and biased interpretations. 
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1. Introduction 

1.1. Factors affecting tree growth 

Forests worldwide host a large proportion of global biodiversity, contribute extensively to 

biogeochemical cycles, and provide countless ecosystem services, including carbon 

sequestration, timber stock, and water quality improvement (Führer, 2000). Each forest 

ecosystem is characterized by typical tree species composition and vertical forest structure 

adapted to the local environmental conditions and climate seasonality. Tree survival and 

growth is shaped by the multiple interacting biotic and abiotic factors acting at different 

spatial and temporal scales inside each forest ecosystem (Figure 1). In general, climate is a 

globally important driver of tree growth, with temperature, humidity, and precipitation 

(Figure 1) being particularly important as they affect available soil moisture supply, 

evapotranspiration demand, and phenology (Fritts, 1976; Cook, 1987; Speer, 2010; Stine 

and Huybers, 2017). Further, exogenic and endogenic disturbances may impact tree growth 

(Figure 1). Exogenic disturbances arise from processes independent of the forest (e.g., insect 

and pathogen attacks, fire, windstorms, or human influence). In contrast, endogenic 

disturbances arise from the processes dependent on the forests themselves (e.g., stand 

dynamic, competition, and tree disease) (Figure 1; Cook, 1987; Favillier et al., 2014; Stine 

and Huybers, 2017). Tree growth may also be modulated by microsite-specific conditions 

related to the soil type and topographic variables, such as elevation, convexity, exposure, 

and slope (Figure 1). Lastly, at a tree level, tree intrinsic features, such as age/ size or wood 

functional traits (e.g., wood density and wood anatomical features) modulate tree growth 

(Figure 1; Fritts, 1976; Chave et at al. 2009; Stine and Huybers, 2017). 
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Figure 1. The spatial extent of the factors affecting tree growth (based on Hough, 1882; Fritts, 1976; Chave et 

al., 2009; and Favillier et al. 2017). Dashed-line frames indicate the factors and their spatial extent studied in 

chapters: I (red color), II (light blue color), III (dark blue color), and IV (orange color) of the dissertation.  

 For thousands of years, forests have experienced natural fluctuations in temperature 

conditions, changes in precipitation patterns, and disturbances such as drought and frosts. 

Through processes maintaining the homeorhesis of the forest ecosystem, they were usually 

able to adapt to these naturally driven shifts in environmental conditions of moderate speed 

and intensity. However, currently, forest ecosystems are increasingly subjected to 

substantially changing climate conditions due to intensified human activity. Recent climate 

change models consistently suggest that many regions around the world are expected to 

undergo significant warming, intensified droughts, and changes in precipitation patterns in 

different seasons of the year (Kirtman et al., 2013; Jacob et al., 2014). Since climate is 

essentially the leading limiting tree growth factor (Fritts, 1976; Cook, 1987; Speer, 2010), 

extraordinary and unsuitable climate conditions, buffered or boosted by specific-microsite 

conditions, together with exogenic and endogenic disturbances, may alter forest growth 

outside the ranges in which current forests developed. Climate and environmental change 

likely occur too fast for evolutionary adaptation processes to keep pace (Bussotti et al., 

2015). One of the reasons why trees could be especially prone to climate change is their 

inability to move. Moreover, the longevity and the length of generation cycles of trees 
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preclude trees from producing many generations within a short period and quickly move 

them through seed dispersal as annual or biennial plants (Ghazoul, 2005). However, not all 

global changes are likely to influence forests growth negatively through forests declines. For 

example, increased atmospheric CO2 may even stimulate tree growth to some degree 

(Magnani et al., 2007; Scharnweber et al., 2020). Still, overall levels of tree stress and forest 

disturbances (Figure 1) are expected to rise beyond their historical values in the next century 

(Bussotti et al., 2015). Therefore, the future of global forests will depend on the forest 

responses to multiple factors, stressors, and disturbances that span from local to global scale 

(Figure 1; Trumbore et al., 2015). However, how exactly individual trees, tree species and 

overall different forest ecosystems (will) respond to climate changes remains uncertain and 

requires further comprehensive studies performed at different spatial scales (Bussotti et al., 

2015). 

1.2. Dendrochronology and multi-parameter approach 

One way to project how trees may respond to climate change in the future is to look at past 

responses. Dendrochronology is a unique environmental technique employed to study 

different natural environmental processes and to monitor human impact on the environment. 

Dendrochronology investigates past events that can be dated using tree rings or are registered 

in the tree-ring structure. A tree, due to its long lifetime, constitutes an excellent long-term 

bioindicator for environmental monitoring. Trees register any biotic or abiotic factor (Figure 

1) that directly or indirectly limits or stimulates a process of ring formation, in the same 

and/or next year(s). Consequently, tree-rings are invaluable archives of past climate and 

environment due to their annual resolution and ability to express a range of different climate 

and environment variables (Fritts, 1976; Cook, 1987; Speer, 2010). 

Nowadays, the range of parameters are routinely measured from tree rings, including 

width, density, wood anatomical features (Figure 2), and stable isotopes to elucidate the 

vulnerability of trees to changing environments and climate (Fritts, 1976; Speer, 2010). Most 

often, dendro-studies focus on variations of ring width (RW; Figure 2) alone as it is a good 

proxy of annual variation of forest growth (Xu et al., 2017), relatively easy and quick to 

acquire. For example, in dendroclimatology, a well-known rule of thumb for RW is that trees 

located near their latitudinal or elevational treelines are assumed to be limited by 

temperature, whereas at lower latitudes or elevations, moisture limitation becomes a more 

important driver of tree growth (Fritts, 1976). Next to the RW parameter, dendro-studies 

frequently focus on ring-density parameters as it has been shown to provide more robust 
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information of past summer temperature compared to RW, also from the sites located below 

the upper treeline (Kienast et al. 1987). Mainly, with notable exceptions, maximum latewood 

density (MXD; Figure 2) is measured, because it provides the strongest climatic signal, 

robust between-tree coherence, and small level of temporal autocorrelation (e.g., Briffa et 

al., 2001, 2004; Kirdyanov et al., 2007; Schneider et al., 2015; Konter et al., 2016; Nagavciuc 

et al., 2019). However, processing of samples for MXD measurements is time-consuming 

and, moreover, studies report offsets in the mean levels for wood density measurements 

obtained in different laboratories, emphasizing challenges of precision and accuracy 

(Chapter I). In the last two decades, the blue intensity-based parameter (BI) has been 

developed as a cheaper surrogate to the traditional X-ray densitometric technique (Chapter 

I). Instead of measuring actual wood density, the BI method measures the intensity of the 

blue light reflected from the wood of scanned conifer samples to estimate wood density (e.g., 

Björklund et al., 2014; Rydval et al. 2014; Figure 2). Similarly to MXD, the blue intensity 

(BI) method is most often applied to the latewood part of a tree ring (hereafter referred to as 

LBI), as it was proven to strongly and positively correlate with MXD for several coniferous 

tree species in Europe (e.g., Björklund et al., 2014; Kaczka et al., 2018; Reid and Wilson, 

2020). Therefore, LBI derived from tree rings of boreal trees has also been shown to strongly 

and positively correlate with summer temperature (e.g., Björklund et al., 2014, 2015; 

Chapter I). However, although the amount of LBI data is increasing, especially in Europe, 

there is still little known about LBI responses to climate in trees from temperate forests of 

Europe, where tree growth is driven by multiple climate variables (Chapters II and III). 

Similarly to wood density per se, studies report offsets in the mean levels for BI 

measurements obtained in different laboratories, emphasizing challenges of precision and 

accuracy (Chapter I). Although wood anatomical features and stable carbon and oxygen 

isotopes contain robust climate signals, the time-consuming and expensive procurement that 

requires specialized equipment prevents obtaining a large amount of data (stable isotopes: 

McCarroll and Loader, 2004; wood anatomy: Garcia-Pedrero et al., 2019; Resente et al., 

2021).  
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Figure 2. Different variables routinely measured from tree rings: (A) width, (B) maximum latewood density, 

(C) latewood blue intensity, and (D) anatomical features. Ring width, maximum latewood density, and 

latewood blue intensity are the three tree-ring parameters investigated in this dissertation. Source: (A and C) 

own, (B) Tobias Scharnweber, (D) Giulia Resente. 

1.3. Scale matters – tree growth may depend more on microsite than on 

regional climate conditions 

Tree ring records are available on all forested continents (Babst et al., 2018), making them 

useful for a variety of research contexts spanning from local to global scales. Currently, a 

growing number of studies compile tree-ring records into stand chronologies, and further 

into networks to cover regions or continents to quantify and forecast the influence of 

continued warming on forest growth (Babst et al., 2018). In general, networks are either 

examined in their entirety, or particular sites may be grouped and analyzed by species. Such 

networks are used to: characterize the spatial and temporal patterns in the relationship 

between tree growth and climate (e.g., Briffa et al., 2001; Chapters II and IV), reconstruct 
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climate variability (e.g., Esper et al., 2018), improve our knowledge and ability to model the 

impacts of future climate on forest growth (e.g., Babst et al., 2013), search for CO2 

fertilization signal (e.g., Girardin et al., 2016), or investigate tree responses to extreme 

climate events (e.g., Lévesgue et al., 2014; Chapter III) and track the recovery after them 

(e.g., Anderegg et al, 2015). In such networks, integrating tree-ring records from local to 

regional or even global scales assumes that the processes driving tree growth are relatively 

homogenous over the scale range. It means that networks are assumed to represent similar 

patterns across space (e.g., geographical region or bioclimatic space) (Babst et al., 2018). 

However, such networks are frequently based on tree-ring records collected for various 

purposes (e.g., climate reconstruction, detection of disturbance events, dating archaeological 

material), applying different sampling designs (Nehrbass-Ahles et al., 2014), or using 

different methodologies and equipment to process samples and obtain tree-ring data 

(Chapter I). Moreover, such networks consist of tree-ring data collected at various locations 

characterized by different microsite conditions (soil characteristics and topography; 

Chapters II and III) (Babst et al., 2018). Such tree-ring datasets are frequently derived from 

global databases (e.g., the International Tree Ring Data Bank; ITRDB), where additional 

information, such as microsite conditions, disturbances, etc. is insufficient. It means that 

although individual tree-ring records might contain relevant ecological and climatological 

information, it progressively diminishes when a mean site chronology is calculated from 

individual trees, and further when site chronology gets incorporated into large-scale regional 

mean (Bunn et al., 2011; Selzer et al. 2014; Babst et al., 2018). All these large-scale studies 

are meaningful as they generate knowledge about forests growth variability in response to 

macroclimate change across a large scale. However, their findings might not be transferable 

to every individual site or tree for which specific local microsite conditions might outweigh 

the importance of macroclimate as a factor driving radial growth (Fritts, 1976; Cook, 1987; 

Babst et al., 2017; Figure 1). For example, it has been reported that within-site variability 

that is driven by microsite conditions (soil characteristics and topography; Figure 1) 

influences tree growth and modulates tree responses to climate extremes and variability 

(Neuwirth et al., 2004; Chapter III). Changing proportions of trees with a specific response 

to their microsite over time might lead to non-stationary climate-growth relationships of site 

chronologies over time (e.g., Linderholm et al., 2001, 2014; Li and Yang, 2004; Leonelli et 

al., 2009; Bunn et al., 2011; Salzer et al., 2014; Düthorn et al., 2013, 2015, 2016; Chapters 

II and IV). However, although our knowledge is advancing, we still know too little about 

the effects of microsite conditions on tree growth at various locations. The studies reporting 
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microsite effects on tree growth and climate sensitivity were usually performed in mountain 

environments, where the effects of different topographical features on growth were studied 

(Li and Yang, 2004; Neuwirth et al., 2004; Leonelli et al., 2009). Moreover, in boreal forests, 

where lakeshores, riparian or peatlands sites were compared to the dry sites (Linderholm et 

al., 2001, 2014; Salzer et al., 2014; Matskovsky and Helama, 2014; Düthorn et al., 2013, 

2015, 2016). In contrast, dendroclimatological studies from different locations within coastal 

sand dunes are scarce (Tucker and Pearl, 2021), although coastal trees may provide multi-

centennial length records of the past environment (Niklasson, 2015; Tucker and Pearl, 2021; 

Chapters II and III). Therefore, filling the knowledge gaps about microsite effects on tree 

growth and tree responses to climate is one of the essential steps towards decreasing the 

probability of the misinterpretation of growth and climate sensitivity of different populations 

at a large scale. 

1.4. A case study  

1.4.1. Aims, research area, and studied species 

The overall aims of my dissertation are to advance the knowledge about tree-ring 

densitometry, tree growth, and climate sensitivity at different spatial scales. The dissertation 

is organized into four chapters.  

More specifically, the dissertation aims to: (i) review the current understanding and merits 

of wood density for tree-ring research, microdensitometric techniques, and analytical 

measurement challenges. Wood density from tree rings of Scots pine (Pinus sylvestris L.) 

from the northern boreal forest of Europe was examined (Chapter I). (ii) Investigate 

microsite effects on local and regional Scots pine ring width and latewood blue intensity 

responses to climate variability (Chapter II) and climate extremes (Chapter III) at 18 

microsites from nine coastal dune sites (each site is represented by the dune ridge and bottom 

microsites) around the south Baltic Sea region. (iii) Give a general site- and regional-scales 

overview of Scots pine, pedunculate oak (Quercus robur L.), and European beach (Fagus 

sylvatica L.) ring width responses to climate at 310 different sites within the postglacial 

lowland landscapes of the south Baltic Sea region (Chapter IV). (iv) Discuss the potential 

uncertainties and consequences that may result from integrating tree ring records from 

different (micro)sites into regional networks (Figure 3). 
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Figure 3. Overview of spatial scales investigated in the dissertation and some of the uncertainties (purple text) 

and consequences (green text) which may result from integrating tree-ring records from different (micro)sites 

into regional networks. Dark and light blue dots on both maps represent Scots pine (micro)sites studied in 

Chapters II and III. Orange figures on both maps represent Scots pine, pedunculate oak, and European beech 

sites investigated in Chapter IV. For detailed locations of the species-specific sites, see Figure 1 in Chapter 

IV. Blue and orange circles on the right map indicate the investigated regional networks with respect to 

Chapters II (light blue), III (dark blue), and IV (orange). The approach is adapted from Babst et al., (2018).  

1.4.2. Coastal sand dunes 

Coastal dunes occupy an important place at the spatial transition between terrestrial and 

marine environments (Martínez et al., 2004), providing protection to coastal land against 

waves, tides, and flooding. Coastal dunes can be found along the whole Baltic Sea coast, 

however, the most extensive dune formations are located along the coasts of Germany, 

Poland, Lithuania, and the Gulf of Riga in Latvia (Łabuz et al., 2018). Dunes of various sizes 

and morphology are formed along the Baltic Sea coast (Łabuz et al., 2018; Davidson-Arnott, 

2019). Dune size and morphology depend on the characteristics and availability of the 

sediment, dominant wind direction and velocity, moisture and vegetation, and the 

geomorphology of the nearshore and beach face (Davidson-Arnott, 2019). In general, a 

distinction can be made between dunes where vegetation is scarce or absent and impeded 

dunes that are largely fixed in place by vegetation (Figure 4; Davidson-Arnott, 2019). 

Typically, at the Baltic Sea coast, a gradual succession of plant species from grasses within 
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the foredune system followed by bushes and then forest within the dune field occurs. The 

forest’s succession plays a crucial role in increasing stabilization of the dune surface and 

improving moisture retention and nutrient availability through time and space (Łabuz et al., 

2018; Davidson-Arnott, 2019). 

Although forested dunes may be characterized by higher nutrient and moisture 

content than the foredunes (Sloss et al., 2012), these conditions differ within different parts 

of a forested dune system (Mandre et al., 2010). For example, the top of the dune ridge is 

much drier compared to the dune bottom because of intensified water evaporation due to 

greater wind and sun exposure, and water infiltration deep into the dune (Örd, 1972; Maun, 

2009; Mandre et al., 2010; Figure 4). This microsite-level complexity in growing conditions 

may be further reflected in different above-ground plant and tree species composition and 

growth rates observed at the dune ridge and bottom microsites (Figure 4). However, although 

coastal forest ecosystems are at the forefront of global change phenomena, including rising 

global temperatures, changing storm intensity and frequency, rising sea level, and growing 

anthropogenic stressors (Doody, 2013; Tucker and Pearl, 2021), coastal dendroclimatology 

studies are scarce (Tucker and Pearl, 2021). Tree-ring series from coastal dunes may give 

multi-centennial length records and provide insight into regional and local climate 

phenomena that may be distinct from inland tree-ring records of the same species (Tucker 

and Pearl, 2021). 

 
 

Figure 4. An example of a profile across a dune system showing the characteristics of the foredune system and 

relict foredune ridges. Depending on the position on a dune, coastal aboveground plants and trees can 

experience different phenomena such as roots exposure and burial by sand accumulation, episodic flooding, 

and saltwater inundation, along with salt spray carried in by strong winds.  
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2. Chapter I: Scientific Merits and Analytical Challenges of 

Tree-Ring Densitometry 

 

J. Björklund, G. von Arx, D. Nievergelt, R. Wilson, J. Van den Bulcke, B. Günther, N. 

J. Loader,  M. Rydval, P. Fonti, T. Scharnweber, L. Andreu‐Hayles, U. Büntgen, R. 

D'Arrigo, N. Davi, T. De Mil, J. Esper, H. Gärtner, J. Geary, B. E. Gunnarson, C. Hartl, 

A. Hevia, H. Song, K. Janecka, R. J. Kaczka, A. V. Kirdyanov, M. Kochbeck, Y. Liu, 

M. Meko, I. Mundo, K. Nicolussi, R. Oelkers, T. Pichler, R. Sánchez‐Salguero, L. 

Schneider, F. Schweingruber, M. Timonen, V. Trouet, J. Van Acker, A. Verstege, R. 

Villalba, M. Wilmking, and D. Frank 
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Abstract X‐ray microdensitometry on annually resolved tree‐ring samples has gained an exceptional
position in last‐millennium paleoclimatology through the maximum latewood density (MXD) parameter,
but also increasingly through other density parameters. For 50 years, X‐ray based measurement techniques
have been the de facto standard. However, studies report offsets in the mean levels for MXD measurements
derived from different laboratories, indicating challenges of accuracy and precision. Moreover, reflected
visible light‐based techniques are becoming increasingly popular, and wood anatomical techniques are
emerging as a potentially powerful pathway to extract density information at the highest resolution. Here we
review the current understanding and merits of wood density for tree‐ring research, associated
microdensitometric techniques, and analytical measurement challenges. The review is further
complemented with a careful comparison of new measurements derived at 17 laboratories, using several
different techniques. The new experiment allowed us to corroborate and refresh “long‐standing wisdom” but
also provide new insights. Key outcomes include (i) a demonstration of the need for mass/volume‐based
recalibration to accurately estimate average ring density; (ii) a substantiation of systematic differences in
MXD measurements that cautions for great care when combining density data sets for climate
reconstructions; and (iii) insights into the relevance of analytical measurement resolution in signals derived
from tree‐ring density data. Finally, we provide recommendations expected to facilitate future
inter‐comparability and interpretations for global change research.

Plain Language Summary Paleoclimatology, the study of how the climate has changed
throughout earth history, is an important component of climate change research. The wood density of tree
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rings is a widely used parameter to study past temperature changes. Despite wood density being widely used
and considered excellent for this type of research, deriving comparable measurements at different laboratories
and using a variety of techniques are proving challenging. This review compiles the current understanding
and merits of wood density as a proxy in paleoclimate research. We further describe and review
prevalent measurement techniques and associated analytical measurement challenges. The review is also
complementedwith a careful comparison of a set of newmeasurements derived at 17 laboratories, using several
different techniques. We find that there are substantial differences in measurements performed among
laboratories. The main challenge is associated with the analytical resolution when measuring small features
such as the density of the latewood. We provide recommendations for future work to overcome systematic
differences and towards the prospect of combining measurements from different techniques in integrative
studies.

1. Introduction

Polge (1978) declared that the true wood factory, that is, the cell‐producing cambium inside the bark of forest
trees, is imperfect because the characteristics of wood substantially change from year to year, and within
each growing season. This heterogeneity of wood may well be disadvantageous from a material science
perspective (Zobel & van Buijtenen, 1989) but is the very basis of discerning annual tree rings, as well as
of all interdisciplinary applications of tree‐ring research (Cook & Kairiukstis, 2013). The coherence
among sequences of ring characteristics, such as annual ring width, from nearby trees (meters to even hun-
dreds of kilometers apart) is indicative of underlying common environmental drivers of growth (Fonti et al.,
2010; Fritts, 1976; Jones et al., 2009; Vaganov et al., 2011). This coherence permits verifiable dating of
tree rings to their exact year of formation by comparing growth sequences of many neighboring trees via
a process called cross‐dating (Black et al., 2016; Stokes & Smiley, 1968). Thus, these environmentally
sensitive archives enable the understanding of ecosystem dynamical processes, both natural and
anthropogenically driven (e.g., Seidl et al., 2017), and also serve as longer term surrogates or proxies for
comparably short meteorological observations (Fritts, 1976). The significance of tree‐ring proxies for last
millennium climate change studies is clearly illustrated by the fact that tree‐ring data sets outnumber all
other proxy records, including ice cores, sediments, corals, speleothems, and documentary evidence, in glo-
bal paleoclimate databases (Emile‐Geay et al., 2017). Although the majority of tree‐ring data sets are based
upon ring width, the measurements of wood density at annual or higher (i.e., microdensitometry) resolution
play a significant role in late Holocene paleoclimatology (Briffa et al., 2004). For conifers, and particularly
those growing in cooler high‐latitude and high‐altitude environments, the density of wood tissue formed
towards the end of the growing season, maximum latewood density or simply maximum density (MXD;
Figure 1), is particularly tightly coupled (with strong positive correlations) to growing season air tempera-
ture (Schweingruber et al., 1978).

However, it is also clear that density measurements are far more complex (Schweingruber, 1988) than the
less time‐ and labor‐intensive ring‐width measurements (e.g., Briffa et al., 2002; Esper et al., 2012).
Although high coherence in the inter‐annual to long‐term variation of MXD is reproduced among various
laboratories and using various techniques, many studies report mean level offsets in MXD data (Clauson
& Wilson, 1991; De Ridder et al., 2010; Gunnarson et al., 2011; Ivkovich & Koshy, 1997; Kaczka et al.,
2018; Klesse et al., 2015; Mannes et al., 2007; Melvin et al., 2013; Park & Telewski, 1993). Such offsets indi-
cate challenges of accurately and precisely measuring and/or consistently defining and quantifying wood
density. The accuracy and precision of density parameters are not only vital when used directly (e.g.,
g/cm3) for purposes such as biomass estimations (e.g., Babst, Bouriaud, et al., 2014; Bouriaud et al., 2015;
Vannoppen et al., 2018). But it is also necessary to address and correct for systematic bias when using density
parameters as climate proxies. In this sense, it is well recognized that mixing MXD data with different mean
levels due to measurement idiosyncrasies can negatively impact the reliability of climate reconstructions
(Esper et al., 2014; Gunnarson et al., 2011; Klesse et al., 2015; Melvin et al., 2013; Zhang et al., 2015).

With an increasing demand for high‐quality wood density data to study environmental change (e.g.,
Anchukaitis et al., 2017; Wilson et al., 2016), compounded by a growing body of research documenting
measurement inconsistencies, it is now a timely and necessary endeavor to review the accumulated
state‐of‐the‐art knowledge and to empirically examine and review how wood density measurements are
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reproduced using various techniques in various laboratories. The review is focused on the application of
density measurements on conifer tree rings in paleoclimatology because wood density measurements of
deciduous trees have to date not been widely used nor shown great promise. In section 2, we consolidate
and discuss the current theoretical understanding and the basic application of microdensitometry on wood,
including the associated scientific merits and analytical challenges. Section 3; is dedicated to a description of
the primary, and currently applied, microdensitometric techniques. Section 4 comprises a full‐scale;
intercomparison experiment of microdensitometric measurements, conducted across a representative range
of techniques and laboratories. The fifth and final section is dedicated to a synthesis of the empirical
findings of section 4 in the context of existing knowledge and technique idiosyncrasies, along with some
recommendations for future work.

2. Current Understanding of Wood Density in Tree Rings

“The concept of density is deceptively simple. Measurements of the physical characteristics of weight and
volume of a body would seem to be among the easiest physical parameters to describe. In reality, for a por-
ous, hygroscopic, polymeric material such as wood the measurement of one of these parameters – the
volume component – is extremely controversial.” Kellogg and Wangaard (1969)

Figure 1. The concept of deriving microdensitometric data on a digitized X‐ray radiograph of a Pinus sylvestris sample
from Northern Finland. In (a) a photo sensor is moved from left to right in the X‐ray radiograph (from pith to bark
along the radial axis) producing two measurement profiles in (b). The difference between the measurement profiles is the
sensor aperture. The red profile displays the result of using a narrow aperture and the blue line a wide aperture, that is,
high and low measurement resolutions, respectively. From the measurement profiles and annual ring demarcations,
maximum density (MXD), the highest value for every ring (year) can be derived. Similarly,
minimum density (MND) is the lowest value per ring. Ring density is the average density integrated over the entire ring.
Extracted MXD values at high and low measurement resolutions illustrate the potential distortion effect on the inter‐
annual variability. The horizontal solid white lines in (a) denote the tangential sensor‐width, and the photo‐sensor
aperture is illustrated with the various thicknesses of the vertical dotted white lines. The sensor is ideally moved across
ring boundaries at an obliquity of 0° compared to the ring boundary. The obliquity is the angle offset of the photo sensor
with regard to each passed ring boundary, illustrated with the three differently angled dotted white lines in (a).
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As researchers have long struggled with direct densitometry based on measurements of mass/volume of
wood, it should come as no surprise that indirect determinations of density at minute scales (on tree ring
or sub‐ring level) using microdensitometric approaches also are associated with significant challenges.

2.1. Defining Density in Tree Rings

When studying environmental change with tree rings, it is essential that the measured characteristics—such
as density—are absolutely bound to each specific annual ring. Mobile compounds in the wood such as water
or resins that also have an effect on wood density do not belong to one particular ring and are preferably
removed or kept constant (Lenz et al., 1976; Schweingruber, 1988; Schweingruber et al., 1978). Wood density
in a tree‐ring context is ideally a function of the woody tissue or xylem (Figure 2), where the tracheid cell
(also referred to as fiber or grain) should be considered the base unit.

The tracheid is the major component of the conifer xylem and is developed in a few defined stages: cell divi-
sion, cell expansion (axial elongation and radial enlargement), cell wall thickening (involving cellulose,
hemicelluloses, cell wall proteins, and lignin biosynthesis and deposition), and programmed cell death
(Plomion et al., 2001). The mature tracheids provide both a hydraulic system for water conductance and pri-
mary mechanical support for the tree (Tyree & Zimmermann, 2002). With this single cell type, the tracheid
anatomy varies continuously to accommodate both of these functions (Lachenbruch & McCulloh, 2014).
Within a growing season, trees first produce large and thin‐walled tracheids. As the season progresses, cells
gradually become smaller and thicker walled. This change in cell characteristic is often regarded to reflect
the functional switch from optimizing the hydraulic performance (earlywood) to the mechanical support
(latewood) of the xylem (Lachenbruch & McCulloh, 2014; Rossi et al., 2006; Wodzicki, 1971). There is
considerable debate about how this intra‐seasonal (i.e., within a single ring) change in xylem morphology
is organized. Some advocate that it is actively/genetically driven by a need for reinforcement of the tree struc-
ture by latewood tissue (Bowyer et al., 2003; Brown et al., 1949; Gartner, 1995; Hannrup et al., 2007; Sperry
et al., 2006; Yasue et al., 2000; Zobel & van Buijtenen, 1989), while others advocate that it is
passively/environmentally driven by a reduced need and/or availability of water later in the season
(reduced radial cell expansion from lowered turgor pressure) that manifests itself as latewood (Antonova
& Stasova, 1997; Hansen et al., 1997; Moehring et al., 1975; Olano et al., 2014; Petit & Crivellaro, 2014;
Plomion et al., 2001; Simard et al., 2013; Uggla et al., 2001). Regardless, it appears that the more modest

Figure 2. Rendering of a small piece of a Pinus sylvestris wood sample (image, property of UGCT—UGent‐
Woodlab, captured with the Nanowood, X‐ray CT scanner at 0.65‐μm resolution (Dierick et al., 2014; Van den Bulcke
et al., 2009)). The figure indicates important directions in the wood and illustrates the typical morphology of tracheid cells
constituting the xylem. Note that the tracheid cells are axially elongated and that the radial dimension of the tracheid
determines whether the xylem is classified as earlywood or latewood. The abrupt change from smaller radial dimension
tracheids to larger indicates the tree‐ring boundary between two growing seasons. The empty space within each tracheid is
called lumen or plur. lumina. A single row of cells along the radial direction in the xylem is often referred to as a radial file.
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year‐to‐year (i.e., inter‐annual) variability in tracheid dimensions of both earlywood and latewood compo-
nents is mainly driven by external environmental influences (Bryukhanova & Fonti, 2013; Fonti &
Jansen, 2012; Pritzkow et al., 2014).

The density of the xylem is first determined by the tracheid dimensions including the size of the cell, the
thickness of the wall, where the anatomical density is defined as the proportion of cell wall per tracheid
for the tracheids of interest (Polge, 1978; Rathgeber et al., 2006; Vaganov et al., 2006; Wimmer, 1995). The
density is further modulated by the density variations of the solid cell wall stemming from the molecular
composition of the tracheids, that is, the relative abundance of the three macromolecular classes: cellulose,
hemicelluloses, and lignin (Lachenbruch & McCulloh, 2014; Savidge, 2003). To the first order the cell wall
density is found to be more or less constant among tree species at ~1.5 g/cm3 (Kellogg et al., 1975; Kellogg
& Wangaard, 1969; Siau, 1984; Stamm & Sanders, 1966). The cell wall density also appears to play a minor
role in determining density variation from earlywood to latewood (Decoux et al., 2004). Hence, the variabil-
ity of wood density must primarily be determined by changes in anatomical dimensions (Elliott & Brook,
1967; Jagels & Telewski, 1990; Polge, 1978; Tsoumis, 1964). Within a tree ring, density increases from early-
wood to latewood, mainly as a function of diminishing sizes of tracheids as the wall area per cell varies mod-
estly within an annual ring (e.g., Cuny et al., 2014; Rathgeber et al., 2006). From 1 year to the next, variations
of earlywood density are also mainly controlled by variation in tracheid sizes (Björklund et al., 2017; Yasue
et al., 2000), while latewood density fluctuations have mainly been attributed to variations in the amount of
deposited cell‐wall material (Vaganov et al., 2006; Wang et al., 2002; Yasue et al., 2000). A complex interplay
between tracheid size and cell‐wall material, however, has also been identified and proposed (Björklund
et al., 2017).

2.2. Environmental Relationship and Associated Scientific Merits of Tree‐Ring Density

In temperature‐limited environments, the density of the latewood and thus the MXD parameter are tightly
correlated with growing season air temperature. While high temperatures result in both larger cells and
more deposited cell wall material, the MXD exhibits a net increase (Björklund et al., 2017). The cell dimen-
sions that drive earlywood density variation are also controlled by growing season temperature, but because
variations in deposited cell wall material is secondary to earlywood cell enlargement variations, high tem-
peratures mainly mean larger cells and thus lower density (Björklund et al., 2017). Likewise, in drought
prone environments, dry years appear to have a negative effect on earlywood cell enlargement and to yield
high density (Camarero et al., 2014; Camarero et al., 2017). Latewood density appears to modestly increase in
wet years (Cleaveland, 1986), most likely due to increased deposition in the cell wall, but this has not been
explicitly studied. Interestingly, this robust earlywood and latewood dichotomy of Northern Hemisphere
conifers does not generally apply to Australasian conifers where earlywood and latewood densities are both
negatively influenced by increased temperatures (Drew et al., 2012; O'Donnell et al., 2016). Drew et al. (2012)
suggest that for Australasian conifers, increased temperatures reduce the duration of the wall thickening
leading to a net decrease in latewood density.

The most important direct application of the prominent link between wood density and climate is realized
through high‐quality growing season air temperature reconstructions using theMXD parameter of Northern
Hemisphere conifers (e.g., Esper et al., 2018). The benefits of using MXD compared to ring width are numer-
ous and substantial enough to outweigh the greater costs including time associated with these measure-
ments. The strong positive association between year‐to‐year MXD and temperature variation often include
the warmer half of the year, a substantially longer period than for ring width (e.g., Anchukaitis et al.,
2017; Björklund et al., 2017; Briffa et al., 2002, 2004; Frank & Esper, 2005; Wilson et al., 2016). The latitudinal
and altitudinal temperature response space is greater for MXD than for ring width, where MXD displays a
significant positive response in many areas where ring widths do not (Björklund et al., 2017). In addition
to this, MXD measurements are less susceptible than ring width to some types of non‐climatic noise, such
as large‐scale disturbances (Rydval et al., 2018). Ring width has been shown to exhibit muted short‐term
responses to extreme events and exaggerated decadal to centennial scale fluctuations compared to instru-
mental records (Franke et al., 2013) and climate model simulations (Franke et al., 2013; Schneider et al.,
2015; Wilson et al., 2016). MXD has been shown to be superior when assessing short‐term climate perturba-
tions from volcanic eruptions (Anchukaitis et al., 2012; D'Arrigo et al., 2013; Esper et al., 2015; Frank et al.,
2007; Jones et al., 1995; Stoffel et al., 2015). However, Battipaglia et al. (2010) note that MXD may be less
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faithful to warm extremes than cold extremes. MXD appears to be less affected by amplified reactions to
environmental variability, that is, short‐term climatic perturbations invoke muted responses in ring width,
but also a lagged recovery to normal growth when the perturbation has ended (so‐called biological memory
effects; Esper et al., 2015; Fritts, 1976). Moreover, in contrast to ring width, MXD has been advocated to bet-
ter represent millennial‐scale variability (Esper et al., 2012), but more long‐term studies are needed to firmly
establish this. Considering these merits, MXD is increasingly the preferred or sole parameter for large‐scale
temperature reconstructions (e.g., Briffa et al., 2002; Schneider et al., 2015). In large‐scale temperature
reconstructions based on both MXD and ring width, MXD is often the stronger explanatory variable and car-
ries more weight (e.g., Anchukaitis et al., 2017; Esper et al., 2018; Guillet et al., 2017; Stoffel et al., 2015;
Wilson et al., 2016).

Whereas MXD provides superior information about growing season temperature than ring width, further
densitometric‐based tree‐ring parameters are also measured and may improve the skill of a reconstruction
(Cleaveland, 1986; Schweingruber et al., 1978). The density of the wood formed at the start of the growing
season, in particular the minimum density of the earlywood (Figure 1), has been shown to be sensitive to
water availability in drought‐prone environments (Camarero et al., 2014; Camarero et al., 2017;
Cleaveland, 1986). The minimum density parameter, when subtracted from the MXD parameter, creates a
new parameter (i.e., “delta density”), which has been shown to express stronger correlations with tempera-
ture with improved fidelity of multi‐centennial scale variability (Björklund, 2014). The density integrated
over the entire ring, ring density, is useful for carbon cycle research (Babst, Alexander, et al., 2014), with spe-
cific equations relating wood dimensional measurements to carbon quantities (Babst, Bouriaud, et al., 2014;
Bouriaud et al., 2015). Interestingly, failing to consider ring density can lead to overestimation of long‐term
trends of aboveground biomass increment for species such as beech (Fagus sylvatica), but underestimations
for oak (Quercus petraea; Vannoppen et al., 2018). Density measurements can thus improve estimates of ter-
restrial carbon fluxes—one of the most important challenges in environmental science (Baker et al., 2004)—
as well as help explain ecological strategies of trees by evaluating life history trends in density (Nock et al.,
2009; Woodcock & Shier, 2002). Moreover, the earlywood to latewood dynamics of ring density profiles
(Figure 1) can also be used as proxies of adaptive traits linked to resistance to drought (Britez et al., 2014).

2.3. The Basics of X‐ray Based Microdensitometry of Tree Rings

Early on, various radiation, light, electrical, and mechanical techniques were developed to study the density
of tree rings (Cameron et al., 1959; Green, 1965; Green & Worrall, 1964; Harris, 1969; Marian & Stumbo,
1960), but the most prevalent approach is based on X‐ray radiation, pioneered by Polge (1963, 1965a,
1965b, 1966, 1970), Fletcher and Hughes (1970), and Parker and Henoch (1971). Both Polge (1966) and
Parker and Henoch (1971) correlated MXD chronologies with climate variables with promising results. A
few years later, Ernst Schär and Fritz Schweingruber (Swiss Federal Institute of Forest, Snow and
Landscape WSL) started the development of a measurement technology from modified commercial compo-
nents that by the mid‐1970s was operational (Lenz et al., 1976). Using this device and later commercial
updates, Fritz Schweingruber and coworkers created a database of wood density time series covering wide
areas of North America, most of Europe, and transects across the Eurasian Northern boreal zone (Briffa
et al., 1998; Briffa et al., 2002; Schweingruber et al., 1988; Schweingruber et al., 1993; Schweingruber &
Briffa, 1996). This network constitutes the beginning for MXD, as the state‐of‐the‐art parameter of current
tree‐ring based temperature reconstructions. Subsequently, a great number of devices for measuring wood
density have been developed, where some are more successful than others in their longevity and acceptance
within the research community.

The first stage in X‐ray densitometry is to produce an X‐radiograph of a transversal cross section of wood.
The transversal section provides an axial view of tracheids forming tree rings (Figure 2). This is achieved
by transmitting X‐ray radiation through the wood section onto a sheet of X‐ray sensitive film (e.g., Parker
& Jozsa, 1973; Polge, 1963, 1966) or using an electronic detector (e.g., Cown & Clement, 1983; Woods &
Lawhon, 1974). Alongside the wood sample, a material standard with a known density and attenuation
properties of X‐ray radiation similar to the cell walls of wood is exposed. This reference standard material
is designed as a stepped wedge of different thicknesses, that is, variable optical depths (Parker et al., 1985)
enabling a range of transmissions to be related to the reference material (Figure 3a).
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Note that a radial cross section of wood is, in contrast to the standard material, not a homogeneous material,
at the spatial scales of relevance, but rather a mesh of cell walls and cell voids called lumina (Figure 2).X‐rays
are distributed in a cone‐shaped fashion from the source, and when the X‐rays penetrate the mesh, image
distortion of the internal structure will occur where the rays are non‐perpendicular to the surface of the sam-
ple (Figure 3b). Thus the microstructure will only appear sharp in the radiographs if the X‐rays are parallel

Figure 3. (a) A stepped calibration wedge constructed from a reference material of known density used to refer all the
brightness values of the X‐radiograph of the wood sample to a density scale. (b) The concept of internal image distor-
tion (parallax) in X‐ray images, note that the conical beam 2‐D representation of the objects become more distorted when
the X‐rays are increasingly less parallel. (c) The assumption of direct comparability between homogenous
and heterogeneous materials in X‐ray densitometry. While the two objects have the same density, their spatial config-
uration causes a difference in the detected transmission.
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with the fiber direction (e.g., Bergsten et al., 2001; Lenz et al., 1976). However, transmitting parallel X‐rays
through meshed structures may induce incorrect estimates of its density. This is because the relationships
between wood density and the transmission of X‐rays are different for homogenous and heterogeneous
materials (Moschler & Winistorfer, 1990). In fact, it can numerically be shown that the sum of detected
radiation will be larger if transmitted through a material where the solid material is parallel structured with
the beams, compared to if the material is organized orthogonally (see Figure 3c for a conceptual example).
Even though this bias may be relevant, there is a tendency within the microdensitometry community to
prioritize sharpness of the microstructure (Vaganov et al., 2006).

In order for the X‐rays to be as close to parallel to the fiber angle upon exposure as possible, the X‐ray source
is placed at a far distance from the samples (a few meters), or by passing the X‐rays through a collimator that
focuses the emitted rays into a narrower beam. The images of the sample and the standard are then projected
in a densitometer (a device that measures brightness of the radiograph) or displayed on a computer screen.
By comparing the wood samples' brightness (grey‐scale) values with the brightness values for the co‐assessed
standard of known density, spatially variable wood densities within the sample image can be obtained. The
output is often presented as a radial measurement profile with the y‐axis representing fluctuations in density
and the x‐axis representing the radial extension of the sample (Figure 1).

To ensure consistent measurements, there are a few aspects that need further elaboration. By definition, the
transmittance of a sample material is related to its optical depth and to its opacity or attenuation of X‐ray
radiation. The optical depth of the sample is controlled by preparing thin wood strips, or laths, of
near‐even thickness using a twin‐blade saw (Kusec, 1972) or microtome (Thetford et al., 1991). Due to var-
iations in wood moisture content, saw blade temperature changes etc. that can affect the volume of the sam-
ple and/or the saw blades the resulting sample thicknesses aremeasured with a caliper and documented on a
sample‐by‐sample basis (Parker et al., 1985). It is critical that the saw cut is performed perpendicular to the
fiber direction because any deviation to this will affect the clarity of the image and thus the final
density profile (Lenz et al., 1976). The fiber direction can vary substantially throughout the same sample.
Thus, several cuts are often made to ensure adequately consistent fiber orientation for all parts of the sample
(Vaganov et al., 2006).

The X‐ray opacity of wood is dependent on the attenuation coefficient, associated with themolecular compo-
sition of the xylem cell walls, but also to some degree on mobile compounds (so‐called extractives; Bergsten
et al., 2001; Helama et al., 2012; Helama et al., 2010; Kanowski & Wright, 1985; Lloyd, 1978; Schweingruber
et al., 1978), and moisture content (Schweingruber et al., 1978). The material standard (of similar mixing
ratios of lignin, cellulose, and hemicellulose as wood) is invalid for resins, crystals, metallic inclusions, and
so on. This is because these compounds have potentially different X‐ray interactions (Schweingruber et al.,
1978). Because these extractives can change appreciably along a tree‐ring sequence (e.g., heartwood to sap-
wood), removal of these extractives is highly recommended. The extractives may be removed from the wood
by use of solvents, without changing the cellular structural characteristics (Pereira et al., 2003). Samples can
be boiled in water to remove hydrophilic compounds such as phenols and tannins and refluxed in alcohol,
benzene, acetone, or toluene to remove lipophilic substances such as resins or oils (Parker et al., 1985).
The complete (i.e., 100%) removal of these compounds is difficult to achieve.

Water is strongly opaque to low energy X‐rays, and furthermore changes the volume and density of wood
(Bergsten et al., 2001; Williamson & Wiemann, 2010). Ideally, wood samples should thus be X‐rayed in an
oven‐dry state. However, related technical difficulties have resulted in a standard procedure where moisture
content is kept relatively constant by placing the X‐ray device in an acclimatized room. This means that
established measurement technical definitions for gravimetric/volumetric density, such as “basic density”
(Elliott, 1970) or “dry wood density” (Zobel & van Buijtenen, 1989), are not directly comparable to com-
monly produced microdensitometric measurements. For microdensitometry, the specification behind the
density unit (e.g., g/cm3) is a wood sample conditioned to a defined relative humidity (usually 40–60%
depending on the laboratory) at a specified temperature (usually 20–23 °C, also depending on the labora-
tory), corresponding to a moisture content of roughly 10% by weight during radiography (Lenz et al.,
1976). For “basic density” and “dry wood density,” the wood is either oven dried or air‐dried prior to gravi-
metric determination, whereas the volume is determined on fresh samples when water is not removed (so‐
called “green volume”).
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2.4. The Challenges of Analytical Scale for Microdensitometric Measurements

The purpose of microdensitometry for, for example, dendroclimatology is to produce consecutive measure-
ments of density at ring or sub‐ring level, such as density of the earlywood or latewood, or the minimum
or maximum density per ring (Figure 1). Because X‐ray microdensitometry is indirectly measured through
detected light transmission, it is fundamental to cross‐validate the performance by comparing with basic,
yet accurate, mass/volume‐based density measurements. Experiments involving the production of intra‐ring
gravimetric/volumetric density measurements with serial tangential wood shavings (using a microtome) have
been conducted (Ifju et al., 1965; Kennedy, 1966), but this is a rather imprecise approach because determina-
tion of volume is unreliable for small samples (Kellogg & Wangaard, 1969; Mothe et al., 1998), and moreover
it is tremendously tedious. Microdensitometry is therefore cross‐validated by comparing integrated measure-
ments of X‐ray density from full samples that can be easily volumetrically determined (e.g., Bergsten et al.,
2001; De Ridder et al., 2010; Evans, 1994; Lenz et al., 1976). Full samples often comprise multiple decades
of rings and >1 cm3 of wood volume. Upon comparison it is important that mass/volume‐based density is
determined under similar acclimatization conditions as prevalent during the X‐ray exposure. It can be
demonstrated that, using the appropriate precautions, X‐ray microdensitometric measurements precisely
(Vaganov et al., 2006), but not necessarily accurately (Lenz et al., 1976), reproduce those obtained
gravimetrically/volumetrically. That is, the measurement noise level is low, but there could be a systematic
mean level bias. In fact, Lenz et al. (1976) formulated the hypothesis that observed differences could be a pro-
duct of the chemical differences between the tracheid wall and the material standard and proposed a set of
correction factors for different types of wood species. However, the discrepancy could also be attributed to
the heterogeneity of wood as a material compared to the homogenous material standard (sensu Moschler
& Winistorfer, 1990). In that case, the differently configured mesh structure of earlywood and latewood, as
well as the different earlywood and latewood percentages and morphologies of different conifer genera
(Schweingruber et al., 2011) should prompt the use of different correction factors rather than the chemical
difference of the materials.

Even if a perfect cross‐validation of full sample density was possible, the fact that maximum, minimum, ear-
lywood, and latewood density parameters are not directly validated is indicative of further challenges with
regard to the analytical scale of measurements. It is often stated in the literature that minimum and maxi-
mum density are completely dependent of measurement resolution (Evans, 1994; Lenz et al., 1976; Parker
et al., 1985; Polge, 1978; Vaganov et al., 2006). Jacquin et al. (2017) contemplates that even if “separate
devices provide about the same densities on average, one might suspect that density extrema and variance
are more sensitive to the measuring method.” Thus, the selected literature conveys the impression that we
should not expect to obtain comparable MXDmeasurements using different techniques if they differ in mea-
surement resolution. To the best of our knowledge, this has not been rigorously assessed prior to the current
review and comparative investigation.

The MXD parameter, which is often of particular interest to dendroclimatologists, may, on the anatomical
scale, be a function of only one or two latewood tracheids in the radial direction within a tree ring
(Vaganov et al., 2006). Thus, to faithfully represent the MXD of every ring, a spatial resolution of ≤10 μm
would be needed because this is the typical size of a latewood tracheid in the radial direction (Vaganov
et al., 2006). For most current techniques, the MXD parameter is extracted from a measurement profile pro-
duced by a photo sensor traversing across a tree‐ring sample (see Figure 1). If the spatial resolution were
coarser than 10 μm, the amplitude of the profile, moving from minimum to maximum density within a tree
ring, would be proportionally suppressed. The measurement resolution is in theory dependent on the aper-
ture of the slit width of the photo sensor (Evans, 1994; Lenz et al., 1976; Polge, 1978; Schweingruber et al.,
1978) but is in practice also dependent on the photo sensor being held parallel to the ring boundaries during
measurement (Evans, 1994; Lenz et al., 1976; Park & Telewski, 1993; Schweingruber, 1988; Schweingruber
et al., 1978; Vaganov et al., 2006; van den Bulcke et al., 2014). A blurred radiograph may further limit the
potential to obtain a measurement resolution determined by the slit width.

As discussed previously, the sharpness of the radiograph depends on the extent of parallax, the distortion of
the internal structure of the object that arises when the X‐rays from a point source diverge and penetrate the
wood at non‐orthogonal beam angles to the sample surface (Jacquin et al., 2017; Parker et al., 1985). Since
the parallax problem is mitigated at the design phase of each measurement system, the more important
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factor likely is high‐precision sample preparation to ensure that tracheid angles match the incidence of the
X‐rays (Lenz et al., 1976). The impact of all these features on a specific measurement profile, henceforth col-
lectively referred to as apparent measurement resolution, can conceptually be illustrated by using an
increasingly wider sensor aperture on a sharp radiograph, where wider aperture corresponds to reduced
measurement resolution (Figure 1). Conceptually demonstrated in Jacquin et al. (2017) and empirically
demonstrated in Lenz et al. (1976) and Helama et al. (2012) and illustrated in Figure 1, it is clear that density
maxima in particular, but also minima, are affected by apparent measurement resolution. Notably, a
reduced apparent measurement resolution results in a deflated profile with systematically lower mean levels
of MXD. Even more noteworthy is that the narrow ring profiles become relatively more deflated than wide
ring profiles, and this can in special cases alter the inter‐annual direction of change or ranking of MXD
values (Figure 1) and likely also affect the overall variance. Moreover, because narrower rings are often
non‐randomly distributed in time with respect to wider rings, due primarily to so‐called biological growth
trends (Fritts, 1976) or low‐frequency environmental changes, MXD measurements from techniques with
differing apparent measurement resolution could also potentially attain measurement‐derived differences
in long‐term trends (Helama et al., 2012).

3. Primary and Currently Applied Microdensitometric Techniques

Following the early work on microdensitometry, continuing research has led to numerous alterative mea-
surement systems and techniques: Walesch electronics (Eschbach et al., 1995), Itrax multiscanner
(Bergsten et al., 2001), SilviScan (Evans, 1994), high‐frequency densitometry (Schinker et al., 2003), resisto-
graph (Rinn, 1996), radiography on microtome sections (Telewski et al., 1986), 3D X‐ray computed tomogra-
phy (Dierick et al., 2014), neutron imaging (Mannes et al., 2007), anatomical relative density (Decoux et al.,
2004), visible light reflectance (e.g., Clauson & Wilson, 1991; Jagels & Telewski, 1990; Sheppard et al., 1996;
Thetford et al., 1991), blue light reflectance (McCarroll et al., 2002), Tetrahertz pulse imaging (Jackson et al.,
2009), and laser‐sandblasting of wood surfaces (Lesnino, 1994). In this chapter we provide a background for
the development rationale, current use, brief technical specifications, and required sample preparations for
the primary and most promising microdensitometric techniques in the present era.

3.1. X‐ray Techniques
3.1.1. The DENDRO2003—WALESCH Electronic GmbH
The DENDRO2003 X‐ray microdensitometer is the third generation of densitometers developed by
WALESCH Electronic GmbH (Switzerland), where the first generation was introduced in the beginning
of the 1990's in cooperation with WSL (Eschbach et al., 1995). There are currently 14 devices in the world.
The device is largely based on the early versions of densitometry technology developed by Fritz
Schweingruber and coworkers at WSL. Since the development of the vast data network created at WSL,
the Walesch technique has continued to be used predominantly for temperature reconstructions and
interpretations thereof, including millennial length (e.g., Briffa et al., 1990, 1992; Büntgen et al., 2006;
Esper et al., 2012; Klippel et al., 2018; Luckman&Wilson, 2005) andmulti‐centennial length reconstructions
(e.g., Anchukaitis et al., 2013; Büntgen et al., 2008, 2011, 2017; Chen et al., 2012; Davi et al., 2003; Klesse
et al., 2015; Luckman et al., 1997; Sun et al., 2012; Yuan et al., 2013), studies of climate growth relationships
(e.g., Briffa et al., 2002; Büntgen et al., 2010, 2007; Düthorn et al., 2016; Levanič et al., 2009; Trouet et al.,
2012) or comparing alternative techniques in a climate reconstruction context (e.g., Kaczka et al., 2018;
Mannes et al., 2007; McCarroll et al., 2002; Wang et al., 2002; Wilson et al., 2014).

Each sample (e.g., chemically extracted ≥5‐mm increment cores) is usually cut into short segments (e.g., typi-
cally 5 cmor shorter) depending on local deviations of fiber direction and affixed towoodenmounting blocks at
a fiber‐angle orthogonal to the saw blades. The fiber angle is determined with the aid of a crosshair under a
microscope. The samples are usually cut with a twin‐blade saw to an axial thickness of 1.2 mm. The thickness
of each sample ismeasured and recorded using a dial gauge and the value is included in the density transforma-
tion offilmbrightness values into density. A stationary soft X‐ray source, located in a roomwith controlled tem-
perature and relative humidity (usually 50% RH at 20 °C), is used to expose the samples placed on a cassette
with an X‐ray sensitive film. Very fine‐grained and high‐contrast technical X‐ray films are used, such as the
Kodak Industrex MX125 with a dimension of approximately 20 × 30 cm. Because the focal spot of the X‐ray
beam is uncontrolled, and all samples are exposed continuously, the X‐ray source is placed 1.5–3 m away to
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mitigate parallax. A material standard, a calibration step‐wedge of either cellulose acetate (ρ = 1.27 g/cm3) or
cellulose propionate (ρ = 1.24 g/cm3) is placed among the samples on the cassette. After exposure, the film is
chemically developed preferably with an automatic processor under standardized conditions (e.g., with an X‐
O‐Mat for 90 s). Before starting the measurement procedure on a developed film, the DENDRO2003 densit-
ometer is calibrated using brightness values from five fields of different thickness on the calibration step‐wedge
(Figure 3a). Because of the hypothesized mismatch in chemistry of the tracheid wall and the step‐wedge,
empirically obtained correction factors are used (different factors for different species; Lenz et al., 1976).

On the display projector of the densitometer, a photo sensor divided into seven segments is used to analyze the
brightness of the film. Themeasurement dimension of the photo sensor depends on themagnification used but
is usually operated at the highest magnification, where the radial extension of the sensor is 10 μm, and each
sensor is 0.14 mm in the tangential direction. Each segment can independently be switched on or off. For nar-
row rings, fewer photocells and larger projector magnification tend to be used, leading to a variable measure-
ment resolution within most samples. Projected on the display, the developed negative is moved across the
photo sensor and a density value is recorded every 10 μm building up a measurement profile segmented with
annual boundaries. A pedagogic cartoon of the entire process is provided in Schweingruber (1988).
3.1.2. The Itrax Multiscanner
The Itrax multiscanner by Cox Analytical Systems (Sweden) was mainly, but not exclusively, developed for
wood samples—the functionality permits the analysis of speleothems and other small flat samples and addi-
tionally offers information about chemical composition of the samples when equipped with an X‐ray fluor-
escence detector (Hevia et al., 2018; Scharnweber et al., 2016). Available since 2004, an increasing number of
laboratories (at present 15) have used the Itrax multiscanner to produce density data for a number of den-
droecological and/or dendroclimatological studies (e.g., Björklund et al., 2015; Björklund et al., 2013;
Cameron et al., 2015; Duan & Zhang, 2014; Gunnarson et al., 2011; Gunnarson et al., 2012; Helama et al.,
2014; Liang et al., 2016; Linderholm et al., 2015; Melvin et al., 2013; McCarroll et al., 2013; Xing et al.,
2014; Zhang et al., 2015, 2016). Many of these studies combine new or updated measurements with pre-
viously published MXD data acquired by other analytical techniques such as the Walesch technique.
Further dendrochronological applications of the Itrax multiscanner include studies on tropical wood
(Haines et al., 2018), reconstructions of salmon abundance (Starheim et al., 2013), glacier mass balances
(Wood et al., 2011; Wood & Smith, 2013), or studies comparing X‐ray based wood density of the Itrax with
data obtained with the Walesch technique (Helama et al., 2012), wood density surrogates derived with blue
intensity (BI) techniques (Björklund et al., 2014; Campbell et al., 2007; Rydval et al., 2014), and wood ana-
tomical parameters (Pritzkow et al., 2014). A reference list of studies using the Itrax multiscanner can be
downloaded from the manufacturer's website (http://www.coxsys.se/).

Sample preparation for microdensitometric measurements on wood with the multiscanner largely follows
the same protocol as with the Walesch technique, but 10‐ to 12‐mm diameter core samples are more often
used, due to the sample holder design. The multiscanner is equipped with an X‐ray source that produces soft
high intensity X‐rays, emitted as a flattened cone beam located at a short distance from the samples
(Bergsten et al., 2001). The transmitted radiation is passed through a slit (10‐ to 20‐μm aperture) and digitally
detected by an array sensor. The wood samples are positioned in a vertical sample holder that is moved in
stepwise short (10 μm) distances relative to the fixed X‐ray source. The small focal spot and the short distance
between sample and beam ensure that the beams are close to parallel with the fiber angle throughout the
wood sample. However, as mentioned above, when transmitting perfectly parallel X‐rays to produce sharp
radiographic images, this approach tends to yield compromised density values (Moschler & Winistorfer,
1990). The developer has addressed this by using the flattened X‐ray cone beam. Consider that the density
fluctuations of interest in dendrochronology are radially directed, that is, across ring boundaries, whereas
density is not expected to vary much in the tangential direction, along ring boundaries (Bergsten et al.,
2001). When exposing the wood sample with a radially flattened cone beam, the ray direction will be very
close to parallel with the tracheids in the radial direction, while being nonparallel with the tracheids in
the tangential direction. This allows for most of the rays to pass through cell wall and avoids direct transmis-
sion through the empty space of the lumina, making the woodmaterial more homogenous. Theoretically the
resolution and sharpness of the radiograph will be highest in the radial direction where it matters most and
lower in the tangential direction where it is of little consequence. The sensitivity of preparing samples' fiber
angles is reduced in the tangential direction but still critical in the radial direction. By stepwise moving the

10.1029/2019RG000642Reviews of Geophysics

BJÖRKLUND ET AL. 1234

http://www.coxsys.se/


sample relative to the X‐ray source and detector, entire radiographic images are built up by successively add-
ing line by line. By using a thin slit between the object and the array sensor, the geometric aberration and the
contribution of scattered radiation can be reduced to practically zero in the radial direction. The 16 bit radio-
graphs are then calibrated to densities using a simultaneously scanned material standard with steps of vary-
ing thickness, usually cellulose acetate or acrylic (poly(methyl methacrylate); ρ = 1.18 g/cm3). Density
profiles are then commonly produced and analyzed in WinDendro™ (Campbell et al., 2011; Guay et al.,
1992), using a predetermined analysis track‐width for each sample (commonly 1mm). The digital sensor line
within the WinDendro software can be adjusted to match the ring boundary, but if the ring boundaries are
curved or slightly oblique to the plane of the flattened cone beam in the X‐ray phase, the divergent radiation
will cause optical aberrations also in the radial direction (Moschler & Winistorfer, 1990) and reduce the
apparent radial sample resolution of the radiograph.
3.1.3. The Nanowood 3D X‐ray Computed Tomography
The Nanowood X‐ray CT scanner is developed and built by the Radiation Physics group (Prof. Luc Van
Hoorebeke and Prof. Matthieu Boone) of the UGCT (University Ghent Centre for X‐ray Tomography,
Belgium) and was installed at UGent‐Woodlab in 2010. The system was mainly developed for noninvasive
research on wood and wood‐based materials. In recent years, several papers have been published which
make use of tree‐ring data, ring‐width series, and/or density profiles, measured on 3D scanned increment
cores (e.g., de Groote et al., 2018; Maes et al., 2017; Vanhellemont et al., 2019; Vannoppen et al., 2017;
Vannoppen et al., 2018). The use of the Nanowood system for the purpose of tree‐ring analysis was first
reported in De Ridder et al. (2010), where the original principles of 3D densitometry are highlighted and
the proof of concept is validated in terms of accuracy compared to conventional density measurements, that
is, gravimetric/volumetric measurements. This was further elaborated on in van den Bulcke et al. (2014),
introducing a software toolbox for processing of dendrochronological helical XCT (DHXCT) images, and
scaled up to high‐throughput analyses as presented in De Mil et al. (2016). To date, there are no publications
that have used this system to derive MXD for dendroclimatological studies, but the functionality is available,
evidenced by the successful production of data for the comparison experiment in section 4 of this review, and
several other studies are underway.

The Nanowood was specifically designed to enable scanning at a wide range of image resolutions needed to
cover the hierarchical nature of wood and wood‐based products. Therefore two complementary X‐ray
sources are implemented, more specifically a closed tube allowing a focal spot size down to 5 μm and a max-
imal power of 39 W suitable for scanning larger samples. The second X‐ray tube consists of a transmission
target and has a maximum power of 3 W, with a very small focal spot of 400 nm making it suitable for sub-
micron CT on smaller samples. Two different X‐ray detectors were implemented as well, with sensitivities
tuned to the energies of the two X‐ray sources. For more information on the technical details of the
Nanowood X‐ray CT scanner, the reader is referred to Dierick et al. (2010, 2014).

The samples are exposed throughout a helical motion in front of the stationary cone‐beam X‐ray source. The
transmitted energy is digitally captured, and a tomographic wood volume is reconstructed with algorithms
developed in Katsevich (2002). Because the volume of the sample is quantified during the scan, meticulous
sample preparation prior to exposure is not needed. However, X‐ray CT derived densities are also most
accurate when samples are oven‐dried and non‐wood components are removed with solvents. As for X‐
ray microdensitometry, the grey‐scale values of the voxels in the reconstructed volume are converted to den-
sity bounded by the density of a solid material standard and air. The sample holder is constructed with the
calibration material of similar molecular composition as the tracheid cell wall (ρ = 1.40 g/cm3). The result-
ing density values are acknowledged to be very precise and accurate and allow for density estimations for
biomass purposes (Vannoppen et al., 2018). Also with this technique density values are derived from profiles,
such as in Figure 1. The profiles are produced, instead of applying a sensor line to a sample on a 2‐D radio-
graph, by adapting a software‐created plane within the reconstructed volume, to both the tree‐ring bound-
aries and the axial fiber angles within the DHXCT software (De Mil et al., 2016). The plane area can be
changed for every sample but is fixed within a sample. The aperture, or the plane thickness, is typically
the same as the obtained approximate voxel pitch. Furthermore, the operator can choose how much of
the plane area to use according to a specified hierarchy (i.e., one could opt for 20% of the brightest voxels
[high density voxels] in the plane for the MXD parameter to mitigate artefacts from ring boundary irregula-
rities and resin ducts). If the wood samples' characteristics are analyzed for dendrochronological purposes, it
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is necessary to use lower resolution X‐ray functionality. Currently the device has been used to scan at voxel
pitches of 110, 50, and 35 μm. Moreover, 17.5‐μm resolution is also feasible and was applied for the compar-
ison experiment in section 4 of this review. The finer the resolution, the longer scan time and volume recon-
struction time is needed, but the team at UGent anticipates that both the finest measurement resolutions and
process times will be improved upon in the near future.
3.1.4. The SilviScan™ Technology
The SilviScan technology is developed by the Commonwealth Scientific and Industrial Research
Organisation in Melbourne, Australia, under the leadership of Dr. Robert Evans. The SilviScan system
was originally developed for the analysis of wood properties with regard to pulp and wood quality (Evans,
1994). Traditionally, wood density was the major criterion for these commercial end uses, but with this
instrument, other important anatomical properties and tracheid dimensions became available and could
be routinely measured. Although it is being used in Australia, Sweden, and Canada for a wide range of basic
and applied research, the device in Australia is the only one currently used for dendroclimatological studies.
These studies have predominantly been conducted in Australia uncovering significant climate information
imprinted in various density and tracheid dimensions, for trees where ring width has been unusable (Allen
et al., 2013; Drew et al., 2012). O'Donnell et al. (2016) and Allen et al. (2018) reconstructed temperature, and
Allen et al. (2015) explored stream flow in Tasmania using density data. Outside of Australia, SilviScan wood
density has been used in reconstructing summer temperature (Wood & Smith, 2015) and partially involved
in reconstructing Glacier mass balance (Wood & Smith, 2013) in Canada. In Norway, Rosner et al. (2013)
found wood density to be an indicator of drought sensitivity.

The SilviScan is a system that combines X‐ray densitometry, optical microscopy, and X‐ray diffraction to
measure wood density and various anatomical properties. The X‐ray source emits a flattened cone beam
through the side of the axially placed sample, that is, the sample is exposed in the tangential direction
(Figure 2; Evans, 1994) and thus X‐rays cannot pass through lumina, in contrast to most other devices.
Similar to the Itrax multiscanner, this feature makes the wood material more homogenous and appropriate
for X‐ray analysis. The sample is positioned on a goniometer that can rotate around its horizontal axis.
During the scan, a video microscope placed above the sample detects ring boundary orientation and, in tan-
dem with image analysis software, an automatic adjustment of the sample is made so as to always X‐ray the
sample in parallel to the ring boundary (Downes et al., 2002). The system usually provides density profiles
with a radial interval of 25 μm (e.g., Auty et al., 2014). Because the sample is irradiated with X‐rays from
the side and video microscope from the top, both the tangential and axial dimensions of the samples are cri-
tical. Samples are meticulously prepared with a twinblade saw, preferably from 10‐ to 12‐mm cores, into
slices of 6 or 7 mm in the axial direction and 2 mm in the tangential direction. The top transverse surface
is hand polished with a series of fine abrasive sheets (sensu Schnell & Sell, 1989). Resins are removed from
the samples with acetone and dried and acclimatized to 23 °C and 50% RH prior to exposure. In contrast to
other systems, the calibration is not achieved with a material standard, but the dimensions and weights of
the cut samples are used to calculate average conditioned densities for the calibration of the densitometer.

SilviScan was designed to rapidly analyze samples for many different characteristics. This has resulted in
some compromise with spatial resolution (Downes et al., 2002). Although SilviScan analysis provides infor-
mation on growth ring angle to maximize the resolution for latewood density, the latewood density may be
slightly underestimated by the theoretical maximum measurement resolution of 25 μm (Evans et al., 1996).
However, SilviScan also has the functionality of analyzing anatomical features. In theory these features
could be used to create density measurements at a higher resolution and also allow the environmental sig-
nals evident in density to be resolved into cell size or wall thickness changes (Downes et al., 1994).

3.2. Reflected Light Techniques—Blue Intensity

For decades, the merits of using video image analysis to capture reflected visible light from the surface of tree
ring samples in order to examine their anatomical characteristics and visual properties have been recog-
nized, and the technique has been applied in a range of studies (e.g., Clauson & Wilson, 1991; Thetford
et al., 1991; Jagels & Telewski, 1990; Sheppard et al., 1996; Yanosky & Robinove, 1986; Yanosky et al.,
1986). As cell wall density appears to be rather constant (Kellogg & Wangaard, 1969; Stamm & Sanders,
1966), it has been possible to apply image analysis techniques with the hypothesis that wood density can
be derived solely from properties such as the proportion of cell‐wall area to the full cell area (Park &
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Telewski, 1993). Early pioneering work by Yanosky and Robinove (1986) and Yanosky et al. (1986) recog-
nized that reflected visible light had the potential to act as a surrogate for wood density and was followed
by further detailed investigations into the relationship between wood density and the optical properties of
wood (Clauson & Wilson, 1991). Sheppard et al. (1996) investigated earlywood maximum and latewood
minimum brightness (analogous to minimum density and MXD, respectively) and demonstrated that tem-
perature could successfully be reconstructed.

Although the relationship between density and reflected brightness is strongly coupled, it may be distorted
for several reasons. A decoupling between brightness and density is primarily a manifestation of differential
discoloration of cell walls linked to heartwood and sapwood staining, and uneven distribution of extractives
in the xylem (Raven et al., 2005). In the absence of other discoloring agents, the light absorbance properties
of wood have been found to be strongly coupled with lignin content. Although the absorption properties of
lignin span a broad range of wavelengths (Austin & Ballaré, 2010), the strong relationship of its concentra-
tion in the cell wall and ultra violet absorption has long been recognized (e.g., Fukazawa, 1992). The link
between latewood lignin content and temperature was also proposed, as (late) summer temperatures were
found to be influential on lignification of the secondary cell wall (Gindl et al., 2000). McCarroll et al.
(2002) also reported a strong link between reflected light from the latewood and MXD and detailed their
findings insofar that the brightness from the blue spectrum was slightly better correlated with MXD than
the green, ultraviolet, and red light reflections. In line with that shorter radiation wavelengths being more
readily absorbed by lignin, this has resulted in the analysis of reflected light within the blue spectrum becom-
ing a standard tree‐ring measurement technique, termed blue reflectance or more commonly BI (Campbell
et al., 2007).

In contrast with X‐ray densitometric measurements, sample preparation and measurement of BI can be per-
formed rather quickly and at considerably lower cost. Samples are usually treated to remove extractives and
then surfaced by either sanding with gradually finer sand paper or using a microtome. Samples are then either
scanned using a commercial flatbed scanner, involving a color‐card calibration step, or photographed with a
microscope‐mounted camera (Campbell et al., 2011; Levanič, 2007; Österreicher et al., 2015). For scanning,
the use of a color calibration card is recommended to ensure consistent reproduction of colors and brightness
over time and irrespective of the equipment used. This is because some uncalibrated scanners are known to
have severely skewed color rendering, where areas of low, but nonzero reflection, are rendered as zero reflec-
tion, while other uncalibrated scanners may render a color scale that is nonlinearly related to calibrated colors
(for more information, contact the corresponding author). Although sample preparation is quite straightfor-
ward, it is important that the surfaces of the samples are prepared in such a way that the captured images have
comparable reflection across the sample. If that quality is met Babst et al. (2009) and Rydval et al. (2014) argue
that images of at least 1,200 dpi (dot size of ~20 μm) should be captured in order to produce BImeasurements of
reasonable quality. Important to note is that manufacturers of flatbed scanners are notoriously ambiguous in
their reporting of scanner resolution (https://www.imageaccess.de/_WhitePapers/PDF/WhitePaper_The_
Resolution_Myth.pdf, accessed September 2019). Tobe able to report an accuratemeasurement resolution from
a flatbed scanner, a resolution target needs to be utilized (https://www.filmscanner.info/en/
FilmscannerTestberichte.html, accessed September 2019). A high‐end reflective scanner can typically resolve
10μm in theory, and in practice likely substantially less due to a narrow focus depth. Thus, theflatbed scanning
systems lack the ability to render cell structure, which particularly affects BI measurements of narrow rings.
While microscope photography has the benefit of producing clearer, higher resolution images, this approach
can suffer from uneven illumination of the sample and image distortion, whichmust be corrected or calibrated
(Österreicher et al., 2015; Sheppard & Singavarapu, 2006). Sheppard et al. (1996) proposed a procedure to cor-
rect anomalous latewood brightness using the brightness of earlywood. Another potential bias is that regardless
of image acquisition hardware, lumina of the tracheids are typically filled with near‐white wood dust during
sanding or with highly reflective white chalk following microtoming to increase contrast (Evans, 1994;
Gärtner&Nievergelt, 2010; Österreicher et al., 2015). Note that the reflective properties of wood dust and chalk
are different and themean levels of the BImeasurement accordingly are expected to be different even if the col-
ors of the cell walls are similar.

From the images, BI profiles can be produced with multiple types of specialized software including
WinDendro (Campbell et al., 2011; Guay et al., 1992), CDendro/CooRecorder (Larsson, 2014; Rydval
et al., 2014), Lignovision (http://www.rinntech.com/), or generic image analysis software such as Image
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Pro Plus (Media Cybernetics, USA) or ImageJ (developed by W. Rasband, National Institutes of Health,
Bethesda, MD, USA). When analyzing resulting measurements, discoloration or staining of samples
(including pronounced heartwood‐sapwood color differences in some conifers, discoloration caused by
the action of fungal and bacterial agents and decay, staining caused by resins and other extractives) has
been found to induce biases in the trends of latewood BI series (e.g., Björklund et al., 2014, 2015;
Buckley et al., 2018; Rydval et al., 2014). Although refluxing tree cores in acetone, ethanol, toluene:etha-
nol, or even peroxide, usually with a Soxhlet apparatus (https://en.wikipedia.org/wiki/Soxhlet_extractor,
accessed Jan 2019), has been applied as a way to remove extractives, the treatment is imperfect as it only
reduces discoloration related to mobile substances and so does not eliminate discoloration biases entirely
(Björklund et al., 2014; Rydval et al., 2014; Sheppard & Wiedenhoeft, 2007; Sheppard, 2007). While
heartwood‐sapwood discoloration can be minimal in some species such as spruce (Picea Sp.; Rydval
et al., 2018; Wilson et al., 2014), discoloration in general is an issue that usually requires attention.
Analogously to the brightness adjustment outlined by Sheppard et al. (1996), Björklund et al. (2014)
demonstrated that the discoloration in latewood BI can be mitigated by subtracting earlywood BI for each
tree ring, producing a third parameter, the “delta BI” parameter. However, as this correction was found to
be imperfect in fully correcting discoloration biases, Björklund et al. (2015) proposed a BI contrast adjust-
ment prior to the calculation of delta BI, producing encouraging results. Features of discoloration bias can
also be mathematically filtered out (Rydval, Loader, et al., 2017; Rydval, Gunnarson, et al., 2017;
Sheppard, 2007), though this approach typically only retains up to decadal scale variability.

As BI (reflectance) measurements are inversely correlated with density (i.e., higher density wood appears
darker and reflects less light; Sheppard et al., 1996), the measurements are usually inverted prior to dendro-
climatic analyses (Rydval et al., 2014) or expressed in terms of light absorbance (Björklund et al., 2014). The
current range of terminology of “maximum blue absorption intensity” (Björklund et al., 2014), “minimum
blue intensity” (Campbell et al., 2007), or “latewood blue intensity” are all corresponding measurements
to the MXD parameter. Below we employ the use of the absorbed BI definition.

Despite limitations, maximum BI has featured in a number of climate response and reconstruction studies
(primarily summer temperature) that have been partly (or entirely) derived from this parameter, covering
many regions, including northern (Björklund et al., 2015; Fuentes et al., 2018; Linderholm et al., 2015;
McCarroll et al., 2013), northwest (Rydval, Gunnarson, et al., 2017, Rydval, Loader, et al., 2017; Tene
et al., 2011; Wilson et al., 2012), western (Trachsel et al., 2012), and eastern Europe (Kaczka et al., 2017,
2018; Rydval et al., 2018), North America (Wilson et al., 2014; Wilson, D'Arrigo, et al., 2017), and the
Caucasus (Dolgova, 2016). The parameter has also been included in large‐scale (hemispheric) reconstruc-
tions of temperature (Anchukaitis et al., 2017; Wilson et al., 2016) and the development of a temperature
reconstruction in the tropics (Buckley et al., 2018). As a result of its relative ease of development, maximum
BI has also found applications in dendroarchaeology by assisting in the dating of historical wooden material
from conifers with potential applications also in the provenancing of historical wood (Mills et al., 2017; Spyt
et al., 2016; Wilson, Wilson, et al., 2017). In addition to using the sensitivity of maximum BI to temperature,
the potential of using the sensitivity of earlywood blue intensity to precipitation has also been examined
(Dannenberg & Wise, 2016).

3.3. Wood Anatomical Density

Although anatomical density has been explored in early works as the proportion of tracheid wall of the
full tracheid, for assemblages of tracheids at an intra‐annual (Elliott & Brook, 1967; Green, 1965) and
inter‐annual basis (Park & Telewski, 1993), recent work on anatomical density is based on averages of
individual tracheid cell dimensions (Björklund et al., 2017; Decoux et al., 2004; Rathgeber et al.,
2006). Because anatomical density is based on measurements of individual tracheid cell dimensions,
other cell types in the wood such as axial and radial parenchyma cells, as well as resin ducts, which
account for ~10% of the xylem in conifers (Hacke et al., 2015), are by definition ignored. Moreover,
by using a proportion of wall area, the density of the solid cell wall is also omitted from the anatomical
density measurement.

The use of wood anatomical density and its cellular constituents, lumen, and wall dimensions has long been
hampered in climate sensitivity studies by methodological limitations and time‐consuming data production.
This has resulted in a low number of samples (trees) processed, a low number of rings (years) considered,
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and a low number of anatomical features per ring measured, typically along only a few radial files of cells
(Figure 2). In fact, anatomical density has never been used directly to reconstruct climate, but several studies
have found good correspondence to X‐ray densitometry (Björklund et al., 2017; Decoux et al., 2004;
Rathgeber et al., 2006; Wang et al., 2002). However, strong summer temperature signals in the anatomical
parameter of cell wall thickness of the latewood have been reported (Fonti et al., 2013; Sidorova et al.,
2012; Wang et al., 2002; Yasue et al., 2000), and Panyushkina et al. (2003) reconstructed 352 years of summer
temperature in northeast Siberia with this parameter. More recent studies profited from methodological
improvements (see below), which allows a>10‐fold increase in the number of measured tracheids, while still
reducing the time requirement. This allowed for more detailed studies into, for example, climate drivers of
wood formation in Picea abies along an elevational gradient in the Italian Alps (Castagneri et al., 2017) or
hydroclimate reconstruction in Nevada based on earlywood tracheid lumen diameter of Pinus longaeva
(Ziaco et al., 2016).

The general procedure to produce wood anatomical density involves (1) the preparation of thin sections
of 10‐ to 20‐μm thickness using a microtome, (2) staining the section with a reagent such as safranin to
increase contrast, (3) capturing high‐resolution imagery of the section, and (4) measuring the tracheid
dimensions in the anatomical images with image analysis techniques (Gärtner & Schweingruber,
2013; von Arx et al., 2016). The tracheids should be cut orthogonally and the section thickness should
be kept constant within a data set as deviations in both aspects will change the measured tracheid wall
and lumen dimensions (Decoux et al., 2004; Elliott & Brook, 1967; von Arx et al., 2016). Cutting can
produce cracks and broken tracheid walls that reduce data quality and efficiency of image analysis,
but these issues can be largely avoided when stabilizing the wood before cutting (Schneider &
Gärtner, 2013; von Arx et al., 2016). Images of anatomical samples are then manually captured with
a camera mounted on a microscope with a resolution of ~1–2 pixels/μm, and multiple overlapping
images are stitched to form an overall composite image of the anatomical sample using image‐stitching
software (von Arx et al., 2016). This time‐consuming digitization of entire anatomical sections can be
improved in efficiency and quality by using automated microscope systems or thin‐section slide‐
scanners that automatically batch‐process multiple anatomical samples (Castagneri et al., 2018;
Pacheco et al., 2018). There are also alternative approaches to avoid preparing anatomical sections
and directly capture anatomical features from the leveled wood surfaces. One such approach is to acti-
vate the autofluorescence of wood with a helium neon laser light source and using a confocal micro-
scope for image capture (Liang et al., 2013). Another approach is to meticulously polish the wood
surface before image capturing with a microscope system, where lumina are either filled with nonreac-
tive resin (Arzac et al., 2018) or wood dust to enhance the contrast (Evans, 1994). Independent from the
sample processing and image capturing approach, image analysis software is subsequently used for mea-
surement of tracheid dimensions. There are many different software programs used, from generic pro-
grams shipped with microscope systems and the freely available ImageJ (Rasband 1997–2019), to
dedicated programs such as WinCELL (Regent Instruments Inc., Québec, Canada) and ROXAS
(Prendin et al., 2017; von Arx & Carrer, 2014). Generic programs often allow the automation of tracheid
lumen measurements, while wall thickness measurements have to be performed manually for each trac-
heid. Dedicated programs automatically measure lumen dimensions and the thickness of tracheid walls.
WinCELL can provide tangential thicknesses and ROXAS can provide both tangential and radial thick-
nesses. Having tracheid lumen area or diameter and wall thickness, a geometric tracheid model can be
used to derive the proportion of wall area to overall cell area as wood anatomical density (Decoux et al.,
2004; Vaganov et al., 2009). ROXAS is currently the only program capable of automatically and directly
measuring the wood anatomical density of each tracheid cell, which avoids making any geometric
assumptions on tracheid shapes. Finally, radial profiles of density can be created based on individual
radial files (Figure 2; Peters et al., 2018) or based on position of the tracheid in the ring.

4. Full‐Scale Comparison Experiment with Commonly Used Techniques

As a literature‐based review of technical measurements is necessarily limited by subtle but important
unknowns in the comparability of the original measurements and techniques, we address this by performing
an in‐depth experiment whereby 17 separate laboratories performed an extensive array of measurements of
density‐related parameters using a range of techniques for this review.
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4.1. Experimental Design

In this experiment we analyzed 30 data sets using five different microdensitometry techniques (viz.,
Walesch, Itrax, Nanowood 3D XCT, BI, and anatomical density, see Table 1 for data set laboratory, country,
system, and short ID). For specific hardware and software configuration, and sample preparation procedures
and treatments used for each data set in the experiment, we refer to Supporting Information, Tables S1–S3.

4.1.1. Tree‐Ring Material
The laboratories/techniques in the study measured wood density on 29 mature living Pinus sylvestris (Scots
pine) trees from the cool and moist boreal forest zone close to the latitudinal tree line (North‐eastern
Finland, 200 m a.s.l., 68.9°N 28.2°E; Figure 4). This site and species were selected to be analogous to samples
collected for temperature reconstruction purposes (e.g., Esper et al., 2012). The sample material consisted of
miniature logs cut from the felled trees (~30‐cm axial log length, harvested at ~2.7‐m stem height), which
were large enough to produce unique sub sample sets for at least the 17 laboratories included in this study.
The trees were felled and sampled after the completed growing season of 2014 coordinated by the Finnish
Forest Research Institute (METLA). Each laboratory was allotted a random subset consisting of three radii
from each of the 29 trees, 87 samples in total (Figure 4c). The data set produced by each laboratory is com-
parable to those produced in standard tree‐ring investigations. The laboratories were responsible for their
own sample preparation and measurements following their own established procedures.

4.1.2. Chronology Development and Trend Analysis
The tree rings in the woodmaterial were visually cross‐dated (sensu Yamaguchi, 1991), and the dating of the
measurements was statistically checked with the software COFECHA (Holmes, 1983). Note that all labora-
tories measured unique samples from the same trees. Missing rings and immeasurable sections will vary
slightly among labs but are not considered to have any systematic effect on the results with such a robust
replication. From the dated tree rings, inter‐annual time series of maximum density, minimum density,
and average ring density were extracted from the measurement profiles for each technique, accompanied
by the total ring width. For the uncalibrated techniques (those techniques that do not provide a density unit
[e.g., g/cm3]) the parameters are expressed as maximum, minimum, and ring averages of absorbed light
(BI scale 0–255) or proportion of wall area (anatomical density scale 0–100%). Whereas the uncalibrated
BI and anatomical techniques do not provide wood density per se, their measurements are representations
of density, and therefore we will use the notationmxdwhen we simply refer to themaximum corresponding
parameters for all techniques.

Tree‐ring chronologies used within the field of dendroclimatology are usually constructed as arithmetic
mean value functions of all samples after removing biological age‐trends in a detrending and standardiza-
tion process (Fritts, 1976). Here we average samples without detrending allowing the chronologies to be
compared in terms of overall trends. In fact, detrending methods that aim to preserve long‐term trends, such
as regional curve standardization (RCS) and its variants (e.g., Briffa et al., 1992), are not suitable for material
consisting of only even‐aged living trees (Briffa &Melvin, 2011). The RCS concept builds on the alignment of
all measurement series by their first growth year, representing the overall biological growth trend, where-
upon this growth trend in the form of a mathematical function is subtracted from each individual measure-
ment. If only even‐aged living trees are included in this exercise, environmental growth trends may still
persist in the overall average of age‐aligned growth and is then subsequently also removed from the indivi-
dual measurements. An alternative type of detrending employs individual data adaptive fitting of mathema-
tical functions (Cook, 1985). This more invasive type of detrending removes the overall trend in each indexed
series, and all indices will be adjusted to have similar mean values (Cook et al., 1995), that is, if overall trends
are going to be explored, this type of detrending should be avoided. Persistent trends in the rawmxd chron-
ologies were determined with the Mann‐Kendall nonparametric monotonic trend test of computing slope,
and significance of slope (Burkey, 2006). The trend analysis was conducted onmxd chronologies converted
to z‐scores (i.e., the mean was subtracted from each value and divided by the standard deviation) over the
period 1800–2013 CE.
4.1.3. Climate Response Analysis
When the mxd and ring width chronologies were correlated with local monthly temperature data, the
tree‐ring data were detrended and standardized with cubic smoothing splines (50% frequency response
cutoff at 25 years; Cook & Peters, 1981) to remove age/size related trends. Similar data treatment was
utilized for meteorological data retrieved from the CRUTEM4 (5° gridded monthly data set; Osborn &
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Jones, 2014). The grid‐point centered over the sampling‐site comprised data spanning 1876 to the
present. Moreover, the strength of the common signal among trees was quantified by the average
pair‐wise correlation of all tree‐ring series, the Rbar statistic (Wigley et al., 1984), similarly calculated
on detrended data.
4.1.4. Recalibrating Mean Levels of Microdensitometric Techniques
Mass/volume‐based density (here denoted ρM/V expressed as g/dm3) was used to recalibrate the microden-
sitometric measurements (sensu Mothe et al., 1998). Both mass and volume were determined on samples
acclimatized at ~50% relative humidity and a temperature of ~20 °C. The ρM/V was determined most often
by using simple pycnometric methods, that is, water displacement (see Text S1). Samples (typically 1–
3 cm3 in size) intended for ρM/V were prepared from wood material axially adjacent to the samples used
for the microdensitometric analyses (here denoted ρMicro). The actual calendar years present in the ρM/V

samples were determined and subsequently ρMicro for the same years, that is, ring density over the same
years (often >100 years) was integrated. Tree averages were calculated when more than one sample per tree
was measured. ρM/V measurements were produced for all X‐ray and anatomically based techniques, but not
for the BI techniques. ρMicro was thereafter regressed against ρM/V, also for the BI techniques, using the tree
average ρM/V from the X‐ray techniques. The obtained regression coefficients were then used in transfer
functions to recalibrate raw measurement values of all techniques to ring density but also to maximum
and minimum density. Note that this procedure is different from the correction factor proposed by Lenz
et al. (1976) because it is not only concerned with the X‐ray attenuation difference between the wood

Table 1
Data Set Short ID, Where the Suffix B Denotes Blue Intensity, X Denotes X‐ray, and T Denotes Computed Tomography

Short ID Laboratory Country Technique Hardware Software Nominal resolution

GreiB DendroGreif Germany Blue intensity Flatbed scanner Windendro™ ~4 μm
SwanB Swansea UK Blue intensity Flatbed scanner Windendro™ ~25 μm
WSLB WSL Birmensdorf Switzerland Blue intensity Flatbed scanner Windendro™ ~16 μm
LTRRB LTRR Tucson USA Blue intensity Flatbed scanner Windendro™ ~11 μm
StAB St. Andrews UK Blue intensity Flatbed scanner Coorecorder™ ~8 μm
SileB Silesia Poland Blue intensity Flatbed scanner Coorecorder™ ~11 μm
WPUB WPU New Jersey USA Blue intensity Flatbed scanner Coorecorder™ ~11 μm
LDEOB LDEO New York USA Blue intensity Flatbed scanner Coorecorder™ ~8 μm
IANIB IANIGLA Mendoza Argentina Blue intensity Flatbed scanner Coorecorder™ ~11 μm
UIbkB ATRG Innsbruck Austria Blue intensity Photography Lignovision™ ~3 μm
SthmX Stockholm Sweden Radiodensitometry Itrax ™ Windendro™ 20 μm
CETEX CETEMAS Spain Radiodensitometry Itrax™ Windendro™ 20 μm
GreifX DendroGreif Germany Radiodensitometry Itrax™ Windendro™ 10 μm
GentT Woodlab UGent Belgium Computed tomography Nanowood DHXCT2016 17.5 μm
GentT* Woodlab UGent Belgium Computed tomography Nanowood DHXCT2016 17.5 μma

WSLX WSL Birmensdorf Switzerland Radiodensitometry Walesch Electronics™ Dendro2003™ ≥10 μm
KrasX SIF Krasnoyarsk Russia Radiodensitometry Walesch Electronics™ Dendro2003™ ≥10 μm
DresdX Dresden Germany Radiodensitometry Walesch Electronics™ Dendro2003™ ≥10 μm
MainX Mainz Germany Radiodensitometry Walesch Electronics™ Dendro2003™ ≥10 μm
XianX SKL Xi'an China Radiodensitometry Walesch Electronics™ Dendro2003™ ≥10 μm
AD160b WSL Birmensdorf Switzerland Anatomical density Photography ROXAS 160 μm
AD120 WSL Birmensdorf Switzerland Anatomical density Photography ROXAS 120 μm
AD100 WSL Birmensdorf Switzerland Anatomical density Photography ROXAS 100 μm
AD80 WSL Birmensdorf Switzerland Anatomical density Photography ROXAS 80 μm
AD60 WSL Birmensdorf Switzerland Anatomical density Photography ROXAS 60 μm
AD50 WSL Birmensdorf Switzerland Anatomical density Photography ROXAS 50 μm
AD40 WSL Birmensdorf Switzerland Anatomical density Photography ROXAS 40 μm
AD30 WSL Birmensdorf Switzerland Anatomical density Photography ROXAS 30 μm
AD20 WSL Birmensdorf Switzerland Anatomical density Photography ROXAS 20 μm
AD10 WSL Birmensdorf Switzerland Anatomical density Photography ROXAS 10 μm
aGentT*, second data set from Gent: MXD is derived only with the 20% densest voxels within the sensor aperture and the measurement plane. bIn the short ID
of anatomical data sets, the numbers indicate the bandwidth (μm) used to derive anatomical density.
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sample material and the material standard used for the initial calibration of X‐ray based techniques. It is also
designed to recalibrate X‐ray based techniques, and uncalibrated techniques, regardless of what mechanism
causes discrepancies.
4.1.5. Exploring the Apparent Measurement Resolution of Microdensitometric Techniques
In Figure 1 we conceptually showed that measurement resolution can have a large impact on obtainedmxd
and to some degree also on minimum density measurements. It is therefore important to explore if measure-
ment resolution has practical implications on real data, such as the sample material we use here. The
measurement resolution of the anatomical technique is based on the tracheid cell unit and the radial cell dia-
meter of latewood cells can be <10 μm, which is typically finer than the finest sensor aperture of 10 μm for
the Itrax and Walesch techniques, and also the pixel or voxel pitch of the BI and 3D XCT techniques. With
the anatomical technique we can moreover easily simulate reduced measurement resolution by increasing
the aperture for which the anatomical density profile is integrated. Accordingly, 10 anatomical density data
sets derived from the same cell measurements were created with the measurement resolution based on the
apertures 10, 20, 30, 40, 50, 60, 80, 100, 120, and 160 μm to cover the range of measurement resolutions of the
other techniques. These 10 data sets allow us to understand how systematic changes in measurement reso-
lution influence themeasurement properties. Because the density of the xylem changes almost exclusively as
a function of its tracheid dimensions, we use the differently resolved anatomical data sets to help estimate
the apparent resolution of the other techniques that might depend upon, for example, both the clarity of
X‐ray images and the physical sensor configuration.

Figure 4. Sample material used for the comparison experiment. (a) Site location where samples were harvested (red
dot), and (b) photograph of the sample site. (c) A subset of the sampled material. White dashed lines illustrate how
discs were cut from the miniature logs and black dashed lines illustrate how sample wedges were cut from each disc.
(d) Examples of (i) an image of reflected light typically used for blue intensity, (ii) X‐ray image, and (iii) photograph of
stained micro‐section (von Arx et al., 2016) used for wood anatomical determination of density. In contrast to the
reflected light and X‐ray based density derivations, anatomical density is based on the analysis of individual tracheids,
where anatomical density is defined as the proportion of cell wall area in relation to the full tracheid area for all
tracheids of interest.
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Studying Figure 1 we recognize that the amplitude of profiles within narrow rings are suppressed relative
to the wider rings, that is, as measurement resolution is lowered, the mxd for narrow rings is systemati-
cally lowered compared with mxd for wide rings. It follows that the correlation between mxd and ring
width, r[mxd, ring width], should artificially increase when measurement resolution is lowered due to
growing bias in measured mxd. We therefore use r[mxd, ring width] to explore consequences of measure-
ment resolution. The mxd data sets were normalized and the ring‐width data sets were kept untreated for
the correlation analysis because the absolute value of ring width is central for the measurement resolution.
Due to the potentially nonlinear character of this bias (large bias for narrow rings and little bias, if any, for
wide rings), the Spearman rank correlation coefficient was used. We make the assumption that the most
accurate estimate of the relationship between mxd and ring width is obtained with the highest measure-
ment resolution, provided by anatomical density. Note that we do not assume that r[mxd, ring width]
should be as close to zero as possible. Instead, we assume that the anatomical mxd data sets can act as
a reference for the r[mxd, ring width] analysis. Moreover, we conduct repeated correlations of all
the mxd data sets to the set of anatomical maximum density data sets. Throughout the course of this
experiment, we inform the other analyses with results from the range of measurement resolutions of
the anatomical data sets.

Figure 5. Chronologies of different parameters and technique categories. (a) Top panel shows raw‐data chronologies from
X‐ray based minimum density, full ring density, and maximum density. Corresponding raw data for the uncalibrated BI
technique are presented just below, and results for the anatomical density technique in the bottom panel. (b) Short seg-
ments of X‐ray based, BI based, or anatomically based annual maxima (MXD or corresponding parameters), with
laboratory indicated with short ID's and color coding. Note that the Lab names are listed on an ordinal scale based on the
quantitative mean values. The red tones indicate Walesch, green tones Itrax, orange X‐ray computed tomography, and
blue tones blue intensity techniques, respectively. The (b) panels show the systematic nature of discrepancies among
laboratories and techniques.
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When apparent measurement resolutions of the nonanatomical data sets were indirectly established with r
[mxd, ring width] and the correlation betweenmxd and anatomical maximum density, we divided the data
sets into two groups henceforth classified as high‐resolution and low‐resolution data sets. For both groups
we further experimentally divided each data set into narrow‐ and wide‐ring sub‐data sets. That is, in each
data set, mxd from rings narrower than the overall median ring width of 400 μm were used to form a first
sub‐data set, and mxd from rings wider than 400 μm were used to form a second data set. From these
sub‐data sets, two new mxd chronologies were constructed for each laboratory, both with roughly half
the replication of the complete data sets. Temperature signal (correlation) and overall trend analyses were
then repeated on the sub‐data sets and compared with the results obtained with the original complete
mxd data sets. The analyses were also stratified on the two groups of apparent measurement resolution.

4.2. Experimental Outcome
4.2.1. Basic Data Comparison
In this experiment, a consortium of 17 laboratories developed and analyzed 30 data sets consisting of 200+
year‐long chronologies. We derived four different tree‐ring parameters constituted by up to three samples
per 29 trees. Each overall parameter‐average chronology in Figure 5 thus consists of ~15,000 measurement
points, and each annual average of parameter‐chronologies consist of up to 87 measurement points. The
mxd data have notable spreads in average values (Figure 5 and Table S4). Each technique category exhibits
coefficients of variation around 10%. The spread in ring density is also considerable for the BI technique and
for the X‐ray techniques coefficients of variation = 20% and 10%, respectively, but close to zero (0.4%) varia-
tion for the anatomical ring density parameters.
4.2.2. Inter‐annual Variability is Strongly Coherent Among All Techniques
There is a high degree of inter‐annual similarity among different mxd, as well as ring width data sets.
The average pair‐wise chronology correlation is r = 0.94 (rrange = 0.85–0.97) for mxd and r = 0.98
(rrange = 0.95–0.99) for ring width (Tables S4–S5). Whereas the chronology intercorrelation is higher for ring

Figure 6. Monthly temperature correlations for the mxd parameters with the CRUTEM4 5° gridded temperature data
(Osborn & Jones, 2014). Significant (α < 0.05) monthly correlations are marked with a white dot.
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width thanmxd, the between‐tree Rbar = 0.59 (Rbarrange = 0.48–0.67) ofmxd is higher than for ring width
at Rbar = 0.45 (Rbarrange = 0.35–0.49). Corresponding ring density statistics for all techniques are r = 0.95
(rrange = 0.92–0.97) and Rbar = 0.50 (Rbarrange = 0.45–0.56).
4.2.3. Subtle Differences of the Inter‐annual Temperature Correlation
The correlations to temperature of the different ring width data sets are very similar, with significant corre-
lations only for July at r = 0.5 (0.47–0.53; Figure S1). Allmxd data sets express significant (α < 0.05) correla-
tions with the April through September temperatures (Figure 6). However, there are some notable and
perhaps important differences among techniques. Nine out of 10 maximum BI data sets exhibit the highest
correlations in July and are slightly lower in May and August, and lower still in April, June, and September.
The Walesch MXD data sets all have pronounced MJJA correlations with the highest correlations in August
and with slightly lower correlations for April and September. The Greifswald Itrax and Gent CT MXD data
sets display intermediate correlation structure to the BI and Walesch techniques and the two other Itrax
MXD data sets have correlation structure similar to the BI‐based mxd data sets. The anatomical mxd data
sets show systematic patterns in climate correlations depending upon the measurement resolution; 10‐ to
40‐μm resolution anatomical mxd data sets exhibit pronounced May, June, and August correlations, with
slightly weaker correlations for April, July, and September; 50‐ to 60‐μm data sets possess correlation struc-
tures similar to Walesch data sets, and the 80‐ to 160‐μm data sets have correlation structures similar to BI,
Itrax, and GentT data sets.
4.2.4. Data Sets Exhibit Notable Differences in Long‐Term Trends
We observe substantial differences in the long‐term trends in the averaged raw mxd chronologies. All
Walesch, the two GentT, one Itrax, and three BI‐based mxd data sets have significant positive trends
(α< 0.05; Figure 7a), whereas seven BI and two Itrax data sets lack significant positive trends. The slope coef-
ficients for the anatomicalmxd data sets gradually decrease with reduced measurement resolution, and the
120‐ to 160‐μm data sets lack significant positive trends. In Figure 7b two arbitrarily chosen mean data sets
with and without significant trends are presented to visualize how different temperature histories could
potentially be inferred from using different measurement systems. The mxd data points of the last

Figure 7. (a) Slope coefficients from the Mann‐Kendall trend test presented as boxplots stratified on technique and cate-
gory of technique. Individual slope coefficients are indicated with filled circles. Filled circles with red tones indicate
Walesch, green tones Itrax, orange X‐ray computed tomography, and blue tones blue intensity techniques, respectively.
Corresponding Lab names are inset on an ordinal scale adjacent to the colored circles. Prior to trend analysis all mxd
chronologies were converted to z‐scores. The slope coefficients were determined on data covering the time period
1800–2013 CE. The dashed horizontal line indicates significance (α < 0.05). (b) Two different mxd data sets (WSLB and
AD10) was chosen to illustrate the difference in data sets with and without significant trends. The third (b) panel displays
average CRUTEM4 5° gridded April‐September temperature data (Osborn & Jones, 2014), converted to z‐scores, envel-
oping the sampling site.
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30 years may be nearly at or alternatively nearly 1 standard deviation above the long‐termmean. Conversely,
the first 30 years may deviate from the mean by either nearly −1 standard deviation, or again, be nearly
equivalent to the long‐term mean.
4.2.5. Recalibration of Microdensitometric Data
According to the regression of sample averages of ring density from all techniques, ρMicro (i.e., X‐ray sample
density, anatomical sample density, or sample BI) against ρM/V (i.e., the sample mass/volume), it is clear that
many data sets deviate substantially from the expected density values estimated with ρM/V (Figure 8).

Figure 8. Scatter plots between sample measurements of mass/volume ρM/V and the sample averages derived frommicrodensitometric measurements ρMicro. ρM/

V thus refers to the gravimetric/volumetric density of the sample from tree X, and ρMicro refers to the integrated ring density observed over exactly the same amount
of rings from tree X as the ρM/V contains (usually >100 rings). Simple least square regressions are fitted including confidence bounds around the best fit, with
explained variance (R2) and mean squared error (MSE) presented for all technique data sets. The mean offset of X‐ray based techniques from mass/volume‐based
estimates are presented as “bias” in the corresponding panels. For calibrated techniques, mass/volume measurements were made on the same wedges as the
measurements of X‐ray or anatomical density. Mass/volume‐based estimates on the exact same samples were only performed for GentT. For BI data, mass/volume
measurements were borrowed from the X‐ray labs' ρM/V measurements from the same or closest wedge position in the tree. The red tones indicate Walesch, green
tones Itrax, orange X‐ray computed tomography, and blue tones blue intensity techniques, respectively.
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The deviations occur both in average values and in variance, illustrated by the mean and the slope offset
from the 1:1 line, respectively. The offsets are systematic as evidenced by a high amount of explained var-
iance in the regressions. This opens up reliable options to use the regression coefficients in transfer functions
to recalibrate the X‐ray density parameters as well as BI‐based and wood anatomically based density para-
meters. The regression coefficients in the recalibration should not only harmonize the mean levels of the
data but also the overall variance. The recalibration produced data that express little spread in the ring den-
sity parameters across technique categories (Figures 9b–9d), where original X‐ray based ring density data
often had ~±10% offsets (Figure 9a). Recalibrated X‐ray based mxd display reduced but still substantial
spread (Figure 9b). The recalibrated BI and anatomically based mxd parameters exhibit similar spreads as
the X‐ray based mxd (Figures 9c and 9d). The measurement resolution has a large impact on anatomical
mxd mean levels with mean values ranging from 594 to 789 g/dm3 (Figure 9d). A similar spread and pre-
sumed error/bias as observed by the spread of values from individual laboratories measuring with X‐ray
and BI‐based techniques of 571–825 g/dm3.
4.2.6. Apparent Measurement Resolution of Microdensitometric Data
As the anatomical density measurement resolution decreases from 10 to 160 μm, correlations betweenmxd
and ring width systematically increase from 0.14 to 0.67 (Figure 10a). The nonanatomical data sets exhibit
correlation coefficients with a range of r = 0.3–0.68 and display similar patterns in their scatter (Figure S2).
As predicted, the dependence of mxd towards ring width is more tightly coupled for narrow rings at lower
measurement resolutions (Figure 10b). While the nominal measurement resolutions of nonanatomical data
sets (Table 1) range between 4 and 25 μm, the r[mxd, ring width] of eight BI, two Itrax, and the first GentT
data sets correspond to the r[mxd, ring width] of 80‐ to 160‐μm measurement resolution. The r[mxd, ring
width] of the Walesch systems, two BI, one Itrax, and the second GentT* data sets correspond to the r[mxd,
ring width] of 40‐ to 60‐μm measurement resolution. The nominal resolution thus seems to be an indicator

Figure 9. Boxplots of the mean levels of the original max, ring, and min density data sets in (a), as well as recalibrated X‐
ray based mxd, ring and minimum density data in (b). (c) Contains recalibrated BI‐based data and (d) recalibrated ana-
tomically based data. The red tones indicate Walesch, green tones Itrax, orange X‐ray computed tomography and blue
tones blue intensity techniques, respectively. Lab names are placed on an ordinal scale adjacent to the boxplots based on
their quantitative values.
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of little importance, especially for BI techniques that utilize commercial flatbed scanners. Thus, in the
following, we refer to a binary division of apparent measurement resolution (greater or less than
~70 μm) as low versus high measurement resolution data sets respectively (Figure 10a). If however, the
differences in r[mxd, ring width] were somehow substantially affected by different techniques measuring
different physical properties of the wood, or if various techniques were associated with different levels of
measured noise, this would question the ability of r[mxd, ring width] to act as a predictor of apparent
measurement resolution. However, when each nonanatomical mxd data set is correlated to the range of
anatomical mxd data sets, correlations peak (r > 0.94) at 80–120 μm for BI data sets, 50–60 μm for
Walesch data sets, and 60 or 120 for Itrax data sets and 60 or 80 for GentT data sets (Figure 11). It is
highly unlikely to achieve correlation peaks of 0.94 for all technique data sets with anatomical
measurements (Figure 11) if some of the mxd data sets are correlated at 0.15 with ring width and others
at 0.7 with ring width for any of the two reasons mentioned above. Moreover, it is highly unlikely that
different X‐ray techniques (e.g., Walesch and Itrax) measure different things in the wood, where we in
fact also observe a large range in r[mxd, ring width] of 0.3–0.65. This further corroborates the concept of
identifying the nonanatomical data sets' apparent measurement resolution through the r[mxd, ring
width] exercise, as a useful estimator compared to the nominal resolution. Figure S3 illustrates the weak
relationship between nominal resolution and apparent resolution estimated with either of the
approaches introduced in Figures 10 and 11.

All high measurement resolution data sets in the study have significant positive trends and most of them
explain 50% of the high frequency variance of April‐September temperatures (Figure 12). In contrast, most
low measurement resolution data sets lack positive trends and explain less than 50% of the high‐frequency
variance in the temperature data. Moreover, high measurement resolution chronologies built only from
mxd from narrow rings retain their positive trends, while low measurement resolution mxd chronologies
built from narrow rings retain the absence of a positive trend. However, the low measurement resolution
mxd chronologies built from wide rings all attain significant positive trends, and the slope coefficients are
more similar to the complete high measurement resolutionmxd chronologies and also to the high measure-
ment resolution mxd chronologies built from wide rings. All high measurement resolution mxd chronolo-
gies composed solely of narrow rings lose their ability to explain 50% of the variance in temperature data,

Figure 10. Spearman rank correlations betweenmxd and ring width, r[mxd, ring width], presented as boxplots (a) stratified by technique category. A low and high
measurement resolution classification of data sets is defined by the dashed grey line. Data set ID's are placed on the quantitative y‐scale to represent each mea-
surement point in the boxplot with a slight displacement on the x‐axis to increase readability. (b) Scatterplots betweenmxd and ring width illustrating the increased
dependence of mxd to ring width with reduced measurement resolution. The red tones indicate Walesch, green tones Itrax, orange X‐ray computed tomography,
and blue tones blue intensity techniques, respectively. The full set of scatter plots can be found in Figure S2.
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except for the 10‐ to 30‐μm measurement resolution anatomical data sets. Many of the low measurement
resolution mxd chronologies built from narrow rings lose much of the temperature sensitivity altogether.
However, the low measurement resolution mxd chronologies built from wide rings advance towards
explaining 50% of the variance in temperature data, and the range of explained variances for both high
measurement resolution and low measurement resolution is reduced.

5. Synthesis of Empirical Findings and Existing Knowledge

“The main present problem concerns the comparison of results between laboratories, as the data obtained
from the densitometric records change with the data acquisition system and with the radiation technique
itself. The most important parameter is the slit width, which governs the resolution. This is not even the
same by the stationary X‐ray method… “(the precursor to the Walesch technique)” … which is yet the sim-
plest and the most widely used. Thus a characteristic as important as the maximum annual density never
means the same thing, since it increases when the slit width decreases.” Polge (1978)

Although many studies have expressed similar opinions (Evans, 1994; Jacquin et al., 2017; Lenz et al., 1976;
Parker et al., 1985; Vaganov et al., 2006), more recent studies empirically comparing measurement
approaches usually only briefly touch upon this central topic (De Ridder et al., 2010; Mannes et al., 2007;
Park & Telewski, 1993) or do not consider measurement resolution at all (Björklund et al., 2014; Kaczka
et al., 2018), but see Helama et al. (2012). Therefore we reiterate 40 years on, the relevance of Hubert
Polge's problem statement, and elaborate further on this issue, finding that it could be even more profound
in the study of climatic change than any works to date have recognized.

5.1. Consolidating the Notion of Inherent Differences in Mean Levels of Wood
Density Measurements

Our comparison experiment confirmed that state‐of‐the‐art X‐ray based microdensitometric measurements
exhibit a large variation of mean levels for measured density parameters but also demonstrate errors when
compared with densities derived with mass/volume‐based approaches. Similar errors were obtained for the

Figure 11. Correlation of each mxd chronology against the range of anatomical mxd data sets r[mxdx, mxdy].
(a) Includes BI‐based data sets, (b) includes X‐ray data sets, and (c) includes the average of Itrax in green, the average of all
BI data sets in blue, and the average of all Walesch data sets in red, but also each anatomicalmxd data set correlated with
the range of anatomical data sets in different shades of grey.
Peak correlations indicate which resolution of the anatomical mxd is most similar to each nonanatomical mxd data set.
The peak correlation of each data set is indicated with the data set ID where colors facilitate the identification of the
corresponding line. Along the x‐axis, the data set IDs are placed at the peak of each specific r[mxdx,mxdy], and on the y‐
axis, the data set ID's are placed in the order of appearance based on Table 1.
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uncalibrated techniques. Even if we were able to recalibrate the data with mass/volume‐based density
approaches, the variation in the mxd parameter was not harmonized to an acceptable degree.
5.1.1. Incomparable Mean Levels of mxd Data Require Special Attention
While previous research has indicated potential challenges in smaller comparisons (Clauson & Wilson,
1991; De Ridder et al., 2010; Gunnarson et al., 2012; Helama et al., 2012; Ivkovich & Koshy, 1997; Mannes
et al., 2007; Melvin et al., 2013; Park & Telewski, 1993), our results firmly consolidate that themxdmeasure-
ment in practice continues to be inherently dependent on measurement idiosyncrasies despite the fact that
the anatomical principle of mxd having been defined (Vaganov et al., 2006). This awareness requires that
when buildingmxd chronologies for climate reconstructions aiming to preserve multi‐centennial variability
(e.g., Cook et al., 1995), data combined from different laboratories or techniques must at a minimum be
scaled to a common mean and standard deviation prior to amalgamation (Esper et al., 2014; McCarroll
et al., 2013; Melvin et al., 2013; Zhang et al., 2015). Helama et al. (2012) cautions that routinely applied
procedures to remove the age/size related trends in tree‐ring data (e.g., using a single detrending curve in
“regional curve standardization” [RCS]; Briffa & Melvin, 2011) should not be applied on a single data set
where differently sourced data are merged. The problem mainly arises if sample materials of mixed sources
possess different means due to differing measurement protocols and partly cover different time periods. An
example of this can be observed in Figure S4. This example demonstrates the findings of Melvin et al. (2013)
and Zhang et al. (2015) of how a combination of data derived by two laboratories with only partial temporal
overlap can obscure underlying environmental trends even if these trends are present in both data sets
separately. Alternatively, combined data must be standardized separately, that is, trends, means, and
variances of all constituent tree‐ring series should be appropriately harmonized, and then compared
and combined (e.g., Helama et al., 2012). However, with this approach the multi‐centennial time‐scale varia-
bility could be severely suppressed (Cook et al., 1995). Note that these requirements are essential even when

Figure 12. The figure shows overallmxd chronology trends (Mann‐Kendall slope coefficients; a), and temperature correlations (b). Trends and temperature cor-
relations are presented as boxplots stratified on high measurement resolution and low measurement resolution data sets in each panel, where each laboratory is
indicated as a filled circle within the corresponding boxes. The data set ID's are listed on an ordinal scale adjacent to the boxes. The red tones indicate Walesch,
green tones Itrax, orange X‐ray computed tomography, and blue tones blue intensity techniques, respectively. The left panels show the completemxd data sets and
the center and right panels present the results when all data sets are split into mxd chronologies based only on narrow or wide rings, respectively.
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the data are derived from the same technique, or at the same lab at different time periods (Esper et al., 2014;
Klesse et al., 2015).
5.1.2. Incomparable Mean Levels of Ring Density Data can be Easily Alleviated
While it is conceptually determined thatmxd and minimum density parameters are dependent on measure-
ment resolution, this is not the case for the ring density parameter. Nevertheless, we showed that the X‐ray
based ring density parameter exhibits notable differences among laboratories and techniques. The discre-
pancies in mean levels of ring density among different data sets prior to recalibration result from the accu-
mulated effects of using different devices, different setup of each device, different radiation techniques,
different image‐analysis software and parameterization, different calibration standard material, different
analysis microenvironment, differences in sample preparation and chemical treatment, and so on. Thus
our experiment shows that the correction factors derived by Lenz et al. (1976), at best, are applicable only
for the specific device they were developed on, because even the ring density of the differentWalesch devices
vary substantially. Thus the correction factors do not properly reflect the cell wall chemistry differences of
different species compared to the chemistry of the material standard. They rather reflect currently indefin-
able measurement/calibration artefacts that likely are different on all measurement devices in operation (see
the many differences among techniques and laboratories in Tables S1–S3).

With high confidence, we can rule out that the observed differences are related to actual differences in ring
density of the wood samples. This is because the samples were randomly distributed to the laboratories in the
experiment and also because the sample material produces nearly identical ring width chronologies
(Figure S5). Hence, ring density seemingly used without mass/volume‐based recalibration in biomass esti-
mations (Babst, Bouriaud, et al., 2014; Bouriaud et al., 2015; Vannoppen et al., 2018) introduces a false sense
of uncertainty reduction when estimates can differ by up to 20% from one laboratory to the next. By recali-
brating data, we achieved marked improvements of estimates. These improvements were also found to be
true when applied to BI and anatomical techniques. Therefore, in future work we recommend
that microdensitometric measurements should be recalibrated (Evans, 1994; Mothe et al., 1998) on a
chronology‐by‐chronology basis, and results be disclosed (sensu De Ridder et al., 2010). This implies that
the correction factors Lenz et al. (1976) derived with gravimetric/volumetric methods more than 40 years
ago are obsolete.

Fortunately, the additional recalibrating measurement scheme constitutes only a minor fraction of the time
needed to make the microdensitometric measurements (see Text S1 for an example of instructions). By
demonstrating that this simple recalibration can be successful using fast and inexpensive BI‐based density
derivations, we further open up new frontiers for the application of microdensitometric ring density. In
ecology, wood density is often regarded as an important covariate with functional and competitive traits
of species (Chave et al., 2009). Denser wood is known to convey greater mechanical stability (Jacobsen
et al., 2007; Niklas, 1995; Poorter, 2008; Pratt et al., 2007) and be associated with reduced leaf size (Wright
et al., 2006) and lower mortality rates in diverse tropical forests (Chave et al., 2009). A more available and
still accurate pathway to wood density could potentially be used to effectively complement spatial and
species‐based analyses to focus also on variation over time, over the lifespan of trees (e.g., DeBell et al.,
2004), and in particular across environmental changes and gradients. This development would not only pro-
mote a more detailed understanding of ecosystem processes but could also benefit forest inventories and
inform parameterization to reduce uncertainties associated with current dynamic global vegetation models
(DGVMs; e.g., Sitch et al., 2008).

5.2. Apparent Measurement Resolution has a Profound Impact on mxd Data
5.2.1. A Major Influence of Mean Level Offsets in Recalibrated Data
At its core, the empirical experiment of this review was not designed to identify which of the specific mea-
surement artefacts mentioned above are the primary determinants for the observed differences. However, by
recalibrating data with mass/volume‐based methods, we do not require addressing and correcting the vari-
able sources for these errors at the laboratory specific level. Rather we can focus on practical and general
solutions and procedures which can be implemented by all laboratories. In fact, the recalibration allows
us to reduce the sources of discrepancy to two aspects: uncertainty in the recalibration regression and the
apparent measurement resolution. The aggregation of data sets on low‐ versus high‐regression uncertainty
does not result in a reduced spread of mean levels for data sets with low regression uncertainty, as would be
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expected if this aspect was influential (we refer to Figure S6 for these results). However, we can empirically
establish that apparent measurement resolution is a major influence on mean levels of mxd data by know-
ing that the only difference among anatomicalmxd data sets is measurement resolution. The simple indica-
tor of apparent measurement resolution, r[mxd, ring width], allows us, by comparison, to show that
apparent measurement resolution also had a fundamental impact on the mean levels of the nonanatomical
mxd data, because aggregating data sets based on measurement resolution results in significantly different
distributions of mean levels. These findings are very much in tune with existing knowledge of howmeasure-
ment resolution theoretically would affect mxd mean levels (Evans, 1994; Jacquin et al., 2017; Lenz et al.,
1976; Parker et al., 1985; Polge, 1978; Vaganov et al., 2006)
5.2.2. A Subtle but Distinct Influence on the Inter‐annual Variation
Continuing the above line of reasoning, the differences in inter‐annual variation among anatomical mxd
data sets is, by definition, also a product of measurement resolution. By pair‐wise successively correlating
nonanatomicalmxd data sets to the measurement resolution range of anatomical mxd data sets, peak cor-
relations are consistently obtained at the (indirectly determined) apparent measurement resolution, r[mxd,
ring width], suggesting that apparent measurement resolution is central also here. It has, however, been cau-
tioned that BI and X‐ray based techniques may not measure exactly the same properties in the wood (e.g.,
Buckley et al., 2018; Kaczka et al., 2018). McCarroll et al. (2002) suggested that BI is more closely related
to lignin content because of the reflective/absorptive properties of this compound, while X‐ray techniques
inherently measure all the aggregated compounds of the wood (Schweingruber et al., 1978). It can further
be cautioned that anatomical density is not the same as the X‐ray techniques as anatomical measurements
do not account for variability in density of the solid cell wall (Decoux et al., 2004; Zobel & van Buijtenen,
1989). These concerns may be valid but are likely of secondary significance for the following two reasons:
(1) There are, in some instances, marked differences in correlation coefficients between anatomical mxd
chronology‐pairs that are by definition driven by measurement resolution. (2) Peak correlations between
pairs of nonanatomical techniques and corresponding anatomical data sets are almost identical to the corre-
lation between corresponding pairs of ring width: average r[mxdx,mxdy] = 0.96, and average r[ring widthx,
ring widthy] = 0.97. Consequently, apparent measurement resolution can represent the limited but tangible
differences among data sets. Whereas the technique‐specific treatment of the cell wall, be it an integrated
measure as with the X‐ray technique, ignored by the anatomical technique, or integrated more or less incor-
rectly by the BI technique, is less likely to represent or explain any important discrepancies among data sets.
These findings further develop the arguments presented in section 2, where evidence from the literature is
used to infer that the intra‐ and inter‐annual variability of wood density are mainly determined by changes
in anatomical dimensions. If the cell wall density is rather invariable (Decoux et al., 2004) and the cell wall
color controlled by fungi/bacteria/resin staining mainly affects >decadal scales, it therefore stands to reason
that measurement resolution is of utmost importance to explain differences amongmicrodensitometric tech-
niques at inter‐annual time scales.
5.2.3. Intriguing Influence on the Temperature Signal
By comparing the correlation with summer temperature among anatomical data sets of known measure-
ment resolution to corresponding data sets of indirectly determined apparent measurement resolution, a
very close association is observed. At lower measurement resolutions, the r[mxd, ring width] is relatively
high, which translates to an mxd temperature signal more similar to the temperature signal of ring width.
Themxd temperature signals of the low measurement resolution data sets indeed reveal more pronounced
July correlations. These correlations become systematically lower with increasing measurement resolution.
Interestingly, the July correlation is further weakened in the highest measurement resolution anatomical
mxd data sets, a feature not present in any nonanatomical data sets in our experiment, but a typical charac-
teristic of, in particular Picea sp. and to some degree also Pinus sp. MXD data from the Northern Hemisphere
(Björklund et al., 2017; Büntgen et al., 2017; Schweingruber et al., 1978). An explanation for this could be
that data from these studies in general do not include the very narrow rings present in this experimental
sample material, and the dependence of mxd to ring width is therefore reduced. An alternative, but not
mutually exclusive explanation could be that the Picea sp. ring width of the NH network has very weak
mid‐summer temperature correlations (Björklund et al., 2017; Briffa et al., 2002), and a measurement‐
induced likeness to ring width does not enhance the mid‐summer correlation of mxd data. Though the
underlying mechanisms behind this mid‐summer decline remain unresolved, they can most likely be
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attributed to the asynchronous and sometimes conflicting interplay among cell formation, cell expansion,
and stored resources for cell‐wall thickening (Björklund et al., 2017; Cuny et al., 2015).
5.2.4. The Cause of Overall Trend Differences in Chronologies
We further detected slightly differing overall trends inmxd chronologies—a difference also found inHelama
et al. (2012) comparing age‐aligned MXD data from Itrax and Walesch. We discuss two potential sources for
this discrepancy. First, trends could vary because of differences in apparent measurement resolution. In our
experiment, narrow rings were shown to be artificially associated with low mxd values, and biological
growth trends of conifers typically describe a life‐long exponential decline in ring width (Melvin, 2004), also
evident from the ring width chronologies of the experiment (Figure S5). Hence, low apparent measurement
resolution techniques would be associated with more negative overall trends compared to high apparent
measurement resolution techniques. Second, trend differences may be detected if some techniques are more
sensitive to heartwood‐sapwood transitions. This is the case for BI technique (Björklund et al., 2014, 2015;
Buckley et al., 2018; Rydval et al., 2014) but may also affect X‐ray techniques if resin extraction is omitted
(Helama et al., 2010; Schweingruber et al., 1978). Aligning mxd chronologies from both BI and X‐ray tech-
niques on heartwood/sapwood dates instead of calendar dates reveals that there is a small negative step
around the time of heartwood/sapwood transition (Figure S7). The high apparent measurement resolution
anatomical mxd do not have this feature. However, low apparent measurement resolution anatomical
mxd develop a similar step in trend as the other techniques. Because the anatomical method is not based
on light intensity, but proportion of cell wall, a step in trend around the time of heartwood/sapwood transi-
tion must be related to some other feature of the measurements than simply the color or density difference
caused by heartwood/sapwood transition. When we separated data based on apparent measurement resolu-
tion we obtained a significant difference between high apparent measurement resolution and low apparent
measurement resolution data sets with regard to their trends. Note also that someX‐ray techniques, with pre-
sumably reduced sensitivity to heartwood/sapwood transitions, are classified as low apparent measurement
resolution data sets and some BI data sets are classified as high apparent measurement resolution data sets.
Thus, in this study, apparent measurement resolution rather than heartwood/sapwood transitions most
likely cause the observed trend differences in the mxd parameter. Nonetheless, ambient color differences
within and between samples have conclusively been shown to distort decadal to multi‐centennial variability
for BI techniques (Björklund et al., 2014; Wilson, D'Arrigo et al., 2017), and this bias may additionally con-
tribute to trend distortion caused by apparent measurement resolution for other more diverse sample mate-
rials. In particular, the utilization of preserved historical, snag, and/or sub‐fossil material (Wilson et al., 2004;
Björklund et al., 2014; Rydval, Loader et al., 2017) to extend living data sets further back in time—the norm
for most millennial‐long chronologies—pose serious challenges. This is because preserved wood will in all
scenarios be darker than their living tree counterparts. Preserved wood can become incredibly dark in tannin
and iron rich lake and peaty environments. If this darkening of the wood is not considered, it will impose a
“warm” bias, as darker colors are here associated with higher densities. Moreover, in Larix sp. the high con-
tent of extractives in their heartwood (Grabner et al., 2005) may challenge the success of chemical extraction
and result in noticeable heartwood/sapwood differences even for X‐ray microdensitometry.
5.2.5. Statistical Treatment of Trend Differences
Trend differences among data sets are diminished if typical standardization/detrending procedures, such as
individual data‐adaptive approaches (one curve function per tree; Cook & Peters, 1981; Melvin & Briffa,
2008) or collective data‐adaptive approaches (one curve function for all trees; Briffa et al., 1992) are applied
(results not shown). Similar findings were previously also shown by Helama et al. (2012). Data set trends all
become neutral and may be associated with loss of important climate information. To retain a positive trend
after standardization in these data, more deterministic methods have to be employed. One such approach
could be to employ functions that are not allowed to track persistent positive trends. This approach could
be justified because of the preconceived notion that after the juvenile growth phase (Melvin, 2004) tree‐ring
series should not systematically have wider rings or denser latewood with increasing age. Thus, such a fea-
ture would most likely be related to climate. This approach would, however, not be able to retain a positive
trend inmxd data that does not have any positive trend to begin with. Another approach would be to sample
more trees, covering earlier time periods, preferably several generations, and employ RCS standardization
(Briffa & Melvin, 2011). An artificial measurement‐resolution induced trend in the data should be similar
for all generations within a data set, and removing the common age/growth variance from all series should
result in the retention of net positive or negative trends of specific generations for all techniques. To achieve
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this result, extensive and diverse sets of sample materials are needed (Esper et al., 2003; Briffa & Melvin,
2011). While differences in mean levels appear straightforward to compensate with statistical scaling, trend
differences among data sources require much more scrutiny and care. The only way to quantify the environ-
mental trends is by accurately identifying the biological growth trend, and this is not an easy task (Peters
et al., 2015) especially if different data sources can have different age/size related growth trends due to appar-
ent measurement resolution.
5.2.6. Potential Component in the “Divergence Problem” of Northern Forests?
In dendroclimatology there is a longstanding debate as to whether ring width and mxd chronologies
display a trend mismatch or loss of response in recent decades to growing season temperature. This is
often referred to as the divergence problem (D'Arrigo et al., 2008; Esper & Frank, 2009; Stine &
Huybers, 2014). If this phenomenon has scientific merit as an unmatched decline or loss of response
in ring width during recent decades, corresponding mxd data derived from low apparent measurement
resolution techniques may also inherit these features even if they are not present in the mxd data as an
environmentally induced trend. Any decline in ring width, be it on annual, decadal or centennial scale
will prompt a proportionally exaggerated decline in mxd values if apparent measurement resolution is
low. That is, under this hypothesis, measurement resolution is not the cause of the “true” divergence,
there must first be an environmental driver hampering ring width growth for divergence to be detected
in mxd. Alternatively, the divergence problem is not induced by environmental drivers but a problem of
disentangling biological growth trends from environmental growth trends, expressed during the difficult
decomposition of the two (Esper & Frank, 2009). Consider that most dendroclimatological chronologies
have an increasing mean age of trees closer to the sampling date (Nehrbass‐Ahles et al., 2014), and this
is almost always associated with a decline in ring‐width due to the age/size trends of most conifers
(Fritts, 1976). Thus mxd data at more modern dates will be similarly suppressed if measurement resolu-
tion is low. In this sense, it would be worth revisiting original chronologies and reconstructions exhibit-
ing divergence and jointly examine ring width and mxd for conspicuously tight associations when ring
widths are narrow.
5.2.7. Mitigating Differences Caused by Measurement Resolution
In the experiment detailed herein, we showed that wide‐ring mxd chronologies (mxd from only >400 μm
wide rings) obtain trends and temperature signals more similar to high measurement resolution techniques.
This is quite remarkable considering that only half of the sample material is compared to the full data set.
Even the least replicated GentT data sets exhibit these features. All narrow‐ring mxd chronologies exhibit
the opposite features. Such a marked deterioration of performance from wide‐ring mxd chronologies to
narrow‐ring mxd chronologies again corroborates the hypothesis that apparent measurement resolution
is very important. Moreover, this also shows that it may be possible to mitigate this bias in chronologies.
We show that this mitigation can be achieved with a simple omission of mxd data measured from narrow
rings, but we recommend finding other solutions that do not discard valuable data, such as adopting percen-
tile chronologies instead of mean chronology approaches (Stine & Huybers, 2017) or statistically modeling‐
out similarities ofmxd to ring width prior to use (sensu Kirdyanov et al., 2007). It is interesting to note that if
a smaller amount of information within the aperture and measurement track is utilized, it has a positive
effect on the performance of the data. This is exemplified by the GentT* data set that only uses the 20%
densest voxels to derive the mxd parameter, compared to the original GentT data set that utilizes 100%.
This feature, in the DHXCT image analysis software, but also relatedly implemented in CooRecorder™,
may be an interesting approach to increase apparent measurement resolution after X‐ray or visible light
scanning has been performed. Taking more care in matching the measurement sensor obliquity across ring
boundaries should also be addressed. Software development, where sensor shapes can adapt to curving ring
boundaries could potentially be a very valuable feature and means of addressing this issue. Of course it is of
fundamental importance to increase or maintain a high quality in the image capturing process. For X‐ray
techniques, except 3D X‐ray computed tomography, the fiber‐angle control during sample preparation is
of utmost importance. If fibers deviate even slightly from the parallel direction of the X‐ray beam, a blurred,
unfocused image will result. This will reduce the apparent measurement resolution even if image analysis
hardware and software specify 10‐ or 20‐μm apertures (nominal resolution). If images are of high quality,
the use of narrow analysis sensor apertures is preferable (at least down to 10 μm). For the BI technique, it
appears that a move towards increased scanning resolution or high‐resolution photography may be benefi-
cial, as indicated through comparison of the UIbkB data set with the other BI data sets produced with flatbed
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scanners. However, as a technique where economy and accessibility are selling points; further advances in
image analysis rather than hardware may be the more likely future priority.

5.3. Synopsis

With this review, in tandem with an empirical comparison experiment, we demonstrate the need and
provide a simple methodological outline, for mass/volume‐based recalibration to accurately estimate ring
density values (see Text S1 for an example of instructions). Themean levels of ring density should not be con-
sidered absolute values unless a gravimetric/volumetric recalibration has been conducted. It should further
be considered best practice to keep track of system stability and reproducibility through time. We note also
that if a recalibration is implemented, the set of “correction factors” introduced by Lenz et al. (1976) also
becomes redundant for mxd and minimum density.

The mean levels of mxd and minimum density are never comparable even if a recalibration has been
implemented because of inherently different apparent measurement resolutions between different tech-
niques and laboratories. This conclusion is based on existing theoretical knowledge corroborated with
empirical evidence presented in this review. In fact, this review has demonstrated that the apparent
measurement resolution of a sample is even more fundamental than existing work appears to have con-
veyed. In our experiments specifically, we observe substantial biases using data measured from narrow
rings, which can influence the long‐term trend in measurements and the resulting temperature signals
obtained where such data are used in palaeoclimatology. We recommend efforts to increase apparent
measurement resolution in the laboratory and to consider analytical techniques to enhance the precision
of the mxd signal.

Because the mean values of minimum density andmxd are without direct comparison (their comparability
is obscured by measurement resolution), the main aim of both system operators and developers should be
geared towards sharp radiographs (Vaganov et al., 2006), as opposed to accurate density transformations
(Moschler &Winistorfer, 1990). The assumption made in calibrating a heterogeneous material such as wood
into density using a homogenous calibration material appears to be sufficiently representative in terms of
assigning each measurement conducted in the same lab to a relative scale. However, the calibration refer-
ence cannot be reliably used to derive comparable mxd measurements at different labs due to apparent
resolution biases.

We therefore recommend that special care is needed when working with past measurements, data produced
using various technologies, or from different laboratories. When combining differently sourced density data
sets, each needs to be treated individually prior to their combination.

We emphasize that wood density, as perceived by all techniques, is effectively a representation of the propor-
tion of cell wall in the tracheids of the xylem. Except for the important caveat that cell‐wall discoloration can
be overwhelming on >multi‐decadal scales for reflected light techniques such as BI, the most fundamental
difference among microdensitometric techniques at inter‐annual time scales is their apparent
measurement resolution.

Finally, despite all the analytical challenges of producing microdensitometric measurements for global
change research, we underscore that the merits—the tight association with growing season temperatures,
the ability to represent volcanic cooling, and its reduced biological memory compared to ring width—posi-
tionmxd as the current gold standard of high‐resolution paleoclimatology for temperature reconstructions.

Abbreviations

BI Blue intensity (name for a technique that quantifies reflected or absorbed light from wood
samples)

CRU Climate Research Unit (University of East Anglia)
CT Computed tomography

DHXCT Software (dendrochronological helical X‐ray computed tomography)
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mxd Maximum latewood density derived with any technique, even those that do not initially calibrate
values to density

MXD Maximum latewood density derived with X‐ray based techniques
Rbar Average pair‐wise correlation between tree‐ring series
RCS Regional curve standardization (A method to neutralize age related information but conserve

average growth rates in tree‐ring indices)
ρ Density

ρM/V Density from mass divided by volume
ρMicro Density from indirect techniques based on light transmission or reflection, or anatomical

dimensions
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Coastal sand dunes near the Baltic Sea are a dynamic environment marking the
boundary between land and sea and oftentimes covered by Scots pine (Pinus sylvestris
L.) forests. Complex climate-environmental interactions characterize these ecosystems
and largely determine the productivity and state of these coastal forests. In the face
of future climate change, understanding interactions between coastal tree growth and
climate variability is important to promote sustainable coastal forests. In this study,
we assessed the effect of microsite conditions on tree growth and the temporal
and spatial variability of the relationship between climate and Scots pine growth at
nine coastal sand dune sites located around the south Baltic Sea. At each site, we
studied the growth of Scots pine growing at microsites located at the ridge and
bottom of a dune and built a network of 18 ring-width and 18 latewood blue intensity
chronologies. Across this network, we found that microsite has a minor influence
on ring-width variability, basal area increment, latewood blue intensity, and climate
sensitivity. However, at the local scale, microsite effects turned out to be important
for growth and climate sensitivity at some sites. Correlation analysis indicated that the
strength and direction of climate-growth responses for the ring-width and blue intensity
chronologies were similar for climate variables over the 1903–2016 period. A strong
and positive relationship between ring-width and latewood blue intensity chronologies
with winter-spring temperature was detected at local and regional scales. We identified
a relatively strong, positive influence of winter-spring/summer moisture availability on
both tree-ring proxies. When climate-growth responses between two intervals (1903–
1959, 1960–2016) were compared, the strength of growth responses to temperature
and moisture availability for both proxies varied. More specifically, for the ring-width
network, we identified decreasing temperature-growth responses, which is in contrast to
the latewood blue intensity network, where we documented decreasing and increasing
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temperature-growth relationships in the north and south respectively. We conclude that
coastal Scots pine forests are primarily limited by winter-spring temperature and winter-
spring/summer drought despite differing microsite conditions. We detected some spatial
and temporal variability in climate-growth relationships that warrant further investigation.

Keywords: ring-width, blue intensity, climate-growth relationship, temporal variability, coastal dunes, microsite,
Europe, climate change

INTRODUCTION

Annual mean air temperature for land-surfaces surrounding the
Baltic Sea has increased since the beginning of instrumental
records in 1871 (von Storch et al., 2015). The largest increase
in air temperature was observed for winter months, with
higher temperatures reported in Germany (Bormann, 2010),
Poland (Kozuchowski and Degirmendzic, 2005), the Baltic States
(Lithuania: Bukantis and Rimkus, 2005; Latvia: Draveniece, 2009;
Estonia: Jaagus, 2006), Finland (Mikkonen et al., 2015), and
Sweden (Räisänen and Alexandersson, 2003), especially in the
second half of the 20th century. The interplay between rising
temperatures, changes in spatial and temporal precipitation
patterns, and the number and intensity of extreme climate events
(HELCOM, 2013; von Storch et al., 2015), influences forest
vegetation and productivity (McCarthy et al., 2001; Boisvenue
and Running, 2006; Parry et al., 2007; Kreyling, 2010; Lindner
et al., 2010). To better understand how recent climate change
affects forest ecosystems, new approaches to document the
interaction between tree growth and climate variability are
needed. For example, different tree-ring parameters (e.g., ring-
width – RW, maximum latewood density – MXD, blue intensity –
BI, including latewood and earlywood blue intensity – LBI and
EBI, respectively) can be used in climate-growth analyses to assess
the effects of past and ongoing climate change on tree growth over
time and space (Babst et al., 2013, 2018, 2019; Wilson et al., 2017;
Harvey et al., 2020).

Scots pine (Pinus sylvestris L.) is a widely distributed conifer
species in Eurasia and can grow in a variety of ecological and
climatic conditions. A high tolerance to poor soils, droughts
and frost events makes Scots pine the desired species for
windbreak plantations (Brown and Schwemler, 1990) within
coastal areas, in land reclamation treatments (Metslaid et al.,
2016), and for anti-erosion purposes (Koprowski et al., 2010).
In boreal forests of northern Europe, summer temperature is
frequently reported as the primary limiting factor of Scots pine
growth (RW and MXD: Schweingruber et al., 1988; Düthorn
et al., 2013, 2015; Lindholm et al., 2014; Lange et al., 2018; BI:
McCarroll et al., 2002; Björklund et al., 2014). In the central
part of the species distribution in Europe, i.e., in a transition
zone from boreal to temperate forests and toward the south
of its distributional range, winter or winter-spring temperatures
mainly and positively influence Scots pine growth (RW: Pärn,
2002; Hordo et al., 2011; Balanzategui et al., 2018; Metslaid
et al., 2018; Matisons et al., 2019; Harvey et al., 2020; EBI:
Seftigen et al., 2020). In addition to temperature, moisture
availability has also been documented as a growth-limiting
factor (RW: Helama and Lindholm, 2003; Vitas, 2004, 2006;

Erlickytė and Vitas, 2008; Drobyshev et al., 2011; Düthorn et al.,
2013; Bose et al., 2020; RW and EBI: Seftigen et al., 2020). At
the southern distribution margin, plant water availability (RW:
Bogino et al., 2009; Buras et al., 2018a), precipitation (RW:
Sánchez-Salguero et al., 2015a), and winter, spring, or summer
temperatures (RW: Herrero et al., 2013; Sánchez-Salguero et al.,
2015a,b) modulate Scots pine growth.

At latitudes above 50◦N, strong positive relationships between
climate and Scots pine tree-ring datasets have resulted in skillful,
tree-ring based climate reconstructions (temperature: Gouirand
et al., 2008; Gunnarson et al., 2011; Seftigen et al., 2020;
precipitation: Linderholm and Chen, 2005; Seftigen et al., 2020;
and drought: Jönsson and Nilsson, 2009; Seftigen et al., 2013).
However, the climate-growth responses of Scots pine in boreal,
hemiboreal, and temperate forests are variable in space and time.
In these forest types, especially in hemiboreal and temperate
forests, local climate and microsite conditions are thought to
influence climate-growth responses (boreal: Linderholm et al.,
2014; Düthorn et al., 2016; hemiboreal and temperate: Pärn,
2002; Mandre et al., 2010; Cedro and Lamentowicz, 2011; Hordo
et al., 2011; Metslaid et al., 2018). A recent study conducted
across Eurasia at the northern distribution limit of Scots pine,
revealed climatic regimes override microsite effects on climate
sensitivity, though microsite determined absolute growth and
caused microsite-specific growth variability (Lange et al., 2018).
Further, longer term trends in climate change (e.g., 20th century
climate warming) have been found to influence climate-growth
relationships for multiple conifer species in Central Europe,
leading to changing climate-growth responses over time (Scots
pine: Pärn, 2009; Düthorn et al., 2016; Kaczka et al., 2016;
Metslaid et al., 2018; Harvey et al., 2020; Seftigen et al.,
2020; Norway spruce (Picea abies L. Karst): Kaczka et al.,
2016; Buras et al., 2018b, Swiss stone pine (Pinus cembra L.):
Kaczka et al., 2016).

Coastal dune forests are an important ecosystem that
minimizes coastal erosion and wind, hinders the deleterious
effects of salt spray and protects inland areas from coastal water
intrusion (Ratas and Rivis, 2003; Łabuz, 2013). Previous studies
on Scots pine growth on costal dunes in the south Baltic Sea
region documented several stress factors acting simultaneously
on tree growth, where water and nutrient shortages were the
most important factors in constricting tree growth (Mandre
et al., 2010). The amount of water and nutrients in the soil
decreases with elevation on the dune, resulting in substantial
physiological stress for tree functioning, especially on the dune
ridge. Apart from low water and nutrient availability on the
ridge, periodic drought events are likely to occur due to
low water holding capacity of sand, wind and sun exposure
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(Mandre et al., 2008, 2010; Maun, 2009). In contrast to the ridge,
soil at the bottom of dunes is richer in nutrients. This is a
result of surface runoff and groundwater flow from the dune
that washes nutrients from the upper toward the lower parts
of the dune and the decomposition of plant organic matter
that accumulates at the bottom of the dune (Mandre et al.,
2008, 2010). Although the soil at the bottom of the dune is
generally more nutrient rich, excessive moisture in the soil can,
at least temporarily, limit the oxygen uptake necessary for tree
growth (Mandre et al., 2010). Recent studies conducted at a
local scale in Estonia (Örd, 1972; Pärn, 2002, 2008; Mandre
et al., 2010) reported differing microsite conditions at the
dune ridge and at the bottom as important factors influencing
Scots pine growth and climate-growth responses in this part
of the Baltic Sea.

In this study, we examine the effect of microsite conditions on
growth and the temporal and spatial climate-growth responses
of Scots pine from the coastal sand dune sites located around
the south Baltic Sea. We constructed well-replicated, microsite-
based RW and LBI chronologies. We used these datasets to: (i)
investigate the similarity of growth pattern(s) across our tree-
ring network, (ii) identify dominant climate-growth responses
at the microsite and regional scales, (iii) test the stationarity of
growth responses over time, and (iv) assess whether microsite
(dune ridge vs. bottom) has an effect on growth patterns and
climate-growth relationships.

MATERIALS AND METHODS

Study Area and Sampling Design
Our study includes coastal areas surrounding the south Baltic
Sea from the Gulf of Finland, through the Gotland Basin to
the Arkona Basin (Figure 1). We selected nine sampling sites
located in coastal dune settings (Figure 1) where dune height and
morphology vary from typical peaked dune shapes (ridge) with
the height between ∼ 10 to 40 m asl to moderately undulating
terrain with relative height (i.e., a measure of the height of a dune
ridge to the dune bottom) ranging from ∼ 0.5 to 10 m. These
nine sites were selected based on the presence of sandy dunes,
age of trees (>100 years), accessibility, and sampling permission,
and all were located between 0.2 and 2 km from the Baltic Sea.
At each site, we chose two contrasting sub-sites which we term
“microsites”: (i) dune ridge and (ii) bottom of this dune. At
all sites, both types of microsites were characterized by sandy
soil (Podzol), but differed in ground vegetation cover. The ridge
microsites were mainly vegetated by Cladonia sp., the bottom
microsites by Calluna sp. or Vaccinum uliginosum sp. (Table 1).
All sites were classified as managed, either in the past (GS, DA) or
more recently (UA, UB, GA, GB, TP, NO, VO). In total, the study
is based on 18 microsites from nine dune sites located around the
south Baltic Sea (Figure 1).

At each microsite, we sampled two 5 mm increment cores per
tree at breast height taken perpendicularly to account for possibly
occurring compression wood (Janecka and Kaczka, 2016; Janecka
et al., 2016, 2020). In total, 768 trees were sampled (32–66 trees
per microsite). For each tree, diameter at breast height (DBH)

FIGURE 1 | The location of sampling sites around the south Baltic Sea.
A small map shows the location of study area and green shading presents
Scots pine distribution (www.euforgen.org/species/). Site name abbreviations
are explained in Table 1.

and tree height were recorded using a clinometer (Suunto; at the
sites: DA, UA, UB, GA, GB, GS) and Vertex measuring system
(Haglöf; at the sites: TP, NO, VO). Additionally, we measured
humus (organic) layer depth at 10 randomly located places at
each microsite (Table 2).

Tree-Ring Data and Chronology
Development
We applied standard dendrochronological techniques to prepare
samples and measure two tree-ring proxies: RW (Speer, 2010;
Schweingruber, 2012) and BI (Campbell et al., 2011; Rydval et al.,
2014; Wilson et al., 2014; Kaczka et al., 2018; Björklund et al.,
2019). The measurement of BI requires the extraction of resin and
other soluble compounds, thus we treated all cores with ethanol
in a Soxhlet apparatus for 48 h (Rydval et al., 2014; Kaczka et al.,
2018; Björklund et al., 2019).

We scanned all samples at a resolution of 2400 dpi in
RGB mode using a flatbed Epson Perfection V700 scanner.
The scanner was ICC calibrated using the IT8 Calibration
Target (IT8.7/2) printed on Kodak Professional Endura
paper with software SilverFast Ai Studio 8.0 (LaserSoft
Imaging Incorporated).

We simultaneously measured two different tree-ring
parameters, RW and LBI on the scanned images using
CooRecorder v. 8.0 (Larsson, 2003). Previous research suggests
LBI is an economical surrogate of MXD (Björklund et al., 2014;
Rydval et al., 2014; Wilson et al., 2014) that is particularly skillful
in characterizing past temperature variability, especially in
boreal and temperate Scots pine and Norway spruce tree rings
(Björklund et al., 2014; Rydval et al., 2014; Kaczka et al., 2018;
Seftigen et al., 2020). The LBI data was generated in a dedicated
BI mode of the software (Rydval et al., 2014), with adjusted
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TABLE 1 | Description of the study sites (the last letter in the code of microsite type refers to the ridge (R) and bottom (B) of the dune), number of analyzed trees (N:
RW – ring-width, LBI – latewood blue intensity) and forest site type (CL - Cladonia, CA – Calluna, VU – Vaccinum uliginosum).

Country Site Microsite type Latitude Longitude N Forest site type

RW LBI

Estonia Võiste (VO) ridge (VOR) 58.204◦ 24.498◦ 50 47 CL

bottom (VOB) 58.201◦ 24.495◦ 49 36 VU

Tapurla (TP) ridge (TPR) 59.606◦ 25.551◦ 47 44 CL

bottom (TPB) 59.594◦ 25.554◦ 50 48 VU

Nõva (NO) ridge (NOR) 59.220◦ 23.613◦ 50 43 CL

bottom (NOB) 59.218◦ 23.628◦ 43 39 VU

Sweden Gotska Sandön (GS) ridge (GSR) 58.375◦ 19.209◦ 64 52 CL

bottom (GSB) 58.385◦ 19.200◦ 43 40 CA

Poland Ustka (UB) ridge (UBR) 54.560◦ 16.730◦ 29 27 CL

bottom (UBB) 54.560◦ 16.732◦ 32 30 CA

Ustka (UA) ridge (UAR) 54.589◦ 16.892◦ 28 21 CL

bottom (UAB) 54.563◦ 16.727◦ 35 35 CA

Gryfice (GB) ridge (GBR) 54.117◦ 15.200◦ 35 34 CL

bottom (GBB) 54.119◦ 15.203◦ 35 34 CA

Gryfice (GA) ridge (GAR) 54.117◦ 15.208◦ 36 33 CL

bottom (GAB) 54.118◦ 15.209◦ 34 34 CA

Germany Darss (DA) ridge (DAR) 54.451◦ 12.550◦ 45 15 CL

bottom (DAB) 54.451◦ 12.550◦ 22 14 CA

Total 727 626

parameters (width >100, offset >0.4, depth >200, and 30% of
latewood). All RW and LBI series were visually and statistically
cross-dated with CDendro (Larsson, 2003) and COFECHA
(Holmes, 1985), respectively.

After cross-dating all tree-ring series, 727 RW and 626
LBI series were standardized (dplR package in R; Bunn, 2008)
by applying a 30-year cubic smoothing spline with a 50%
frequency cut-off to remove age-related trends but also pulses
related to disturbances caused by non-climatic factors that
occur in the closed-forest canopy (Cook and Peters, 1981;
Helama et al., 2004). Tree-ring indices were calculated via
division in order to correct for heteroscedastic variances observed
in tree-ring series (Cook et al., 1990; Helama et al., 2004).
The use of a 30-year cubic spline detrending method ensures
that RW and LBI chronologies preserve a strong year-to-year
signal while all other potential long-term trends have been
removed. Some RW and LBI tree-ring series were excluded
from the analyses if low synchronicity with other RW or LBI
tree-ring series and/or discoloration of wood surface (only
in case of LBI; Rydval et al., 2014) was detected. All tree-
ring chronologies were prewhitened to remove autocorrelation
and averaged into 18 RW and 18 LBI microsite chronologies
using the biweight robust mean. Descriptive statistics, including
expressed population signal (EPS; Wigley et al., 1984; Buras,
2017), mean inter-series correlation (Rbar), and Gleichlaeufigkeit
(GLK) were calculated for each microsite chronology and both
tree-ring proxies over the common 1903–2016 period. Lastly,
we calculated the basal area increment (BAI) with the bai.out
function (dplR package in R; Bunn, 2008) from RW and stem-
diameter measurements, which we corrected for bark thickness
according to Pretzsch (2009).

Climate Data
Although instrumental climate data was available for each site,
site-specific gridded (0.5◦ × 0.5◦) monthly temperature means,
precipitation sums and self-calibrated Palmer drought severity
index (PDSI; a measurement of relative dryness based on recent
precipitation and temperature) from CRU TS4.03 datasets were
obtained (Harris et al., 2014). The available instrumental data
is not complete (i.e., missing data points for particular years;
Estonia) as well as varies in length (shortest series, Poland: 1950–
2000), which would have restricted our interval for analysis
to 50 years. Thus, considering strong correlations (r = 0.94–
0.99, for the common 1950–2000 period; not shown) between
instrumental and gridded data at multiple sites in the study
region, longer time series and more variable options of the
gridded data product, the CRU dataset was selected for use in the
climate-growth analysis.

Statistical Analyses
To assess the similarity between RW and LBI pattern(s) across
our tree-ring network, we performed hierarchical cluster analysis
(HCA; hclust package in R; Murtagh and Legendre, 2014) and
correlation analysis (corrplot package in R; Wei et al., 2017)
by using residual chronologies. For the HCA, we employed
Ward’s method, using the Pearson’s correlation coefficient as
the similarity measure between chronologies (Murtagh and
Legendre, 2014). Using the visual assessment of the dendrograms,
we partitioned the RW and LBI chronologies into two sub-
regions based on a k-means approach (Pederson et al., 2020).

To determine the relationships between climate, RW,
and LBI microsite chronologies, we calculated bootstrapped
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TABLE 2 | The tree metadata (average: age, tree height, diameter at the breast
height - DBH, ring-width - RW, basal area increment – BAI, and organic layer) per
microsite.

Country Microsite Age
(years)

Tree
height (m)

DBH
(cm)

RW
(mm)

BAI
(mm2)

Organic
layer (cm)

Estonia VOR 187* 22.7 38.1 0.58*** 544.2 12.4***

VOB 182* 23.4 36.4 0.60*** 522.7 27.2***

TPR 149** 19.2*** 34.1 0.56*** 464.9*** 7***

TPB 138** 28.5*** 35.5 0.76*** 608.7*** 11.9***

NOR 181 15.8*** 30.3 0.46*** 344.2*** 5.5***

NOB 176 13.3*** 31.1 0.51*** 406.8*** 11.5***

Sweden GSR 228** 17.2** 44.1*** 0.57** 621.6*** 5.1**

GSB 183** 15.3** 32.8*** 0.57** 425.1*** 10.2**

Poland UBR 137** 14.7* 36.9 0.81*** 674.1 10**

UBB 152** 16.9* 40.1 0.68*** 638.7 7.2**

UAR 142 15.6*** 38.6 0.83*** 727.2 7.6***

UAB 131 21.4*** 37.5 0.92*** 721.7 12.4***

GBR 147** 12.7*** 26.9* 0.63*** 378.5*** 7.3***

GBB 153** 17.6*** 30.5* 0.70*** 473.7*** 11.4***

GAR 142** 16.3 29.9 0.77** 480*** 8.6***

GAB 153** 14.9 27.7 0.61** 377.3*** 11***

Germany DAR 126 19.6 46.4 1.18*** 1028.5 10.1

DAB 117 18.4 38.8 1.14*** 1036.8 12.7

The average RW and BAI were calculated for the 1903–2016 period that is relevant
for the climate-growth analysis. Age, tree height, DBH, RW, BAI, and organic layer
were tested for significant differences between mean of each pair of the ridge and
bottom microsites using a Wilcoxon rank-sum test (paired test in case of RW and
BAI). Presented average tree age is an approximate age, i.e., calculated based on
the actual number of rings. *Significantly different (p < 0.05). **Significantly different
(p < 0.01). ***Significantly different (p < 0.001).

Pearson’s correlation coefficients between all 36 microsite
chronologies and climate variables. The significance of the
correlation coefficients was tested with the bootstrapping
procedure based on 1000 iterations (treeclim package in
R; Zang and Biondi, 2015). Three climate variables were
considered: monthly mean temperature, precipitation sums,
and PDSI for (i) 13 individual months, starting from previous
year September to September of the current year, (ii) for
different winter (January–February), and winter–spring
seasons (January–March, January–April, February–March,
February–April, March–April, March–May) over the
1903–2016 period.

To gain a broad perspective of the climate-growth responses
of Scots pine, we examined the spatial extent of the climate-
growth (RW and LBI) responses. We performed this analysis
at the sub-regional level for both tree-ring proxies using
the sub-regional chronologies determined by cluster analysis
and correlation matrix. First, for the spatial correlations,
we selected different intervals of mean seasonal temperature
and drought variables, which in the analysis of microsite
climate-growth relationships showed the highest occurrence of
significant scores in each sub-region and proxy. Second, we
generated spatial climate correlation maps using the KNMI
climate explorer in order to present the geographical extent of
climate-growth responses (van Oldenborgh and Burgers, 2005;
Trouet and van Oldenborgh, 2013).

To evaluate possible shifts of the climate responses of trees
over time, we correlated the RW and LBI microsite and
sub-regional chronologies against climate variables over two
consecutive 56 years time intervals (early: 1903–1959 and recent:
1960–2016). We decided for a two-interval comparison approach
as a relatively simple and effective method in detecting general
changes in climate-growth relationships, which is also a common
procedure for validating the temporal stability of climate-growth
responses in tree-ring based climate reconstruction (Allen et al.,
2018; Babst et al., 2019).

Lastly, we used linear mixed-effect models (LMM; lme4
package in R; Bates et al., 2015) to assess microsite effect (dune
ridge and bottom) on Scots pine growth. In general, LMMs can
be used to test the hypotheses whether a certain variable has
a significant effect by comparing two models with and without
this variable (Zuur et al., 2009). We used this approach to test if
microsite affects absolute growth (RW, BAI, LBI) and the strength
of the climate-growth relationships. Models with and without the
microsite variable were compared using the Akaikes Information
Criterion (AIC). We chose AIC over the Bayesian Information
Criterion (BIC) following the argumentation of Burnham and
Anderson (2004). In particular, we do not believe that the (quasi)
true model is within our set of models and because tree growth is
affected by many small, instead of a few large effects. Additionally,
we calculated the marginal and the conditional R2 (Nakagawa
and Schielzeth, 2013) for all LMMs (piecewiseSEM package in
R; Lefcheck, 2016). The change in the marginal R2 when adding
the microsite variable indicates how much more/less variance was
explained by this fixed effects.

Specifically, we used LMMs to answer seven questions
for each site, as well as for the northern and southern
sub-regions (combined sites based on the HCA and matrix
correlation results).

(1) Does the microsite affect RW?
(2) Does the microsite affect BAI?
(3) Does the microsite affect LBI?
(4) Does the microsite affect temperature-RW relationships?
(5) Does the microsite affect PDSI-RW relationships?
(6) Does the microsite affect temperature-LBI relationships?
(7) Does the microsite affect PDSI-LBI relationships?

Climate variables used in the LMMs were selected based on the
results of climate-growth analyses (see section “Results”).

First, the questions 1, 2, and 3 can already be explored visually
by comparing the two microsites’ regional curves (Bowman et al.,
2013), which describe the expected RW, BAI, or LBI at each age
(Supplementary Figure S6). Therefore, in the respective models
we used the expected RW/BAI/LBI according to the sites’ (not
microsite) regional curves as an input parameter to account for
tree age/size effects. The regional curves were calculated with
the rcs function (dplR package in R; Bunn, 2008). Previous
year’s growth value was used as an input parameter to account
for autocorrelation. This previous year’s value was standardized
(mean = 0, SD = 1) for each tree to avoid multi-collinearity with
the microsite effect. Microsite was used as a fixed effect, tree-ID
was used as a random intercept, while previous year’s growth
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value in dependence in tree-ID was used as random slope. To
compare the models with and without the microsite effect, we
fitted these models with the maximum likelihood method (ML),
because both models differed only in fixed (microsite) effects.

For the models that explored the effect of microsite on
climate-growth responses (questions: 4, 5, 6, and 7), we used 30-
year spline detrended data instead of raw tree-ring data (RWI
and LBII instead of RW and LBI). This detrending generally
removes all low frequency variability and benefits the detection
of high frequency climatic signals in tree-ring chronologies. The
respective independent variables in these models are: previous
year’s growth index in order to account for autocorrelation
and the site- or sub-region- specific climate variable. To test
the microsite effect, we compared this model to a model that
additionally included the microsite as well as the interaction of
microsite and climate variable. Again, models with and without
the microsite effect were fitted via the maximum likelihood
method (ML), because both models only differed in their
fixed effects. All formulas of the tested models are listed in
Supplementary Table S2. All analyses were computed in “R”
(version 3.6.3.; R core team, 2018).

RESULTS

Similarities of Growth Patterns Across
the Tree-Ring Network
The mean age of the trees per microsite ranged from 117 to
228 years (overall mean 157 years) with older trees growing
in the northern (mean age 186 years) than in the southern
(mean age 139 years) sub-region. Six sites showed significant
difference in tree age; at three sites trees were older on the
dune ridge while at the other three sites, trees were younger on
the dune ridge. Within six sites tree heights were significantly
different, with taller trees at the bottom (four sites) compared
to the dune ridge (two sites; Table 2). We found a significant
difference in DBH between microsites (ridge vs. bottom) only at

two sites, where trees growing on the dune ridge had larger DBH
measurements. Overall, mean RWs and BAI were greater in the
southern (Germany and Poland) than in the northern (Estonia
and Sweden) pine populations (Table 2). We documented a
significant difference in mean RW at all sites; at five sites mean
RW was greater at the bottom of the dune compared to the dune
ridge (four sites). Five sites showed significant difference in mean
BAI; at three sites BAI was greater at the bottom of the dune while
at the other two sites BAI was greater at the dune ridge (Table 2).
At eight sites we observed significant differences in thickness
of organic layer, where humus depth was greater at the bottom
(seven sites) of the dune than at the ridge (one site; Table 2). We
identified a strong common signal in detrended tree-ring series
(Supplementary Figure S1), with high values of EPS, GLK, and
moderate values of Rbar (Supplementary Table S1).

Hierarchical cluster analysis conducted on the residual RW
and LBI chronologies clustered microsite chronologies into two
groups that represent two geographical sub-regions: north and
south (Figure 2). We identified significant cross-correlations
among microsite chronologies within each sub-region (RW
north: r = 0.19 to r = 0.68, p < 0.05 and p < 0.001, respectively;
RW south: r = 0.19 to r = 0.84, p < 0.05 and p < 0.001,
respectively; LBI north: r = 0.2 to r = 0.77, p < 0.05 and
p < 0.001, respectively; LBI south: r = 0.22 to r = 0.82, p < 0.05
and p < 0.001, respectively; Supplementary Figure S2). We
found highly significant intra-site (ridge-bottom chronologies)
correlations, ranging from RW: r = 0.67 to r = 0.68 (p < 0.001)
and LBI: r = 0.5 to r = 0.79 (p < 0.001) in the northern and
from RW: r = 0.52 to r = 0.83 (p < 0.001) and LBI: r = 0.58 to
r = 0.75 (p < 0.001) in the southern sub-regions (Supplementary
Figure S2). Interestingly, we also observed highly significant
correlations between RW and LBI chronologies within both sub-
regions (Supplementary Figure S3).

Considering the results from the HCA and high cross-
correlations among the RW and LBI microsites’ chronologies
in each sub-region (Figure 2 and Supplementary Figure S2),
we decided to combine microsite chronologies into four sub-
regional chronologies. Consequently, we obtained two northern

FIGURE 2 | Dendrogram of hierarchical cluster analysis based on microsites: (A) ring-width and (B) latewood blue intensity chronologies over the 1903–2016
period. Boxes represent two sub-regions (gray = north and green = south) in which our microsites were partitioned. The abbreviations of microsite names are
explained in Table 1.
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(RW-N and LBI-N, both including: GS, TP, NO, VO; see
Figure 2) and two southern (RW-S and LBI-S, both including:
DA, UA, UB, GA, GB; see Figure 2) sub-regional chronologies
for climate-growth analyses.

Dominant Climate Signals
At the regional scale, both proxies, RW and LBI show similar
strength and direction of climate-growth responses over the
1903–2016 period, with a significant and positive influence
of winter-spring temperature on tree growth (Figure 3;
for temperature-growth responses of specific microsite
chronologies see Supplementary Figure S4). At the site
level, we identified a positive relationship of both RW and LBI to
winter-spring/summer moisture availability (expressed as PDSI,
Supplementary Figure S4) which, however, was not strongly
represented in the sub-regional chronologies (Figure 3).

The RW-N and RW-S chronologies are positively correlated
with winter-spring temperature (0.3 < r < 0.5), with stronger
associations found for the southern pine populations
(Figure 3A). In contrast to climate-RW relationships, the
association between LBI-N chronology to winter-spring
temperature is stronger than for the LBI-S chronology
(0.3 < r < 0.5 and 0.2 < r < 0.4, respectively; Figure 3B).
In the microsite analysis, we detected very few significant
positive and negative relationships between precipitation sums
and Scots pine growth (Supplementary Figure S4).

Temporal Variability of Climate Signal
Overall, we observed changes in Scots pine climate-growth
responses over the two intervals examined (1903–1959
and 1960–2016; Figure 4, Supplementary Figure S5). In
general, the winter-spring temperature-growth relationship
is decreasing in the latter 20th and early 21st centuries,
with the exception of the sites in the LBI-S network, which

show a stronger relation to winter-spring temperature in
the second interval. The direction of the temperature-RW
and LBI response, however, does not change, and it remains
positive and spatially significant across the study region
(Figure 4, for temperature-growth responses of specific
microsite chronologies and two intervals see Supplementary
Figure S5). The relationships between microsite RW, LBI
chronologies, and moisture availability (PDSI) calculated
over the full overlap are positive and comparably strong
to temperature, which, however, is not resembled by the
sub-regional chronologies (Figure 4, for drought-growth
responses of specific microsite chronologies and two intervals
see Supplementary Figure S5).

Microsite Effect on Growth and
Climate-Growth Relationships
In general, the LMMs indicate that microsites often have an
effect according to the deltaAIC, but the change in the marginal
R2 in the majority of cases is <0.01. In the analyses of
the northern and southern sub-regions, the largest effect of
microsites was found for LBI in the southern sub-region (delta
AIC = −8.699), however, in this case the marginal R2 improved
by only 0.017. The LMMs thus revealed only minor effects of
microsite conditions on absolute growth in the northern and
southern sub-regions. At the individual site level, we found that
microsite had marginal effects on RW and BAI (maximum delta
AIC and delta marginal R2 values were −11.592 and 0.027 for
site GA Supplementary Table S2), while microsite affected LBI
significantly at multiple sites. The strongest effects were noted for
the sites VO, UA, UB, with delta AIC values of−82.811,−15.269,
and −11.149, and delta marginal R2 values of 0.325, 0.098, and
0.079 (Supplementary Table S2).

The effect of microsite conditions on climate-growth
relationships was not significant or very small for the northern

FIGURE 3 | Spatial Pearson’s correlation maps for northern and southern sub-regions’ chronologies for (A) ring-width and (B) latewood blue intensity against
winter-spring temperature and drought variables (see inset text in each panel for climate season). Dots representing sites GA and GB as well as UA and UB overlap
each other due to the small distance between sites (see the detailed location of each site on Figure 1). Correlations are based on the 1903–2016 common period.
Dots correspond to tree-ring sites presented on the Figure 1 and in Table 1. White color within lands’ borders represents non-significant values of correlations.
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A B

FIGURE 4 | Spatial Pearson correlation maps for northern and southern sub-regions chronologies assessing relationships between (A) ring-width, (B) blue intensity
and winter-spring temperature and drought variables (see inset text in each panel for climate season). Dots representing sites GA and GB as well as UA and UB
overlap each other due to the small distance between sites (see the detailed location of each site on Figure 1). Correlations are based on the 1903–1959 and
1960–2016 intervals. Dots correspond to tree-ring sites shown on Figure 1 and in Table 1. White color within lands’ borders represent non-significant correlations.

and the southern sub-regions, as well as for individual sites.
However, for multiple sites delta AIC was significantly negative,
indicating microsite conditions play a role in the climate
sensitivity of Scots pine growth, however, the delta marginal
R2 was never above 0.015, indicating only small effects
(Supplementary Table S2). For certain studies including climate
reconstructions such differences might matter.

DISCUSSION

Tree growth in temperate forests is affected by multiple factors
acting on different spatial and temporal scales. Climate drives
tree growth at the regional scale, and this regional climate-
growth response pattern is further modulated at the local

scale by (micro)site conditions and microclimate (e.g., local
summer precipitation; Briffa et al., 2002a,b). Our results show
that regional climate primarily drives the growth and climate-
growth responses of Scots pine on the coastal sand dunes around
the south Baltic Sea. However, this growth and climate-growth
responses are slightly modulated by (micro)site conditions.

Scots Pine Growth and Dominant
Climate Signal
Considering the differences in microsite (dune ridge and bottom)
conditions in our study that were reflected in differences in
forest type and humus depth (Tables 1, 2), we expected to see
microsite-specific patterns across all our sites: reduced growth
(DBH, RW, BAI, tree height) of Scots pines on the dune ridges
compared to the bottom of the dunes. Interestingly, although
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we identified some differences in Scots pine growth at the dune
ridge and bottom, we did not observe homogenous growth
tendencies related to these microsite settings, i.e., Scots pine
growth (DBH, RW, BAI, tree height) was not always reduced
on the dune ridge compared to the dune bottom as expected
(Table 2 and Supplementary Figure S6; Örd, 1972; Pärn, 2002,
2008; Mandre et al., 2010). We also anticipated variability among
trees growing at different microsites in terms of RW and LBI
responses to climate (Supplementary Figure S4; RW: coastal
sand dunes: Pärn, 2002; Mandre et al., 2010; sites with different
soil compositions: Hordo et al., 2009; Cedro and Lamentowicz,
2011; Dauškane and Elferts, 2011; Edvardsson et al., 2015;
Metslaid et al., 2018). Further, we anticipated a comparatively
lower influence of temperature and substantial, positive and
increased role of moisture availability on Scots pine growth on the
dune ridge for the whole 1903–2016 period (Mandre et al., 2010).
In our tree-ring network, regardless of the coastal character
of our sites, location on the sand dunes, and the microsite
type, we identified winter-spring temperature as a factor driving
Scots pine RW and LBI at the regional and local scales. We
additionally documented a strong and positive role of winter-
spring/summer moisture availability (expressed by PDSI) on
Scots pine RW and LBI, which was not represented by the sub-
regional chronologies. It is important to note that apart from
the generally similar pattern of climate-growth responses across
our network, we did observe subtle differences in the strength
of temperature- and/or drought-growth responses between dune
ridge and bottom microsites (Supplementary Figure S4). We
observed very weak precipitation-growth relationships at only
a few sites that were statistically significant for single months
(Supplementary Figure S4).

Our findings on the influence of warmer winter-spring
conditions on Scots pine RW (Figure 3 and Supplementary
Figure S4) is consistent with previous studies conducted in this
region that also report winter-spring temperature as a factor
promoting Scots pine growth (Cedro, 2001; Vitas, 2004; Elferts,
2007; Vitas and Erlickytė, 2007; Hordo et al., 2009; Pärn, 2009;
Cedro and Lamentowicz, 2011; Metslaid et al., 2018; Harvey
et al., 2020). Different climate-growth responses, i.e., positive
response to previous and current year winter and summer
temperature and precipitation, negative influence of winter-
spring precipitation (Vitas and Bitvinskas, 1998; Cedro and
Lamentowicz, 2011; Hordo et al., 2011) for Scots pine in the
region have also been reported. Interestingly, studies conducted
on the coastal dune sites in Estonia (Pärn, 2002; Mandre et al.,
2010) found elevation differences play a strong role on Scots pine
climate-growth relationships. Pärn (2002) reported a combined
effect of temperature and precipitation on Scots pine growth,
however, with some variability in climate response driven by
tree age and the position on the dune. The author documented
significant influence of winter temperature on Scots pine growth
at more than half of the sample plots located within western and
eastern slopes of the dune. Additionally, at some of these sample
plots, the influence of precipitation was detected, however, the
overall correlation values were lower than for temperature.
Mandre et al. (2010) documented only a significant influence of
winter precipitation/snowfall on pines’ growth (i.e., no significant

temperature response), where trees growing on the dune ridge
exhibited a positive relationship to winter precipitation and
trees at the dune bottom grew poorly with increased winter
precipitation. The general differences documented by Pärn
(2002), Mandre et al. (2010), and in our study might result
from different age of the trees used in the analyses (Pärn, 2002
and Mandre et al.: ∼50 and 100–200 years old; our study:
∼100–400 years old), as well as the time interval for which the
analyses were performed (Pärn, 2002: 1952–2000, Mandre et al.,
2010: 1963–2002, our study: 1903–2016). Moreover, we raise a
statistical issue and suggest that the use of different p-values
(Mandre et al., 2010 and Pärn, 2002: p < 0.05: our study: p < 0.01)
to quantify the statistical significance of the results would have
brought distinct differences in the results (Vidgen and Yasseri,
2016). As we reported a few significant relationships between
precipitation sums and growth (Supplementary Figure S4), we
admit that the use of higher p-value (p < 0.05) in our analysis,
would have resulted in more significant correlation scores (tested,
not presented). It is important to note that precipitation has an
impact on Scots pine growth at some of our sites (Supplementary
Figure S4), however, considering our aim to detect the dominant
drivers of growth and following the recommendation of Vidgen
and Yasseri (2016), we rely on the lower p-value in order to
improve the quality of statistical significance. Thus, we indicate
that the role of precipitation is negligible to moderate as a climate
factor influencing the growth of Scots pine.

The positive relationship between Scots pine growth and
warmer winter-spring conditions seems to highlight the
species capacity to capitalize on positive early growing season
conditions. Warm thermal conditions in the winter-spring
season can trigger earlier cambial activity and in turn an
earlier onset of growth leading to a wider tree ring (Cedro
and Lamentowicz, 2011). Further, higher temperatures in the
cold season may result in less cambium, needle, and root
damage and therefore ease winter growth limitations and
earlier growth resumption (Havranek and Tranquillini, 1995;
Dauškane et al., 2011). Sevanto et al. (2006) documented
that Scots pine photosynthesis and diurnal stem diameter
variations begin and end when air temperature reaches 3–4◦C
and drops below −7◦C, respectively, as long as enough water
is available for wintertime photosynthesis. On the other hand,
low temperatures and a deep snow cover may significantly
reduce radial growth by keeping soil temperature low and
delaying the initiation of cambial activity in spring (Peterson
and Peterson, 2001; Dauškane et al., 2011). Increasing and
fluctuating winter-spring temperature might also have a negative
influence on tree growth, i.e., decreased tree resistance to low
temperatures (Koprowski, 2013). Lastly, warmer conditions can
interrupt the hardening processes of trees and increase their
sensitivity to late winter-early spring frost (Koprowski, 2013;
Misi and Nafradi, 2016).

The identified local and positive relationship between Scots
pine growth and winter-spring/summer moisture availability
conditions in most microsites highlights Scots pine’s requirement
for moisture in the soil before and/or during the growing
season, and further denotes dry conditions that specifically
occur at certain site-types, i.e., at the coastal sand dunes/sandy
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soil (Pärn, 2002; Vitas, 2006; Mandre et al., 2010) but also
rocky shallow soils (Lindholm et al., 1997; Seftigen et al., 2013,
2020). This is not unexpected since coastal dune sites consist
of sandy soils with poor water holding capacities (Mandre
et al., 2010). Therefore, higher winter-spring temperatures on
the one hand might cause less limitation for growth, while
at the same time due to hydrological properties of soil/sand
intensified by the drying effect of the sun and wind, drought
events may occur, especially at the dune ridge, and lead to
secondary stress resulting in decreased ion uptake and changes
in metabolic activity (Mandre et al., 2010). Further, due to
elevated soil aeration on sandy soils, transpiration may increase
and finally lead to water stress (Rigling et al., 2001). The
inconsistent and weak spatial climate correlations of sub-regional
chronologies with PDSI (Figures 3, 4) can be explained with
the comparably lower spatial autocorrelation of PDSI compared
to temperature. That is, each of the nine investigated sites
receive considerably different precipitation amounts in a given
year which are restricted to the local events (HELCOM, 2013),
while the high spatial autocorrelation of temperature results
in a more or less similar thermal regime across the network.
Consequently, the temperature signal is well represented in
the spatial climate correlations compared to the rather local
precipitation (PDSI) signals.

In contrast to the strong relationships between drought (PDSI)
and Scots pine growth at some sites, the weak or lack of moisture-
growth responses at other sites (at both, dune ridge and bottom
microsites; Supplementary Figure S4) might be associated
with several factors. First, locally occurring precipitation could
provide enough soil moisture to prevent trees from drought-
stress (Pärn, 2002; Mazza and Manetti, 2013). Second, abundant
snowpack in winter may constitute a source of soil moisture in
spring when soil water shortage diminishes nutrient and water
availability to tree roots (Mandre et al., 2010). Third, sandy
soil features low water-holding capacity and high permeability
(Mandre et al., 2010). In turn, the irrigation effect of precipitation
events is rather minor, and the moisture conditions do not differ
much within the year or between years. It might suggest that
drought stress on such soils stays at roughly the same level, and
thus Scots pine growth is more balanced (Rigling et al., 2001).
Additionally, the number of precipitation events is suggested
(Rigling et al., 2001) to be more influential on tree growth
rather than the amount of rain. Fourth, the multi-layered root
system could permit Scots pine to obtain water from deeper
levels of the soil profile especially at the sites with undulating
terrain or small dunes providing sustained water resources to
coastal trees (Frattegiani et al., 1994). Fifth, the negligible or
lack of influence of moisture availability on Scots pine growth
might be associated with anthropogenic influence related to,
among others, waterlogging that we describe in more detail later
in the discussion.

To the best of our knowledge, there is just one study
(Seftigen et al., 2020) that tested the influence of climate on
BI in Scots pine in this part of the Baltic Sea, however, site
conditions in Seftigen et al. (2020) and our study significantly
differed (rocky shallow soils vs. coastal sand dunes). We found
that LBI was positively related to winter-spring temperature

and winter-spring/summer moisture availability (Figure 3
and Supplementary Figure S4), while Seftigen et al. (2020)
demonstrated an association of EBI to late winter through
early summer temperature. The authors hypothesized that this
relationship could be associated with earlier cambial activation
and prolonged duration and rate of metabolic processes that
enhance carbohydrate synthesis, lignification and cell wall
synthesis of earlywood tracheids as a reaction to warmth early
in the growing season. Additionally, we hypothesize that higher
winter-spring temperature allows trees to accumulate more non-
structural carbohydrates, which can be used by a tree for cell wall
reinforcement later in the year. Moreover, warmer winter-spring
season could also indicate an earlier onset of the growing season
and thus a longer vegetation period. More growth early in the
growing season could potentially result in earlier cell division and
enlargement permitting more time for cell wall thickening. Other
assessments of climate influence on a measure of Scots pine LBI in
Europe come from central (Björklund et al., 2015; Fuentes et al.,
2018) and northern Scandinavia (Campbell et al., 2007; Björklund
et al., 2013) as well as Scotland (Rydval et al., 2014; Wilson et al.,
2016) and collectively report a positive correlation of LBI to
summer temperature. Sites sampled in these studies are located
at higher latitudes and/or in subalpine environments where tree
growth is often limited by low summer temperatures and a short
growing season leading to high temperature sensitivity.

Contrary to our expectations, we found only marginal effect
of microsite on absolute Scots pine growth as well as on climate-
growth relationships. The LMMs distinguished variability in
growth patterns and climate-growth relationships of Scots
pine between microsites at the same site only in some cases
(Supplementary Table S2). To interpret this result we consider
three possible explanations: (1) The relative height difference
between some microsites was too small to see pronounced
differences in tree growth and local climate responses. (2)
Previous research has demonstrated higher climate sensitivity of
taller and older trees, especially with moisture-related parameters
or temperature-induced stress (Ryan et al., 2006; Trouillier
et al., 2019). Contrarily, higher climate sensitivity has also
been reported for smaller and younger trees, which might be
related to prolonged vegetation season and lower rooting depth
documented for small trees (Zeng et al., 2018; Trouillier et al.,
2019). Due to the generally similar age structure and tree height
at the dune ridge and bottom (although statistically significant
differences are present), the age- and/or size-related effects on
climate responses seem to be relatively small across our tree-
ring network. (3) With respect to climate-growth responses,
monthly climate variables explain relatively little variance relative
to autocorrelation, age/size effects, and the cumulative effect of
all other monthly climate variables combined. Thus detecting
changes in an already small effect is challenging and might
require larger sample sizes.

Despite the marginal microsite effect identified by the LMMs,
it is important to note that we observed differences of absolute
BAI and LBI between microsites at several sites (Supplementary
Figure S6). More specifically, throughout several decades up to
the whole observational period some sites (e.g., GS for RW and
BAI, TP for LBI; Supplementary Figure S6) featured higher
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BAI/LBI at the dune ridge in contrast to the other sites (e.g., GB
for BAI and VO for LBI; Supplementary Figure S6) presenting
higher BAI/LBI at the bottom of the dune.

General differences observed in BAI values might result,
not only from the ecological and geomorphological features
of the coastal sand dunes, but also site-specific history. For
example, considerably different BAI values recorded for the
Swedish microsites: GSR and GSB are most likely associated
with different tree age (Table 2). Differences in tree age may
be driven by different disturbance histories such as human-
induced and natural fires as well as tree logging, sanitary cuttings,
and thinning that took place on the Gotska Sandön island over
the past five centuries (Niklasson, 2015). We mainly observed
evidence of logging at the bottom of the dune which resulted from
much easier access to the trees compared to the trees growing
on the 40 m dune. Further, possible differences in Scots pine
growth within Polish sites (UA, UB, GA, GB) might also result
from the anthropogenic influence, i.e., forest management (tree
logging and planting), as well as intensive tourism development.
The latter is associated with, among others, trampling that was
confirmed to significantly affect Scots pine growth in NE Poland
(Matulewski et al., 2019). Lack of significant differences in Scots
pine growth at the German DAR and DAB microsites might be
associated with the fact that the area was extensively deforested
in the 18th century. Moreover, large tree size (expressed by
large values of BAI, mean RW; Table 2) at both microsites
might be associated with the construction of drainage ditches
at the beginning of the 19th century that led to long-lasting
water logging and further changes in the landscape, which
was redesigned for industrial cattle production in the second
half of the 20th century. Later, large cattle areas got drained
leading to soil and water contamination (fertilization; Bauer and
Scheytt, 2019). Although past human-induced activates, natural
and near-natural landscapes have been preserved and led to the
establishment of numerous nature reserves and the designation of
the Vorpommersche Boddenlandschaft national park at the end
of the 20th century. Little is known about the history of the sites
located in Estonia (VO, TP, NO). However, it is confirmed that
the forests have been managed in terms of selective or sanitary
cuttings (dead, dying, or infected trees were removed).

We suggest, that the factors driving Scots pine growth leading
to certain differences and similarities should be summarized
as an interaction between climate, elements of sand dune
ecology (i.e., biological and physico-chemical features) and land-
use history. Although we provided some possible explanations
for documented differences and similarities in Scots pine
growth across our sites, we postulate that this inconsistency of
observations indicates the necessity for further investigations
into the underlying drivers of Scots pine growth (represented
by BAI) and LBI.

Temporal Variability of Climate-Growth
Responses
When we compared climate-growth responses over the two
studied intervals (1903–1959, 1960–2016) we found differences
in the strength of the relationships (Figure 4 and Supplementary

Figure S5). Similar to Pärn (2009) and Metslaid et al.
(2018), we observed a decreasing relationship between winter-
spring temperatures and RW chronologies over the studied
intervals (Figure 4A and Supplementary Figure S5) suggesting
that higher winter-spring temperatures did not necessarily
stimulate Scots pine growth at least in the second studied
interval. In contrast, Harvey et al. (2020) used a network
of more than 100 Scots pine RW chronologies from the
south Baltic Sea region and reported a generally synchronous
and stable response to late winter/early spring (February and
March) temperatures, and increasing, positive relationship to
January temperature suggesting that warmer winter temperature
promotes Scots pine growth.

Further, we documented an increased role of moisture
availability on Scots pine growth in the second interval (1960–
2016) which was particularly important for most of the sites
(dune ridge and bottom) located in the southern sub-region
(Supplementary Figure S4). Our findings might indicate that in
general warmer and drier winter-spring/summer seasons (von
Storch et al., 2015) cause more drought stress for trees at the
coastal sand dune sites, however, this drought stress is not equal
across the tree-ring network due to a multitude location-specific
site-, tree-, and drought related factors as well as their interactions
(Bose et al., 2020).

Instabilities in climate-growth responses and the general
discrepancies in the temporal stationarity of climate-growth
responses documented in our study and the studies mentioned
above, suggest the importance of several co-occurring factors
acting at different temporal and spatial scales. Climate changes
are not uniform at a broader geographical scale (von Storch
et al., 2015), which means that the documented increasing trend
in winter-spring temperature is not necessarily homogenous
across the whole Baltic Sea area. Moreover, specific local site
conditions together with variations in local climate (e.g., coastal
site characteristics, local precipitation), and varying stand age
could contribute to the discrepancies in temporal stationarity of
climate-growth responses documented in our and other studies.
Further, the use of a greater number of intervals, different
interval’s length or alternative periods could also influence
results (Allen et al., 2018) reported by Harvey et al. (2020)
(31 years moving windows lagged by 1 year over the 1943–
2002 interval) and in our study (two-interval approach over the
1903–1959 and 1960–2016 intervals). Undoubtedly, each of the
methods used to detect temporal instabilities has its limitation,
thus should be chosen carefully depending on the aim of the
study (Allen et al., 2018). Finally, in the first half of the 20th
century the lower number of station climate data contributing
to the gridded climate data could cause artificial climate-growth
instabilities because the interpolation was based on less station
data and therefore interpolated from farther away compared
to the second half of the 20th century (Allen et al., 2018).
However, Pärn (2009) and Metslaid et al. (2018) documented
non-stationary climate-growth relationships over the 1950 to
2000 and 1955 to 2006, respectively, and relied on station climate
data in their analyses.

The stationarity of climate-growth relationships for LBI differs
between the northern and southern sub-region (Figure 4B and
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Supplementary Figure S5). In the north of the study region,
we observed a decreasing role of winter-spring temperature
on growth (LBI), while in the south a slight increase was
found. Similar to RW in the more recent interval we
observed an increased and positive importance of moisture
availability on LBI across the southern sites and decreased
role in the northern sub-regions. Seftigen et al. (2020) also
documented a weakening relationship between the late winter
through early summer temperature and EBI. To the best
of our knowledge, there are no other previous studies that
test the stationarity of the climate signal derived from LBI
in the south Baltic Sea area or in Scandinavia. Although
it is difficult to explicitly explain the relationship between
the winter-spring temperature, winter-spring/summer moisture
availability and LBI, we believe that the non-stationarity of
these climate signals is most likely associated with 20th century
climate warming.

SUMMARY AND OUTLOOK

In this network study we found that the growth of Scots pine
trees is positively influenced by winter-spring temperature at
a broad-scale and further modulated by winter-spring/summer
moisture availability at local scales. Furthermore, we documented
that at the regional scale, coastal dune ridge and bottom
microsite characteristics are of comparably lower importance for
Scots pine growth and climate-growth responses than expected,
however, at the local scale some sites featured non-systematic
differences. Our findings contribute to the existing knowledge
about variables stimulating Scots pine growth in the transition
zone from boreal to temperate forests of Europe (Pärn, 2002;
Vitas, 2006; Mandre et al., 2010; Cedro and Lamentowicz,
2011; Hordo et al., 2011; Metslaid et al., 2018; Matisons
et al., 2019; Harvey et al., 2020). The localized character of
the winter-spring/summer drought signal indicates that Scots
pine-dominated dune forests are generally vulnerable to soil
moisture availability (Vitas, 2004, 2006; Vitas and Erlickytė,
2007). The examination of LBI provides new insight into
Scots pine growth responses to climate in this region. Similar
to RWs, we identified the broad-scale, positive influence of
winter-spring temperature and local-scale winter-spring/summer
moisture availability. Generally, we found the strength and
direction of climate signal was comparable for the RW and
LBI chronologies, which was expected as we documented high
cross-proxy correlations (Seftigen et al., 2020).

The documented temporal variability of growth responses to
winter-spring temperature and winter-spring/summer moisture
availability, particularly evident at local scales and reflected
in a noticeable shift in a climate variable driving Scots pine
growth (stronger influence of moisture availability in the second
interval), could be a result of ongoing climate change. Overall,
considering projected winter-spring temperature increase (3–
4◦C over the next 80 years; Neumann, 2010), changes
in the precipitation regimes, and frequency and magnitude
of droughts in the Baltic Sea region (von Storch et al.,
2015), further research is required to better understand

whether Scots pine will perform better or worse under
future climate change. In the context of our findings, we
postulate that the vulnerability of Scots pine growth on the
coastal sand dunes around the south Baltic Sea will depend
on the winter warming balance coupled with intensified
water stress during periods of growing-season warming and
diminished precipitation.

We hope that our study inspires further exploration on the
effect of microsite conditions on Scots pine RW, LBI, and
climate-growth relationships with a special emphasis on temporal
changes in climate-growth responses and mechanisms explaining
the non-systematic differences in growth and LBI between
dune ridge and bottom. Additionally, we recommend a detailed
investigation of cambial activity and xylem formation that could
help to answer the question why Scots pine growth is strongly
controlled by winter-spring temperature in a boreal-temperate
transition zone.
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(2019). Plasticity of response of ring-width of Scots pine provenances to weather
extremes in Latvia. Dendrochronologia 54, 1–10. doi: 10.1016/j.dendro.2019.
01.002

Matulewski, P., Buchwal, A., and Makohonienko, M. (2019). Higher climatic
sensitivity of Scots pine (Pinus sylvestris L.) subjected to tourist pressure on a
hiking trail in the Brodnica Lakeland, NE Poland. Dendrochronologia 54, 78–86.
doi: 10.1016/j.dendro.2019.02.008

Maun, A. (2009). The Biology of Coastal Sand Dunes. Oxford: Oxford University
Press.

Mazza, G., and Manetti, M. C. (2013). Growth rate and climate responses of
Pinus pinea L. in Italian coastal stands over the last century. Clim. Change 121,
713–725. doi: 10.1007/s10584-013-0933-y

McCarroll, D., Pettigrew, E., Luckman, A., Guibal, F., and Edouard, J. L. (2002).
Blue reflectance provides a surrogate for latewood density of high-latitude pine
tree rings. Arctic Antarctic Alpine Res. 34, 450–453. doi: 10.1080/15230430.2002.
12003516

McCarthy, J. J., Canziani, O. F., Leary, N. A., Dokken, D. J., and White, K. S. (2001).
Climate Change 2001: Impacts, Adaptation, and Vulnerability: Contribution of

Frontiers in Forests and Global Change | www.frontiersin.org 14 September 2020 | Volume 3 | Article 578912

https://doi.org/10.1177/0959683617721322
https://doi.org/10.1007/s00704-007-0311-7
https://doi.org/10.1007/s00704-007-0311-7
https://doi.org/10.1007/s00382-010-0783-5
https://doi.org/10.1002/joc.3711
https://doi.org/10.1111/gcb.14966
https://doi.org/10.1016/B978-0-08-092593-6.50010-4
https://doi.org/10.1007/s00704-004-0077-0
https://doi.org/10.1007/s00704-004-0077-0
https://doi.org/10.1016/j.foreco.2013.07.034
https://doi.org/10.1007/s00704-005-0161-0
https://doi.org/10.1093/treephys/tpaa038
https://doi.org/10.1093/treephys/tpaa038
https://doi.org/10.1175/2009JCLI2401.1
https://doi.org/10.1016/j.dendro.2018.03.005
https://doi.org/10.1016/j.dendro.2018.03.005
https://doi.org/10.1007/978-3-319-41923-7_10
https://doi.org/10.1016/j.quaint.2012.04.020
https://doi.org/10.1016/j.catena.2010.01.004
https://doi.org/10.1016/j.catena.2010.01.004
https://doi.org/10.1890/09-1160.1
https://doi.org/10.12657/landfana.022.004
https://doi.org/10.3389/fpls.2018.01597
https://doi.org/10.1111/2041-210X.12512
https://doi.org/10.1111/2041-210X.12512
https://doi.org/10.1111/j.1502-3885.2005.tb01003.x
https://doi.org/10.3389/fevo.2014.00020
https://doi.org/10.3389/fevo.2014.00020
https://doi.org/10.1155/2014/578761
https://doi.org/10.1016/j.foreco.2009.09.023
https://doi.org/10.1016/j.foreco.2009.09.023
https://doi.org/10.3176/eco.2008.1.05
https://doi.org/10.1007/s00468-010-0479-9
https://doi.org/10.1016/j.dendro.2019.01.002
https://doi.org/10.1016/j.dendro.2019.01.002
https://doi.org/10.1016/j.dendro.2019.02.008
https://doi.org/10.1007/s10584-013-0933-y
https://doi.org/10.1080/15230430.2002.12003516
https://doi.org/10.1080/15230430.2002.12003516
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/
https://www.frontiersin.org/journals/forests-and-global-change#articles


ffgc-03-578912 September 15, 2020 Time: 19:14 # 15

Janecka et al. Climate Sensitivity of Scots Pine

Working Group II to The Third Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge, MA: Cambridge University Press.

Metslaid, S., Hordo, M., Korjus, H., Kiviste, A., and Kangur, A. (2018). Spatio-
temporal variability in Scots pine radial growth responses to annual climate
fluctuations in hemiboreal forests of Estonia. Agric. For. Meteorol. 252, 283–295.
doi: 10.1016/j.agrformet.2018.01.018

Metslaid, S., Stanturf, J. A., Hordo, M., Korjus, H., Laarmann, D., and Kiviste, A.
(2016). Growth responses of Scots pine to climatic factors on reclaimed oil shale
mined land. Environ. Sci. Pollut. Res. 23, 13637–13652. doi: 10.1007/s11356-
015-5647-4

Mikkonen, S., Laine, M., Mäkelä, H. M., Gregow, H., Tuomenvirta, H., Lahtinen,
M., et al. (2015). Trends in the average temperature in Finland, 1847–2013.
Stochastic Environ. Res. Risk Assess. 29, 1521–1529. doi: 10.1007/s00477-014-
0992-2

Misi, D., and Nafradi, K. (2016). Late winter—Early spring thermal conditions and
their long-term effect on tree-ring growth in Hungary. Balt. For. 22, 203–211.

Murtagh, F., and Legendre, P. (2014). Ward’s hierarchical agglomerative clustering
method: which algorithms implement Ward’s criterion? J. Classif. 31, 274–295.
doi: 10.1007/s00357-014-9161-z

Nakagawa, S., and Schielzeth, H. (2013). A general and simple method for
obtaining R2 from generalized linear mixed-effects models. Methods Ecol. Evol.
4, 133–142. doi: 10.1111/j.2041-210x.2012.00261.x

Neumann, T. (2010). Climate-change effects on the Baltic Sea ecosystem: a model
study. J. Mar. Syst. 8, 213–224. doi: 10.1016/j.jmarsys.2009.12.001

Niklasson, M. (2015). Skogshistoria och bränder på Gotska Sandön. – Rapporter om
natur och miljö nr 2015:1. Visby: Länsstyrelsen I Gotlands Län.

Örd, A. (1972). Edela-Eesti luitemetsade mullastikust. Metsanduslikud Uurim 9,
207–221.

Pärn, H. (2002). Growth of Scots pine (Pinus sylvestris) on dunes of Southwest
Estonia related to climate. For. Stud. 39, 65–80.

Pärn, H. (2008). Influence of the stand position on the slope and climate on
latewood characteristics of Scots pine on dunes of South-West Estonia. For.
Stud. 49, 13–24. doi: 10.2478/v10132-011-0059-9

Pärn, H. (2009). Temporal history of relationships between Scots pine (Pinus
sylvestris L.) radial growth and mean monthly temperatures. Baltic For. 15,
48–57.

Parry, M., Parry, M. L., Canziani, O., Palutikof, J., Van der Linden, P., and Hanson,
C. (2007). Climate Change 2007-Impacts, Adaptation and Vulnerability:
Working Group II Contribution to the Fourth Assessment Report of the IPCC,
Vol. 4. Cambridge, MA: Cambridge University Press.

Pederson, N., Leland, C., Bishop, D. A., Pearl, J. K., Anchukaitis, K. J., Mandra,
T., et al. (2020). A framework for determining population-level vulnerability
to climate: evidence for growth hysteresis in Chamaecyparis thyoides along its
contiguous latitudinal distribution. Front. For. Glob. Change 3:39. doi: 10.3389/
ffgc.2020.00039

Peterson, D. W., and Peterson, D. L. (2001). Mountain hemlock growth
responds to climatic variability at annual and decadal time scales.
Ecology 82, 3330–3345. doi: 10.1890/0012-9658(2001)082[3330:mhgrtc]
2.0.co;2

Pretzsch, H. (2009). Forest Dynamics, Growth, and Yield in Forest Dynamics,
Growth and Yield. Berlin: Springer, 1–39. doi: 10.1007/978-3-540-
88307-4_1

R core team (2018). R: A Language And Environment for Statistical Computing.
Vienna: R Foundation for Statistical Computing.

Räisänen, J., and Alexandersson, H. (2003). A probabilistic view on recent and near
future climate change in Sweden. Tellus A 55, 113–125. doi: 10.3402/tellusa.
v55i2.12089

Ratas, U., and Rivis, R. (2003). Coastal dune landscape of Estonia. For. Stud.
39, 9–19.

Rigling, A., Waldner, P. O., Forster, T., Bräker, O. U., and Pouttu, A.
(2001). Ecological interpretation of tree-ring-width and intraannual density
fluctuations in Pinus sylvestris on dry sites in the central Alps and Siberia. Can.
J. For. Res. 31, 18–31. doi: 10.1139/x00-126

Ryan, M. G., Phillips, N., and Bond, B. J. (2006). The hydraulic limitation
hypothesis revisited. Plant Cell Environ. 29, 367–381. doi: 10.1111/j.1365-3040.
2005.01478.x

Rydval, M., Larsson, L. Å, McGlynn, L., Gunnarson, B. E., Loader, N. J., Young,
G. H., et al. (2014). Blue intensity for dendroclimatology: should we have

the blues? Experiments from Scotland. Dendrochronologia 32, 191–204. doi:
10.1016/j.dendro.2014.04.003

Sánchez-Salguero, R., Camarero, J. J., Hevia, A., Madrigal-González, J., and Linares,
J. C. (2015a). What drives growth of Scots pine in continental Mediterranean
climates: drought, low temperatures or both? Agric. For. Meteorol. 206, 151–162.
doi: 10.1016/j.agrformet.2015.03.004

Sánchez-Salguero, R., Linares, J. C., Camarero, J. J., Madrigal-González, J.,
Hevia, A., Sánchez-Miranda, Á, et al. (2015b). Disentangling the effects of
competition and climate on individual tree growth: a retrospective and dynamic
approach in Scots pine. For. Ecol. Manag. 358, 12–25. doi: 10.1016/j.foreco.2015.
08.034

Schweingruber, F. H. (2012). Tree Rings: Basics and Applications of
Dendrochronology. Cham: Springer.

Schweingruber, F. H., Bartholin, T., Schaur, E., and Briffa, K. R. (1988).
Radiodensitometric-dendroclimatological conifer chronologies from Lapland
(Scandinavia) and the Alps (Switzerland). Boreas 17, 559–566. doi: 10.1111/j.
1502-3885.1988.tb00569.x

Seftigen, K., Fuentes, M., Ljungqvist, F. C., and Björklund, J. (2020). Using Blue
Intensity from drought-sensitive Pinus sylvestris in Fennoscandia to improve
reconstruction of past hydroclimate variability. Clim. Dyn. 55, 579–594. doi:
10.1007/s00382-020-05287-2

Seftigen, K., Linderholm, H. W., Drobyshev, I., and Niklasson, M. (2013).
Reconstructed drought variability in southeastern Sweden since the 1650s. Int.
J. Climatol. 33, 2449–2458. doi: 10.1002/joc.3592

Sevanto, S., Suni, T., Pumpanen, J., Grönholm, T., Kolari, P., Nikinmaa, E., et al.
(2006). Wintertime photosynthesis and water uptake in a boreal forest. Tree
Physiol. 26, 749–757. doi: 10.1093/treephys/26.6.749

Speer, J. H. (2010). Fundamentals of Tree-Ring Research. University of Arizona
Press.

Trouet, V., and van Oldenborgh, G. J. (2013). KNMI Climate Explorer: a web-
based research tool for high-resolution paleoclimatology. Tree Ring Res. 69,
3–13. doi: 10.3959/1536-1098-69.1.3

Trouillier, M., van der Maaten-Theunissen, M., Scharnweber, T., Würth, D.,
Burger, A., Schnittler, M., et al. (2019). Size matters—a comparison of three
methods to assess age-and size-dependent climate sensitivity of trees. Trees 33,
183–192. doi: 10.1007/s00468-018-1767-z

van Oldenborgh, G. J., and Burgers, G. (2005). Searching for decadal variations in
ENSO precipitation teleconnections. Geophys. Res. Lett. 32, 1–5. doi: 10.1029/
2005GL023110

Vidgen, B., and Yasseri, T. (2016). P-values: misunderstood and misused. Front.
Phys. 4:6. doi: 10.3389/fphy.2016.00006

Vitas, A. (2004). Dendroclimatological research of Scots pine (Pinus sylvestris L.)
in the Baltic coastal zone of Lithuania. Baltic For. 10, 65–71.

Vitas, A. (2006). Sensitivity of Scots pine trees to winter colds and summer
droughts: dendroclimatological investigation. Baltic For. 12, 220–226.

Vitas, A., and Bitvinskas, T. (1998). Dendroclimatological similarities of Picea abies
(L.) Karsten and Pinus sylvestris (L.). Baltic For. 4, 24–28.
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Abstract: Coastal dunes near the Baltic Sea are often stabilized by Scots pine forests and are charac-
terized by a mild climate. These ecosystems are affected by water shortages and might be influenced
by climate extremes. Considering future climate change, utilizing tree rings could help assess the role
of climate extremes on coastal forest growth. We used superposed epoch analysis to study Scots pine
responses to droughts and cold winters, with focus on frequency, timing, and duration. We measured
ring widths (RW) and latewood blue intensity (LBI) on samples extracted from trees growing at
dune ridge and bottom microsites at the south Baltic Sea. At the regional scale, we observed some
similarities in tree responses to both extremes between RW and LBI within the same microsite type
and region. At the local scale, RW and LBI were more frequently influenced by cold winters than
droughts. RW and LBI from dune ridges were more frequently influenced by droughts than RW and
LBI from dune bottoms. LBI from both microsites was more often influenced by droughts than RW.
RW and LBI from both microsites were similarly often influenced by cold winters. At both scales, the
response time of RW and LBI after droughts predominantly lagged by one year, while cold winters
were recorded in the same year. The typical duration of growth reductions after both extremes was
one year for both RW and LBI. Our study indicates that Scots pine from the Baltic Sea region is
sensitive to climate extremes, especially cold winters.

Keywords: climate extremes; latewood blue intensity; Pinus sylvestris L.; SPEI; stress memory;
superposed epoch analysis; tree-ring width

1. Introduction

Across Europe, droughts and cold winters are recognized as events that influence tree
growth; however, their geographical distribution, intensity, and duration differ for droughts
and for cold winters (drought: [1–5]; cold winter: [6–8]). As the mean surface temperature
across Europe increases, more frequent hot and fewer cold temperature extremes will
occur and impact tree growth. It is predicted that the frequency, intensity, and duration of
droughts will increase in the future, whereas the occurrence of cold winters will decline [9].

A growing interest is occurring in the role of extreme climate conditions, especially
drought, on tree growth across different biomes [10,11]. Extreme events can be as important
for tree growth as average climate conditions [12] because they can result in a sudden
drop of forest productivity [13] or constitute tipping points starting the trajectory towards
forest decline/dieback. Tree response to droughts differs between tree species [1,14] and
geographical locations [15,16]. Additionally, specific local site characteristics (topography,
soil), climate [4,5,15], biotic features such as intraspecific tree variability in size [17] and
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physiological traits (e.g., storage or mobility of non-structural carbohydrates [1,18] have
been reported to modulate these responses. While some species display prompt but short-
term growth reductions and quick recovery after drought [19,20], other species may react
instantaneously but maintain reduced growth for decades [20,21], or even experience
dieback and mortality (dieback: [22] and mortality: [23]). Some studies have reported that
growth reductions do not always appear in the year of the drought, but may occur in the
year following the extreme climate event [2,4,24].

The studies that focus on the negative effects of cold winter (defined here as excep-
tionally low winter temperatures) on conifer growth are not as common as drought, and are
mostly restricted to high altitudes and/or latitudes, where very low temperatures in winter
season occur [6,8]. Although warmer temperatures in late winter have been reported in
recent decades [25], they may negatively impact tree growth, i.e., result in decrease of tree
resistance to low temperatures [8,26]. In addition to single extreme climate events, the
cumulative effects of successive droughts or cold winters can further amplify their impact
on tree growth [5,18]. Moreover, two extreme climate events (cold winter and drought)
might occur consecutively, thus synergistically reducing tree growth [27].

Scots pine (Pinus sylvestris L.) is one of the most widely distributed tree species in
Europe. It mostly grows in central and northern Europe, but can be also found in southern
regions, e.g., Spain [28]. Scots pine is mainly found on dry, nutrient-poor sandy soils;
on more fertile sites, it is outmatched by other, more nutrient- and moisture-demanding
species [28]. Although Scots pine is found on a wide range of site conditions and is
generally thought to be tolerant of drought and cold winter extremes [29], there is evi-
dence suggesting that growth of Scots pine can be reduced by climate extremes, especially
droughts [2–5,20,21,30–33]. Many studies that focus on drought effects on Scots pine
are in alpine settings or Mediterranean regions, where short- and long-term negative ef-
fects on radial growth have been reported (Alpine settings: [2,3,34] and Mediterranean
region: [4,5,35]), including forest dieback [32]. Only a few studies provide evidence of
the negative influence of drought on Scots pine in temperate, hemiboreal, and boreal
forests [36–40]. Further, only a few studies from the central and northern part of the species
distribution report cold winter as a risk for Scots pine growth [2,6,7,38,39,41,42].

Little is known about the influence of drought and cold winter on Scots pine forests on
coastal sand dunes near the Baltic Sea. Baltic Sea dunes are often covered with pure Scots
pine forests and are dynamic ecosystems at the spatial transition between terrestrial and
marine environments [43]. Dune forests are important environments, protecting inland
areas from coastal water intrusion and activation of aeolian processes, hindering the effects
of salt spray, and minimizing coastal erosion and wind [44,45]. The climatic conditions
at the Baltic Sea coast are generally mild, where droughts and cold winters can occur but
their frequency and magnitude vary in different parts of the region [46,47]. Consequently,
negative effects of climate extremes on Scots pine growth in the coastal environment might
be less expected. However, the dune forests are influenced by soil water and nutrient
shortages, high sand-surface temperatures, salt spray, and high winds [48–50]. Water
of the substratum in coastal dune soils is considered one of the most important factors
limiting tree growth [49–51]. Sandy soils have very high porosity, therefore limiting the
longer-term storage capacity of water in the soils. Growing conditions can vary even
within the same dune, leading to considerable microsite variability. For example, the top of
the dune ridge compared to the dune bottom is much drier because of intensified water
evaporation from greater wind and sun exposure, as well as water flowing down the
dune [49–51]. This site-level complexity in growing conditions is further compounded by
climate variability and extremes. Under coastal climate, winter accession is slower [38],
delaying cold hardening [52,53] and consequently increasing trees’ sensitivity to sudden
temperature drops [54].

Here, we study how Scots pine trees from the coastal sand dune ridge and dune bottom
microsites located around the south Baltic Sea respond to historical extreme climate events.
To assess tree growth responses to past extreme climate events, an approach based on the
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analysis of different tree-ring parameters (e.g., ring width and density) provides greater
insights on the physiological responses of trees to events. We constructed microsite-based
ring width (RW) and latewood blue intensity (LBI) chronologies. The objectives of our
study were to use the RW and LBI datasets to: (i) investigate tree responses to two extreme
climate events, i.e., growing season droughts and unusually cold winters, including the
frequency (how many times growing season drought or unusually cold winter influenced
the growth), timing, when the response was recorded, and duration (how long the actual
growth reduction lasted) of growth responses, and (ii) examine if RW and LBI responses to
events are similar, and if not, how they differ.

2. Materials and Methods
2.1. Research Area and Sampling

We selected six sampling sites from coastal dune settings (Figure 1), which have been
previously used to study the climate–growth relationships using linear correlations [55]. We
chose only the sites where a pronounced (>~5m) difference in relative height between dune
ridge and bottom was present (this excludes one site from the Darss Peninsula, Germany,
and two sites from Ustka, Poland; see Figure 1 in [55]). These six sites are located 0.2 to
2 km from the Baltic Sea coastline. Dune height and morphology vary from undulating
terrain with relative height ranging from ~5 m to 10 m to typical peaked dune shapes
(ridge) with the height between ~10 to 40 m a.s.l. Each site includes two contrasting
microsites: (i) the dune ridge and (ii) the bottom of this dune. In total, 12 microsites from
six dune sites were selected and clustered into two subregions: northern and southern
(Figure 1; based on [55]). We subsampled our dataset because we wanted to concentrate on
extreme climate events that most likely influence contrasting microsites differently if the
microsite conditions (elevations, water, and nutrient contents) notably differ. At all sites
both microsites were characterized by sandy soils but differed in ground vegetation cover
(Figure 1). The microsites located at the bottom of the dunes were mainly vegetated by
Calluna sp. or Vaccinium, while dune ridges were vegetated by Cladonia sp. (Table 1). All
sites were managed, either in the past (GS: periodic individual tree logging, sheep grazing;
TP, NO, VO: thinning and single tree removal) or more recently (GA and GB: thinning,
“unplanned logging” as a consequence of natural disasters).

Figure 1. The map shows the location of sampling sites around the south Baltic Sea. Black dots
indicate sites located in the southern subregion, while black circles indicate sites located in the
northern subregion (see Figure 2 in [55]). The inset map shows the location of research area, and green
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shading presents the Scots pine distribution (www.euforgen.org/species/, accessed on 30 January
2022). See Table 1 for description of site names and abbreviations. Images show one of our study
sites—NO located near Nõva in northwest Estonia. (A)—the dune ridge microsite with Cladonia
understory; (B)—the dune bottom microsite with Vaccinum uliginosum understory.

Table 1. Description of the sampling sites (the last letter in the code of microsite type refers to the
ridge (R) and bottom (B) of the dune), number of analyzed trees (RW—ring width, LBI—latewood
blue intensity), the tree metadata (average tree height), average organic layer and forest understory
type (CL—Cladonia, CA Calluna, VU—Vaccinum uliginosum).

Subregion Country Site Microsite Lat Lon
Number of

Analyzed Trees Tree
Height (m)

Organic
Layer (cm)

Forest
Site Type

RW LBI

northern

Sweden
Gotska

Sandön (GS)
bottom (GSB) 58.38◦ 19.20◦ 43 40 15.3 ** 10.2 ** CA

ridge (GSR) 58.37◦ 19.20◦ 64 52 17.2 ** 5.1 ** CL

Estonia

Tapurla (TP)
bottom (TPB) 59.59◦ 25.55◦ 50 48 28.5 *** 11.9 *** VU

ridge (TPR) 59.60◦ 25.55◦ 47 44 19.2 *** 7 *** CL

Nõva (NO)
bottom (NOB) 59.21◦ 23.62◦ 43 39 13.3 *** 11.5 *** VU

ridge (NOR) 59.22◦ 23.61◦ 50 43 15.8 *** 5.5 *** CL

Võiste (VO)
bottom (VOB) 58.20◦ 24.49◦ 49 36 23.4 27.2 *** VU

ridge (VOR) 58.20◦ 24.49◦ 50 47 22.7 12.4 *** CL

southern Poland

Gryfice (GA)
bottom (GAB) 54.11◦ 15.20◦ 34 34 14.9 11 *** CA

ridge (GAR) 54.11◦ 15.20◦ 36 33 16.3 8.6 *** CL

Gryfice (GB)
bottom (GBB) 54.11◦ 15.20◦ 35 34 17.6 *** 11.4 *** CA

ridge (GBR) 54.11◦ 15.20◦ 35 34 12.7 *** 7.3 *** CL

total 536 484

Tree height and organic layer were tested for significant difference between mean of each pair of the ridge and
bottom microsites using a Wilcoxon rank-sum test. ** significantly different; (p < 0.01). *** significantly different
(p < 0.001).

At each microsite, we sampled between 36 and 66 Scots pine trees, resulting in
577 individuals. From each tree, two 5 mm increment cores were extracted perpendicularly
at the breast height in order to avoid compression wood occurrence [55,56]. Tree height
was measured using a Vertex measuring system (Haglöf, at the sites: TP, NP, VO) or a
clinometer (Suunto; at the sites: GA, GB, GS). The depth of the organic layer at 10 randomly
selected places at each microsite was assessed.

2.2. Sample Preparation and Tree-Ring Measurements

All increment cores were prepared for measurements of RW [57] and LBI (inverted
values of blue reflectance measured from latewood [58,59]). RW is a parameter most often
used in such studies [4,20] as it is a good proxy of annual variation of tree growth [60]. By
contrast, latewood minimum blue reflectance measures similar wood properties to maxi-
mum latewood density (MXD); however, it is inversely correlated with MXD. Nevertheless,
both provide similar proxy estimates of relative latewood density. To ensure the detrending
of MXD and blue reflectance data, an easy inversion of raw blue reflectance values has
been proposed [59]. Currently, blue intensity (BI) is the term used for the inverted values
of blue reflectance [61], hereafter called “LBI” for “latewood blue intensity”). Following
the protocol for the LBI measurement, we placed all cores in a Soxhlet apparatus with
ethanol for 48 h to remove resins and other soluble compounds [58,59,62]. Next, all cores
were glued on the wooden holders and polished with progressively finer sandpaper (up to
600–800 grit) to fill lumen areas of tracheids with white wood dust. This approach ensures
a flat wood surface and maximizes the contrast and visibility of ring boundaries and cell
structure prior to scanning [58,59].

www.euforgen.org/species/
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Digital images (2400 dpi) of all tree cores were produced with a flatbed Epson Perfec-
tion V700 scanner (Epson, Los Alamitos, CA, USA), calibrated with SilverFast Ai Studio 8.0
(LaserSoft Imaging Incorporated, Kiel, Germany) software using the IT8 Calibration Target
(IT8.7/2; LaserSoft Imaging Incorporated, Kiel, Germany) printed on Kodak Professional
Endura paper. RW and LBI were measured with CooRecorder v. 8.0 (Cybis Elektronik &
Data AB, Saltsjöbaden, Sweden) [63]. We generated the LBI data by using the blue intensity
mode [59] of the CooRecorder v. 8.0 software and the following parameters: width > 100,
offset > 0.4, depth > 200 and 30% of latewood.

2.3. Cross-Dating and Chronology Building

We visually and statistically cross-dated all samples using CDendro v. 8.0 (Cybis
Elektronik & Data AB, Saltsjöbaden, Sweden) [63] and COFECHA [64] software, respec-
tively. We excluded 41 RW and 77 LBI tree-ring series from the analyses because the sample
exhibited low synchronicity with other RW or LBI tree-ring series, and/or discoloration of
wood surface was observed (only in the case of LBI; [59]).

After successful cross-dating, 536 RW and 484 LBI tree-ring series were detrended by
applying a 30-year cubic smoothing spline with a 50% frequency cut-off using the dplR
package in R [65]. This detrending option is meant to preserve annual to decadal variability
in the tree-ring series while eliminating related longer-term variability (e.g., biological
age trend; [66,67]). Altogether, 12 microsite-specific RW and 12 LBI chronologies were
produced via division of observed simulated values in order to correct for heteroscedastic
variances observed in tree-ring series [67,68] and averaged using the biweight robust mean.
Descriptive statistics, including expressed population signal (EPS; [69,70]), mean inter-
series correlation (Rbar), and Gleichlaeufigkeit (GLK), were calculated for each microsite
chronology and both tree-ring parameters over the common 1902–2016 period (Table S1).

2.4. Identification of Growing Season Droughts and Unusually Cold Winters

We calculated the site-specific Standardized Precipitation Evapotranspiration Index
(SPEI) in the SPEI package in R [71] in order to assess the effects of drought on Scots
pine growth. The SPEI is a multiscalar index of drought intensity based on the difference
between precipitation and the atmospheric evaporative demand, with more negative
values indicating progressively more severe drought conditions [71]. We used SPEI for
August integrated over a window of six months (March–August), thus representing a
growing season across our sites. We chose the six-month SPEI timescale to reflect the
low but also dynamic dune soil water content, which decreases from late winter/early
spring toward summer due to the intensive drying impact of the sun and wind [49,50].
The late winter/early spring summer drought is related to the coastal regions, where
a comparatively cool sea surface prevents convective rainfall formation and induces a
long dry period [72]. Further, within the studied 1902–2016 interval, the growing season
droughts identified based on monthly SPEI values occurred more often across our sites than,
for example, spring droughts identified using SPEI integrated over March–May. We also
used SPEI integrated over a window of three summer months, June–August, to investigate
the effects of summer drought on Scots pine growth. However, we identified the same
number of drought events as we did using SPEI6 (21 drought events), where 52% of them
(11 events) were identified based on both SPEI3 (June–August) and SPEI6 (March–August).
Lastly, the dry spring–summer season has been found to influence tree growth across
our sites over a longer period using linear correlations [55]. Therefore, considering the
above-mentioned rationale and identified drought events based on SPEI3 (June–August)
and SPEI6 (March–August), only the results for SPEI6 were chosen to be presented. Here,
we used a threshold of SPEI ≤ −1.5 that indicates a severe category of drought [73]. In the
context of our study, hereafter we refer to growing-season drought as drought.

To determine the effects of exceptionally low winter temperatures on Scots pine
growth, we identified site-specific unusually cold winters using scaled differences (only
extremes with z-score ≤ −1.5) of January–March and February–March temperatures. We
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chose the winter–early spring season because January–February are the coldest winter
months in the region. Second, little is known about the effects of cold winter episodes on
Scots pine growth [2,6,7,38,39,42]. We included March in a winter season because March
temperature generally remains low across our sites (mean temperature over the 1902–2016
period: between −2.7 and 2.6 ◦C). In the context of our study, hereafter we refer to unusually
cold winter as cold winter.

To assess the relationship between droughts, cold winters, and tree-ring parameters,
site-specific gridded (0.5◦ × 0.5◦) mean monthly temperature and precipitation sums for
the 1902–2016 interval were obtained from CRU TS4.03 datasets. For a site located on the
Gotska Sandön Island (Figure 1), we used instrumental climate data obtained from the local
climate station. In this case, instrumental data likely represent the microclimatic conditions
on this small Baltic island better than the gridded dataset. A comparison between SPEI
calculated based on the gridded and instrumental data from the Gotska Sandön Island
revealed a small difference in the number of droughts with SPEI ≤ −1.5 over a common
interval (comparison not presented). For other sites, the available instrumental data varies
in length (shortest series for GA and GB: 1950–2000) and for some sites is not complete (TP,
NO, VO), which would have restricted our interval for analysis to 50 years.

2.5. Assessing Scots Pine Responses to Growing Season Droughts and Unusually Cold Winters

We used superposed epoch analyses (SEA) to examine the frequency, timing, and
duration of Scots pine growth reductions due to droughts and cold winters. The SEA is a
nonparametric randomization technique used to test the probability that the responses of
tree growth to certain extreme climate events differ from random [74]. The SEA is based
on the comparison of mean values of tree-ring variables in superposed years with the
occurrence of extreme events with mean values of tree-ring variables in a few superposed
years preceding and/or following the event. First, we identified site-specific droughts
and cold winters across our sites (see section Identification of Growing Season Droughts and
Unusually Cold Winters and Figure 2). Second, to assess the effect of prior growth and climate
on growth reductions, we applied a “two-way approach”, where SEA was performed:

1. At the subregional scale, where we divided microsite-specific chronologies into two
subregions (based on [55]): northern and southern. Both subregions were represented
by dune ridge and dune bottom microsites. In turn, for each tree-ring parameter, we
obtained four datasets of microsite-specific subregional chronologies:

• Dune ridge from the northern subregion (GSR, TPR, NOR, VOR; hereafter called
ridge-north);

• Dune bottom from the northern subregion (GSB, TPB, NOB, VOB; hereafter called
bottom-north);

• Dune ridge from the southern subregion (GAR, GBR; hereafter called ridge-south);
• Dune bottom from the southern subregion (GAB, GBB; hereafter called bottom-south).

Next, the SEA was calculated for the northern and southern subregional drought and
cold winter events (Figure 2) for the ridge-north, bottom-north, ridge-south, and bottom-
south RW and LBI datasets. Three years before and three years after the climate event [4]
were considered in the SEA (“classical way”, where event years are superposed; [74]).

2. At a local scale, where the SEA was calculated for each single microsite-specific RW
and LBI chronologies. Again, three years before and three years after the climate event
were considered. In the case of the local-scale SEA, we did not superpose individual
years of extreme events but rather analyzed the deviation of growth in each extreme
year from the mean of consecutive and following years. By adopting this approach,
we highlighted the intensity of each extreme event and tested for its significance.

This “two-way approach” allowed us to examine both the regional (first approach) and
local (second approach) responses of Scots pine growth to both climate extremes. Lastly, a
bootstrap resampling method was employed in both SEA approaches to randomly select
1000 sets of seven years for each RW and LBI microsite-specific subregional dataset (first



Forests 2022, 13, 477 7 of 22

approach) and each RW and LBI microsite-specific chronology (second approach) and
estimate confidence intervals (p < 0.05). We used standard RW and LBI chronologies, where
autocorrelation was retained. LBI is usually indexed using residuals in order to avoid
heteroscedastic variance; however, here we used ratios for LBI because we found evidence
of heteroscedasticity in the raw measurements. The SEA analysis was performed using
dplR package in R [65].

3. Results
3.1. Extreme Climate Events Dataset and Quality of Tree-Ring Series

Over the 1902–2016 interval, 21 growing season droughts and 14 cold winters were
identified across the study area (Figures 2 and S1). Across sites, the number of drought and
cold winter events ranged from six (TP) to nine (GS, GA, GB) and from 11 (GS, TP, NO,
VO) to 12 (GS, GB), respectively. More than half of the cold winter events coincided at all
sites, whereas drought events were more region- and site-specific. Although we identified
growing season drought in 2015 in the southern subregion, it was not considered for further
analysis because our tree-ring series end in 2016 and three years of growth following the
event was required for the SEA.

Figure 2. Growing season droughts (orange bars) and unusually cold winters (blue bars) identified
at six dune sites divided into northern and southern subregions around the south Baltic Sea for the
1902 to 2016 period. See Table 1 for description of site names and abbreviations.

We identified a strong common signal in detrended tree-ring series, with high values
of EPS, GLK, and moderate values of Rbar (Table S1). The mean GLK for all microsites
was well above the 0.6 threshold. The EPS indicated a very high internal signal strength
(EPS > 0.9), and Rbar ranged from 0.31 to 0.45 (Table S1).

3.2. Ring Width and Latewood Blue Intensity Responses to Growing Season Droughts

The SEA performed on the subregional level (first approach), identified statistically
significant relationships (p < 0.05) between droughts and both RW and LBI tree-ring
parameters from both types of microsites and both subregions (Figure 3). The SEA indicated
that the timing of negative growth responses due to droughts lagged by one year in both
tree-ring parameters from both subregions regardless of the microsite type (Figure 3).
Further, the SEA revealed that the duration of RW and LBI reductions was more complex.
In the northern subregion, RW and LBI registered one-year lasting growth reduction;
however, at the dune ridge we also observed a one-year response registered three years
after an event. In the southern subregion, RW registered three-year (dune ridge) and
one-year (dune bottom) lasting growth reduction, while LBI registered one-year growth
reduction at both microsites (Figure 3).
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Figure 3. The results of the superposed epoch analysis for the subregion-specific droughts and the
ridge-north, bottom-north, ridge-south, and bottom-south datasets of ring width (A) and latewood
blue intensity (B) parameters. Light and dark gray represent dune ridge and bottom microsites,
respectively. Orange lines show an event year (i.e., superposed subregion-specific droughts) and
circles with black outline present significant negative effect on growth. Horizontal dashed lines
represent significance threshold at p < 0.05.

The SEA conducted for each single microsite and drought event (second approach)
revealed that seven out of 12 RW and 10 out of 12 LBI chronologies showed significant
growth reductions as a result of one or several drought event(s) (Figures 4 and 6; Table S2).
Further, regardless of the microsite type, the SEA revealed that RW and LBI from the
northern and southern subregions were similarly often influenced by droughts; however,
LBI was more often influenced than RW (north RW: 6 vs. south RW: 4; Figure 4 and north
LBI: 13 vs. south LBI: 9; Figure 6). Regardless of the subregion, the frequency of RW and
LBI reductions was two times higher at the dune ridge compared to the dune bottom (RW:
7 vs. 3; Figure 4 and LBI: 15 vs. 7; Figure 6). Therefore, LBI from both types of microsites
was more than twice as often influenced by droughts as RW (LBI: 22; Figure 6 vs. RW: 10;
Figure 4). In both tree-ring parameters and microsites, the timing of significant growth
reductions predominantly lagged by one year after drought events, while the duration of
growth reductions lasted usually one year. Exceptionally, we also observed RW and LBI
growth reductions that persisted for two or three years (RW: TPB, VOR; Figure 4 and LBI:
VOR, GBR; Figure 6).

At some sites and for certain drought events, we observed the synchronized timing
(RW: TP, VO; Figure 4 and LBI: TP, NO, VO, GA; Figure 6) and the same duration (only LBI:
TP, NO, GA; Figure 6) of growth reductions between dune ridge and bottom microsites
within a site. We also observed the synchronized timing (TPR, TPB, NOR, VOR, VOB, GAR,
GBR) and the same duration (TPR, NOR, VOR, VOB, GAR, GBR) of RW and LBI reductions
at the same microsite type (i.e., RW vs. LBI from dune ridge and RW vs. LBI from dune
bottom; Figures 4 and 6; Table S2).



Forests 2022, 13, 477 9 of 22

Figure 4. Standardized microsite ring-width chronologies (dune bottom = dark gray line and dune
ridge = light gray line), individual site-specific droughts (orange vertical lines), and cold winters
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(blue vertical lines) as well as the timing of negative growth responses to droughts (dune bot-
tom = dark gray dots, dune ridge = light gray dots) and cold winters (dune bottom = dark gray
stars, dune ridge = light gray stars). The occurrence and significance of growth reductions were
determined by means of the superposed epoch analysis (p < 0.05). The number of consecutive dots or
stars indicates the duration of growth reduction after drought or cold winter, respectively. See Table 1
for description of microsite names and abbreviations.

3.3. Ring Width and Latewood Blue Intensity Responses to Unusually Cold Winters

The SEA performed on the subregional level (first approach), identified statistically
significant relationships (p < 0.05) between cold winters and both RW and LBI tree-ring
parameters (Figure 5). For both RW and LBI, SEA revealed that in the northern subregion,
both the dune ridge and bottom microsites were affected by cold winters, while in the
southern subregion only the dune bottom microsite (Figure 5) was affected. The SEA
indicated that the timing of growth reductions in the northern subregion was recorded in
the year of the event in both tree-ring parameters and both microsite types. In the southern
subregion, the timing of growth reductions was more variable and differed between tree-
ring parameters. Namely, RW and LBI from the dune bottom registered growth reduction
that lagged by one year for LBI and two years for RW (Figure 5). Further, the SEA revealed
that the duration of RW and LBI reductions was more complex. In the northern subregion,
at both the dune ridge and bottom microsites, RW reductions persisted for two years, while
LBI reductions persisted for one year. In the southern subregion, the SEA did not reveal any
growth reductions in RW or LBI from the dune ridge as a result of cold winters, while at
the dune bottom, the RW and LBI reductions persisted for one and two year(s), respectively
(Figure 5).

Figure 5. The results of superposed epoch analysis for the subregion-specific cold winters and the
ridge-north, bottom-north, ridge-south, and bottom-south datasets of ring width (A) and latewood
blue intensity (B) parameters. Light and dark gray represent dune ridge and bottom microsites,
respectively. Vertical blue lines show an event year (i.e., superposed subregion-specific cold winters),
and circles with black contour present significant negative effect on growth. Dashed lines represent
significance at p < 0.05.
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The SEA conducted for each single microsite and cold winter event (second approach)
revealed that 11 out of 12 RW and all 12 LBI chronologies showed significant growth
reductions as a result of one or several cold winter event(s) (Figures 4 and 6; Table S3).
Further, regardless of the microsite type, the SEA revealed that RW and LBI from the
northern subregion was more often influenced by cold winter than the same tree-ring
parameters from the southern subregion (north RW: 19 vs south RW: 6; Figure 4 and north
LBI: 20 vs. south LBI: 7; Figure 6). Regardless of the subregion, the frequency of RW
and LBI reductions was slightly higher at the dune ridge compared to the dune bottom
(RW: 14 vs. 11; Figure 4 and LBI: 14 vs. 13; Figure 6). Therefore, LBI from both types of
microsites exhibited a slightly greater sensitivity to cold winters compared to RW (LBI: 27;
Figure 6 vs. RW: 25; Figure 4). In both tree-ring parameters and microsites, the timing of
growth reductions was predominantly recorded in the year of the event, while the duration
of growth reductions lasted usually about one year (Figures 4 and 6; Table S3). We also
observed RW and LBI growth reductions that persisted for two, three, or even four years
(RW: GSR, GSB, TPB, VOR, VOB, GAB; Figure 4 and LBI: GSR, VOR, GAR, GAB, GBR,
GBB; Figure 6).

At some sites and for certain cold winter events, we observed the synchronized timing
(RW: GS, TP, VO, GA, GB; Figure 4 and LBI: GS, TP, NO, VO, GA, GB; Figure 6) and duration
(RW: GA, GB; Figure 4 and LBI: TP, NO, VO, GA; Figure 6) of growth reductions between
dune ridge and bottom microsites within a site. We also observed the synchronized timing
(GSR, GSB, TPR, TPB, NOR, VOR, VOB, GBB) and duration (TPR, TPB, NOR, VOR, VOB,
GBB) between RW and LBI reductions at the same microsite type (i.e., RW vs. LBI from the
dune ridge and RW vs. LBI from the dune bottom; Figures 4 and 6).
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Figure 6. Standardized microsite latewood blue intensity chronologies (dune bottom = dark gray line,
dune ridge = light gray line), individual site-specific droughts (orange vertical lines) and cold winters
(blue vertical lines) as well as the timing of growth reductions to droughts (dune bottom = dark
gray dots, dune ridge = light gray dots) and cold winters (dune bottom = dark gray stars, dune
ridge = light gray stars). The occurrence and significance of growth reductions were determined by
means of the superposed epoch analysis (p < 0.05). The number of consecutive dots or stars indicates
the duration of growth reduction after drought or cold winter, respectively. See Table 1 for description
of microsite names and abbreviations.
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4. Discussion

In the light of current and future changes in the frequency and magnitude of climate
extremes that exacerbate forest growth across different biomes, we established a regional
network of Scots pine tree-ring chronologies to disentangle the effects of climate extremes
on tree growth. Our study documents variability in the effects of growing season droughts
and unusually cold winters on RW and LBI parameters of trees growing at the coastal dune
ridge and bottom microsites around the south Baltic Sea.

4.1. Scots Pine Growth Responses to Growing Season Droughts

The growth of Scots pine is generally thought to exhibit a low sensitivity to drought [29].
However, our findings provide evidence that growth (RW and LBI; Figures 3, 4 and 6) of
Scots pine trees from dune sites is negatively affected by growing season droughts in both
the northern and southern subregions, though the effect is moderate. Therefore, our results
contribute to a growing number of studies reporting a negative impact of drought on Scots
pine radial growth at different sites across the species distribution [2–5,20,31,36,38,39,75,76].

In our study, we found that drought has a greater influence on Scots pine LBI than RW
as indicated by the higher number of significant growth reductions identified by the SEA
(Figure 4 for RW and Figure 6 for LBI). Previous studies indicated that under strong water
deficit, trees may adapt to regulate cambial activity, resulting in a reduction of cambial
division and cell wall thickening, thus potentially leading to LBI reductions [1,31,33].
Experimental research in the Swiss Alps on Scots pine by [1] provides additional support
for this rationale, proposing that trees from the control (non-irrigated) site under natural
drought stress invest more carbon to build larger cells but their number and cell wall
thickness are significantly reduced, resulting in a reduction of ring width and wood density.
Similarly, [77] observed significant reductions in the number of cells (narrower tree ring) in
the trees from the control (non-irrigated) site compared to the irrigated site. However, [77]
in the control (non-irrigated) trees observed significantly larger cells only in earlywood
but not in latewood. Both [77] and [1] suggested that this strategy might enable trees to
conduct more water if available, but could indicate a reduction in the bending strength
of the water-conducting cells and therefore a negative effect on the resistance to drought-
induced cavitation. These physiological adaptations to moisture-limited environments
could also explain RW and LBI reductions observed across our sites; however, this does not
unambiguously explain greater LBI than RW reductions.

In this study, the absence of significant growth responses after certain events might
generally indicate that the identified droughts were not strong enough to influence RW
and/or LBI. However, an alternative hypothesis for absent responses in LBI could be a
negative sap pressure that occurs under drought and results in tracheids with thicker cell
walls (higher wood density; [78,79]). Smaller tracheids have less efficient water conductance
because hydraulic conductivity is decreased by the power of four with reduced lumen
diameter (Hagen Poiseuille law; according to [80]). A final hypothesis for these cases of
weak or absent responses could be that even though the droughts were extreme, with SPEI
close to or ≤ −2 (e.g., 1999 and 2006 at the TP site; 2002 at the NO and VO sites; 2003 at the
GA site; 1951, 1952, and 1959 at the GS site; Figure S1), the drop in growth rate could have
been buffered by a mobilization of stored carbohydrates [81]. This could also explain lagged
timing (~1 year) of RW and LBI responses to drought that we observed across our microsites
(Figures 4 and 6). Lagged timing has also been reported for the Mediterranean pine species
(Pinus pinea L., Pinus halapensis Mill.) from dry regions [4,5], Scots pine at experimental
sites [77], several different broadleaf and coniferous species from the Swiss network of strict
forest reserves [2,3], and four different deciduous tree species (Fagus sylvatica L., Quercus
robur L., Acer pseudoplatanus L. Carpinus betulus L.) from northeast Germany [24]. The
authors [24] suggest that sufficient soil water recharge during autumn and winter before
the drought event occurs may have a positive impact on tree growth in the dry year, but
depleted soil moisture reserves may amplify growth reduction one year after the drought
event. Across our sites, some of the drought events might have occurred after most of the
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wood formation was completed, resulting in a more prominent response in the year after
the drought event [24]. However, soil moisture during summer and autumn was probably
too low to allow trees to produce sufficient amounts of non-structural carbohydrates (NSC)
as storage compounds. Thus, incomplete soil water recharge at the end of the dry year
might have resulted in lack of spring soil moisture availability next year, and together with
too low NSC might have led to lagged responses observed across our sites. Similarly, [82]
assessed the seasonal origins of water in soils and three different tree species (Fagus sylvatica
L., Quercus robur L., and Picea abies (L.) Karst.) across 182 Swiss forest sites, and concluded
that beech and oak mostly used winter precipitation, whereas spruce used water of more
diverse seasonal origins to mitigate their vulnerability to summer drought.

4.2. Microsite Differences in Scots Pine Growth Responses to Growing Season Droughts

RW and LBI from the dune ridge were more often impacted by droughts compared
to the same tree-ring parameters from the dune bottom (Figures 4 and 6). This may have
resulted from physical and chemical features of coastal dunes [49–51], where frequent water
deficits, together with nutrient shortages, cause functional plant stress [49,83]. Due to water
drainage from the dune top towards the bottom, the more pronounced lack of groundwater
might be expected at the dune ridge compared to the dune bottom. Similar findings have
been reported for xeric and mesic microsites and different conifers [74,84,85], including
Scots pine at the southern range of its species distribution [4,5] and in the Alps [34,86].
These studies reported higher susceptibility of conifers to drought at xeric compared to
mesic sites because lower water availability at xeric sites strongly constrains the main
physiological vegetation processes (growth and nitrogen use). The authors of [87] studied
pedunculated oak (Quercus robur L.) growing in the floodplain of the Czech section of the
Elbe River. They found that after drought, the trees growing at a reference site situated
outside the flood area registered strong growth reduction in contrast to the trees growing
at the river bank, where no growth reduction was registered. They concluded that the
groundwater table (high at the river bank and low at the reference site) had a direct effect
in modulating the responses observed between the sites.

In our study, apart from tree growth reductions, we recorded differences in the forest
understory vegetation and humus depth (Table 1). Forest understory vegetation at our
sites (Table 1) confirms that the dune-ridge microsites experience more intensive soil-water
shortages compared to the bottom microsites, and therefore only little water-demanding
vegetation is able to develop at the dune ridges. By contrast, at the bottom microsites
a sufficient layer of understory vegetation acts as an insulation and can help retain soil
moisture from evaporation during extended dry periods. Thus, we postulate that drought
could have influenced Scots pine cambial activity more at the dune ridge, resulting in
microsite-specific differences in RW and LBI reductions as we also described above.

We also observed longer (three years) microsite-specific RW and LBI reductions;
however, this was recorded at only one dune-ridge (VOR) microsite (Figure 4 for RW,
Figure 6 for LBI). Several authors [74,88,89] suggested that prolonged growth reductions
occur as a result of drought stress associated with reduced leaf photosynthetic activity,
twig, bud, fine-roots, and branch mortality, xylem cavitation, and modifications in carbon
allocation. Moreover, [27] suggested that the reduced carbon reserve during drought
can consequently affect tree cold resistance the following winter. Although we observed
longer (three years) microsite-specific RW and LBI reductions at the VOR microsite, at this
point, it remains unclear if they are associated with a synergistic effect of drought (1939)
and cold winter (1940–1942) or a combination of extreme climate events with associated
physiological adjustments (Figure 2).

4.3. Scots Pine Growth Responses to Unusually Cold Winters

Although Scots pine is thought to be generally tolerant to low winter temperatures [29],
we found a clear relationship between cold winter and negative growth responses in RW
and LBI of Scots pine from both the northern and southern subregions. Therefore, our
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findings support the growing body of evidence reporting negative impact of cold winter
on Scots pine growth [2,6–8,38,41,42].

In our study, we demonstrated that Scots pine RW and LBI are similarly susceptible
to cold winters. The differences in the frequency of RW and LBI responses are very minor
and not as distinctive as for drought. However, we observed that RW and LBI from the
northern subregion were much more susceptible to cold winters than the same parameters
from the southern subregion. In general, trees in winter are usually insensitive to low
temperatures and freezing due to the dormancy of cambial processes [90]. However,
exceptionally low temperatures for an extended time period during winter, especially in the
northern subregion, might have had a considerable effect on tree growth [2,41]. Generally,
warmer temperatures in winter that have been observed across our study area [25] might
have resulted in tree hardening disturbance, particularly in the northern subregion, and
have led to a decrease in tree resistance to unusually low winter temperatures [8,26].
Consequently, cold winters can similarly as drought affect tree growth, leading to prompt
growth reduction [2,6–8,38,39,42]. Although the physiological mechanisms responsible for
cold winter damage in trees are not fully known [2,91], a few rationales could explain our
findings. Several studies on different coniferous species suggested that winter embolism
(hydraulic failure) occurring during cold and dry conditions in winter might lead to xylem
dysfunction [80,92,93]. The authors of [92] suggested that during cold winter with stronger
and more frequent embolism, energy that could be invested in spring radial growth is
instead used for recovery after winter embolism. Consequently, cold winter has been
suggested [2,92] to act immediately and force abrupt RW decrease in the subsequent
growing season, as we also observed across most of our microsites (Figure 4). Further,
the lack of snow (i.e., winter drought conditions) and of subsequent insulation leading to
deeper frozen soils might have a detrimental impact on radial tree growth due to fine root
damage [6,94]. Deep snow cover in late winter, on the other hand, has been demonstrated
to significantly reduce radial growth by maintaining low soil temperatures and delaying
spring cambial reactivation [95,96]. The observed differences in Scots pine growth (RW
and LBI) responses to cold winter seasons in the northern and southern subregions may
also result from generally colder winters occurring in the north compared to the south. In
this case, the growth reduction due to unusually low winter temperatures might have been
attributed to greater frost damage to needles, especially in the northern subregion [39].
Lastly, Scots pine from different locations across its distribution range might display higher
or lower sensitivity of growth to cold winters. In our study, Scots pine from the southern
subregion might be able to utilize the longer growing season and assimilate greater nutrient
reserves compared to the trees from the northern subregion, therefore exhibiting a greater
ability to mitigate the negative effect of cold winters on tree growth [38].

The lack of significant growth responses after certain events might indicate that the
identified cold winters were not strong enough (Figure S1) to influence RW and/or LBI.
At some sites, even though the identified cold winters were stronger than z-score ≤ −2
(Figure S1), Scots pine did not record these events in RW and/or LBI (Figures 4 and 6).
We suggest that a layer of dense groundcover vegetation, as we especially observed at the
bottom microsites (common plants: Calluna sp., Vaccinum uliginosum sp., and Rhododendron
tomentosum; Table 1) could insulate the soil from the penetration of anomalously low air
temperatures and consequently protect Scots pine roots from damage [41]. Severe winter in
northern Finland has been reported to significantly reduce RW in young but not mature Scot
pine trees, while latewood density was not affected at all [41]. The same study suggested
that the root system of mature trees is developed better, covers a larger area and goes
deeper into the soil than that of young trees and thus, fine root damage in older trees might
be less expected.

4.4. Microsite Differences in Scots Pine Growth Responses to Unusually Cold Winters

Apart from very minor differences between RW and LBI responses to cold winter,
we observed that microsite type slightly modulates these RW responses. We suggest that
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the observed mild differences (i.e., dune ridge more sensitive than the dune bottom) may
arise from the lesser snow accumulated at the dune ridge compared to the dune bottom.
Higher wind velocities at the coastal dunes [49–51] can blow snow from the dune ridge,
resulting in snow-free, dry conditions. As described above, reduced snow cover during the
winter could predispose Scots pine growing at the dune ridge to cold-induced injury and
thus reduced growth. Similar conditions might have occurred during snowless winters
or just with very little snow, resulting in water shortage and frozen soil at the dune ridge
compared to the dune bottom. As we reported, we also observed longer (three years)
microsite-specific RW and/or LBI reductions; however, these were recorded just at three
dune-ridge (GSR: RW, VOR: RW and LBI, and GBR: LBI) microsites (Figure 4 for RW,
Figure 6 for LBI). Interestingly, [97] reported strong growth reductions in Scots pine tree
rings after three consecutive very cold winters (1939/1940, 1940/1941, 1941/1942) and
drought (1940) at the Gotska Sandön Island. However, although we observed prolonged
growth reductions of RW and/or LBI at three microsites, at this point, it is uncertain if the
reductions are associated with consecutive cold winters occurring at our sites.

4.5. Limitations of our Approach

The statistical SEA framework we applied allowed us to demonstrate Scots pine
tree responses to growing-season droughts and cold winters as an important first step
in understanding coastal Scots pine responses to future climate changes. Although our
approach was robust and informative, it also had several limitations. First, SEA does not
permit distinguishing between the factors triggering growth reductions when multiple
factors occurred consecutively (e.g., drought: 1939 and cold winter: 1940–1942) as we
recorded for three sites (TP, NO, VO; Figure 2). Consequently, as an example, a synergistic
effect of two climate extremes on growth reductions might cause uncertainties in tree-
ring-based climate reconstructions from Scots pine trees if no other tree-ring parameter is
present. Second, the use of tree-ring parameters of living trees only (e.g., ring width or wood
density) did not allow for evaluating changes in stand structure (e.g., tree mortality). This
means that some of the trees could have died in the response to certain climate extremes.
Climatically driven dieback represents an ultimate growth response to climatic extreme;
however, we were not able to assess this situation because we focused on the survivor
responses [98]. Third, the applied SEA relies on bootstrapping to randomly selected sets of
the time series and to determine if growth reductions for event years vary from random [74].
Therefore, the a priori subjective definition of what constitutes a severe drought and cold
winter can impact the capability to identify significant growth reductions [4,99]. It might
happen that an extreme event, although not included in our drought (SPEI ≤ 1.5) or cold
winter (z-score ≤ −1.5) threshold, can cause a pronounced growth reduction [74] such as
what we observed in our RW and LBI chronologies. Fourth, the SEA also partly revealed
significant growth reductions registered in the years before the event year (i.e., t − 1,
t − 2, or t − 3; Figures 3A and 5A,B) and significant growth increases registered in the
years after the event year (i.e., t + 1, t + 2, t + 3; Figure 5). Such growth reductions may be
associated with other confounding factors besides drought and cold winter that could have
occurred before the events investigated in this study. It is not uncommon for the SEA to
detect growth reductions registered in the years preceding a studied event [100]; however,
the SEA does not allow determining the cause of such reductions. On the other side,
the observed growth increases after the event year (Figure 5) could indicate the recovery
after cold winter [74]. Although some rationale could explain our findings, the explicit
reasons for the growth reductions and increases observed before and after an event in our
study, respectively, remain unclear at this point. Fifth, the SEA applied in a “classical way”
([74]; our first approach) may present significant but weak growth reductions following
the event year as observed for droughts and RW from the northern subregion (Figure 3).
Such growth reductions may rather resemble a local departure from the long-term mean
than a growth reduction after an extreme event. However, such effect as we observed
(Figure 3) may arise from the fact that several drought events of different magnitudes are
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superposed. It means that the overall growth reduction detected by the SEA performed at
the subregional level may be diminished if a few extreme events did not lead to significant
growth reductions, as we could observe because of the local-scale approach. Therefore, the
application of the local-scale SEA expanded the results and showed the detailed RW and
LBI responses to particular extreme events. Interestingly, both the strength and the number
of extreme events superposed in the analysis (“classical way”; [74]) may impact the final
results, as we showed for the RW and LBI from the southern subregion, when particularly
cold winters from the 1940s were excluded from the SEA (Figure S2). Sixth, the identified
climate extremes and applied thresholds could be affected by the quality of the available
climate data. We used gridded temperature and precipitation datasets for most of our sites.
However, interpolated over a large area, gridded climate data might underrepresent the
microclimatic conditions at our coastal dune sites. Thus, the identification of droughts or
cold winters might be particularly challenging. Seventh, in the SEA, a window setting
for which the analysis is performed has to be selected [74]. Here, we applied a window
of three years before and after an event; however, using a wider window (e.g., five years)
would have brought just subtle differences in the results. For example, using a window
of five years would have only allowed us to detect one year longer growth reduction in
LBI from the VOR microsite after drought in 1939, and detected a single, lagged by five
years RW reduction at the NO site after the cold winter in 1929. Considering these slight
differences, we feel the three-year window was significantly robust. Lastly, the results of
SEA may be biased if other external factors negatively impact tree growth. For example,
wind constitutes an important factor shaping the coastal dune environment. Wind causes
sand movement, especially if the dune lacks ground vegetation or is very sparse. Strong
winds can blow out sand [101] and expose tree roots, resulting in fine-roots damage. In
turn, these effects may be registered in tree rings (e.g., narrow rings, eccentric rings, stem
tapering), possibly influencing our results. However, once ground vegetation and a forest
have been established, as observed at our sites (Figure 1), wind erosion is considered
low [101]. Historical local wind speed data for our sites were either too short and not
sufficient for reliable analysis, or not available.

5. Conclusions

Both RW and LBI represent important proxies recording Scots pine growth responses
to droughts and cold winters at the coastal dunes around the south Baltic Sea. Growth
reductions after droughts were less frequent and less instantaneous but of comparable
duration compared to reductions after cold winters. Additionally, we showed marginal but
ecologically reasonable differences between tree-ring parameters and microsite types in
the pattern of the response to climate extremes. Notably, due to the exposed position of
the dune-ridge microsites, we observed stronger effects of both drought and cold winter
events compared to the less-exposed dune-bottom microsites. Overall, Scots pine is more
susceptible to cold winters than to droughts, especially from the northern subregion.
Assessing the current risk of drought and cold winter as the two major climate factors that
induce Scots pine growth changes and thus impact long-term growth patterns is crucial to
improve our understanding of future coastal dune forest dynamics. The risk of drought
occurrence in our study region has increased over the years, and thus it is very likely that
droughts will occur with a higher frequency, intensity, and duration in the future. Moreover,
the occurrence of cold winters, although not observed since 1987 (for ~ last 30 years) across
our sites, will probably become more sporadic [9]. As a result, Scots pine trees already
challenged by the Baltic Sea coastal dune features [49–51] might be less stressed by cold
winter but more often impacted by severe droughts in the future. Therefore, in the face
of future climate change, testing how Scots pine, and also other tree species from coastal
dunes, respond to climate extremes is important to promote sustainable coastal forest
management. However, to employ a suitable forest management on a local scale, it is
important not just to generalize from global or regional perspectives but also to identify
local specificities. We recommend testing multiple tree-ring parameters, including not
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only RW and LBI, to gain a more comprehensive picture of Scots pine responses to climate
extremes at specific sites or regions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13030477/s1, Figure S1: SPEI6 integrated over March–August
season (orange line) and z-scores of January–March (dashed blue line) and February–March (solid
blue line) temperatures as well as individual site-specific growing season droughts (orange verti-
cal lines) and unusually cold winters (blue vertical lines) which exceed a threshold of SPEI and
z-score ≤ −1.5 (horizontal dashed line). See Table 1 in the article for description of site names and
abbreviations; Figure S2: The results of superposed epoch analysis (SEA) conducted to study the
robustness of the method. The comparison has been done for the SEA performed for all and selected
(all excluding the events in the 1940s) superposed subregion-specific cold winter events, ring width
(A) and latewood blue intensity (B) datasets. Light and dark gray represent dune ridge and bottom
microsites, respectively. Blue line shows an event year (i.e., superposed subregion-specific cold
winters) and circles with black outline present significant negative effect on growth. Horizontal
dashed lines represent significance threshold at p < 0.05. Green rectangle indicates that after excluding
the 1940s cold winter events from the SEA, the response stayed significant within a subregion and
a tree-ring parameter. Orange rectangle indicates that after excluding the 1940s cold winter events
from the SEA, the response was insignificant within a subregion and a tree-ring parameter; Table S1:
Descriptive statistics of ring width (RW) and latewood blue intensity (LBI) chronologies per microsite
calculated for the 1902–2016 period relevant for superposed epoch analysis; Table S2: Results of
superposed epoch analysis for all individual growing season droughts, microsite ring-width (RW),
and latewood blue intensity (LBI) chronologies. White cells indicate lack of drought detected at a
certain site, while orange cells indicate identified drought. The numbers in the orange cells indicate
the timing of growth response, for example, 0 means an effect on RW/LBI in the event year, +1, +2,
and +3 mean an effect on RW/LBI one, two, and three year(s) after the event. At the same time, these
numbers indicate the duration of growth reductions, for example: 1, 2, and 3 in a single orange cell
mean that growth reduction lasted three years. A blank orange cell (i.e., with no numerical value)
indicates an absence of drought effect on growth although drought was climatically recorded. See
Table 1 in the article for description of (micro)site names and abbreviations; Table S3: Results of
superposed epoch analysis for all individual unusually cold winter events, microsite ring-width (RW),
and latewood blue intensity (LBI) chronologies. White cells indicate lack of cold winter detected at a
certain site, while blue cells indicate identified cold winter. The numbers in the blue cells indicate
the timing of growth response, for example, 0 means an effect on RW/LBI in the event year, +1, +2,
and +3 mean an effect on RW/LBI one, two, and three year(s) after the event. At the same time,
these numbers indicate the duration of growth reductions, for example: 1, 2, and 3 in a single blue
cell mean that growth reduction lasted three years. A blank blue cell (i.e., with no numerical value)
indicates an absence of cold winter effect on growth although winter frost was climatically recorded.
See Table 1 in the article for description of (micro)site names and abbreviations.
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Abstract
The role of future forests in global biogeochemical cycles will depend on how 
 different tree species respond to climate. Interpreting the response of forest growth 
to climate change requires an understanding of the temporal and spatial patterns of 
seasonal climatic influences on the growth of common tree species. We constructed 
a new network of 310 tree-ring width chronologies from three common tree species 
(Quercus robur, Pinus sylvestris and Fagus sylvatica) collected for different ecological, 
management and climate purposes in the south Baltic Sea region at the border of 
three bioclimatic zones (temperate continental, oceanic, southern boreal). The major 
climate factors (temperature, precipitation, drought) affecting tree growth at monthly 
and seasonal scales were identified. Our analysis documents that 20th century Scots 
pine and deciduous species growth is generally controlled by different climate param-
eters, and that summer moisture availability is increasingly important for the growth 
of deciduous species examined. We report changes in the influence of winter climate 
variables over the last decades, where a decreasing influence of late winter tempera-
ture on deciduous tree growth and an increasing influence of winter temperature 
on Scots pine growth was found. By comparing climate–growth responses for the 
1943–1972 and 1973–2002 periods and characterizing site-level growth response 
stability, a descriptive application of spatial segregation analysis distinguished sites 
with stable responses to dominant climate parameters (northeast of the study region), 
and sites that collectively showed unstable responses to winter climate (southeast of 
the study region). The findings presented here highlight the temporally unstable and 
nonuniform responses of tree growth to climate variability, and that there are geo-
graphical coherent regions where these changes are similar. Considering continued 
climate change in the future, our results provide important regional perspectives on 
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1  | INTRODUC TION

The productivity, composition and functional role of future forests 
in global biogeochemical cycles will depend on how different tree 
species respond to climate, competition with neighbours, and local 
environmental conditions. Climate limitations on forest ecosystems 
are thought to be greatest in high elevation and latitude environ-
ments and also in moisture-limited regions where extreme climate 
events, such as drought, can cause widespread forest mortality 
(Allen et al., 2010; Anderegg, Kane, & Anderegg, 2013). However, 
recent research documents considerable climate change effects 
on temperate forests where reduced timber yield (Lindner et al., 
2014), declining resilience (Cavin & Jump, 2017; Gilliam, 2016; Zang, 
Hartl-Meier, Dittmar, Rothe, & Menzel, 2014), reduced biodiver-
sity (Thom & Seidl, 2016) and increased disturbance activity (Millar 
& Stephenson, 2015; Senf & Seidl, 2018) have been attributed to 
warming temperatures and/or reduced moisture availability in the 
growing season.

Each of the last three decades has been successively warmer 
than any preceding decade since 1850, with 1983–2012 likely the 
warmest 30 year period in the last 1,400 years in the Northern 
Hemisphere (IPCC, 2014). Climate change effects on vegetation 
have been documented at annual and seasonal scales, with the most 
research directed at evaluating the effects of climate in summer 
months. However, climate warming is more pronounced in winter 
than summer at locations in the mid- to high-latitudes (Xia et al., 
2014), where changing winter precipitation patterns (spatial and 
temporal variability, type; Wu et al., 2019), extreme cold events (mag-
nitude and frequency; Kodra, Steinhaeuser, & Ganguly, 2011) and 
temperature (variability in extremes and mean) can independently 
and collectively influence patterns of vegetation growth and distri-
bution, especially in temperate mixed-wood forests (Kreyling, 2010; 
Kreyling & Henry, 2011). To better identify the effects of these cli-
matic changes on forest productivity, spatially explicit estimations 
of tree growth (i.e. radial tree-ring growth) responses to seasonal 
climate are required. Furthermore, analyses assessing the stationar-
ity of these climate–growth responses are necessary to determine 
changing climate effects on tree growth.

Recent research using broad-scale tree-ring networks have doc-
umented changing effects of seasonal climate on temperate and 
Northern Hemisphere forests (e.g. Babst et al., 2019). The advance-
ment of methods to integrate tree-ring measures into estimates of 
hemispherical forest productivity (e.g. Seftigen, Frank, Björklund, 

Babst, & Poulter, 2018), continental vegetation models (e.g. Klesse, 
Babst, et al., 2018) and future forest growth relies on the develop-
ment and evaluation of new tree-ring data networks (Babst et al., 
2018). Tree-ring networks can be used to characterize the spatial and 
temporal patterns in the relationship between tree growth and cli-
mate and improve our ability to model the impacts of future climate 
(Charney et al., 2016; Klesse, DeRose, et al., 2018), especially for 
temperate, complex forests that provide diverse ecosystem services. 
Given the uncertainty of future climate, an improved understanding 
of the influence of climate on tree growth in temperate forest eco-
systems is needed, especially for winter forest ecology, which has 
received comparatively less research attention (Weigel et al., 2018).

In this study we developed a multispecies network of tree-ring 
width data in the temperate oceanic and continental forests sur-
rounding the south Baltic Sea to assess climate–growth relation-
ships at a subcontinental scale. This region includes hemiboreal 
forests poleward of the study region but is primarily composed 
of temperate forest ecosystems. Incorporating existing and new 
tree-ring data, this network is compiled from site-level chronol-
ogies, aiming to reduce the individual tree variability that stems 
from microsite differences, within-population genetic variation and 
small-scale disturbances. With this composited dataset, we test the 
assumption that species-specific responses to climate influence 
tree-growth variability across this generally temperate region, and 
that this relation is further characterized by different genus-specific 
responses. The objectives of our study were: (a) to determine the 
broad species-specific response to climate variables, (b) to investi-
gate the dominant climate factors influencing the growth of common 
tree species in this region, (c) to explore the temporal stability of 
climate–growth relationships identified and (d) to assess the spatial 
pattern of climate–growth responses.

2  | MATERIAL S AND METHODS

2.1 | Study region

The south Baltic Sea region includes the postglacial lowland land-
scapes (~0−400 m above sea level [a.s.l.]) of Denmark, Sweden, 
Germany, Poland, Kaliningrad region of Russia, Lithuania, Latvia and 
Estonia surrounding the south Baltic Sea (within ~300 km), south 
of the gulfs of Bothnia and Finland and east of Skagerrak, lying 
between ~51–60°N and 9–28°E (Figure 1). Agricultural cropland, 
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managed and protected forests and peatland complexes typify the 
land cover types outside urban and settled areas. Both maritime and 
continental weather patterns modulate climate across the study re-
gion set between the continental interior of Europe and the north-
ern Atlantic Ocean. Cold, moist winters and warm, wet summers 
characterize the regional climate, with an average 604 mm of annual 
precipitation and a mean annual temperature of 7.8°C in the south-
west of the region (Rostock; 1981–2010 climate normals; CRU TS 
4.01) and 704 mm and 5.9°C in the northeast of the region (Tallinn; 
1981–2010 climate normals; Estonian Weather Service, 2018). Over 
the past 100 years, air temperature in the study region has increased 
in both the warm and cold seasons (Figure S1). Winter precipita-
tion in some poleward areas of the study region have experience 
increased precipitation, and summer precipitation at some equator-
ward areas record less precipitation in the late 20th and early 21st 
centuries (Figure S1).

2.2 | Common forest tree species

Common tree species that characterize the contemporary forests 
in the south Baltic Sea region include: pedunculate oak (Quercus 

robur L.), Scots pine (Pinus sylvestris L.), European beech (Fagus syl-
vatica L.), Norway spruce (Picea abies (L.) Karst), black alder (Alnus 
glutinosa), common ash (Fraxinus excelsior), silver birch (Betula 
pendula) and Eurasian aspen (Populus tremula). From these com-
mon species, pedunculate oak, Scots pine and European beech 
are the primary species used in dendrochronological studies 
based in the south Baltic Sea region (e.g. Balanzategui et al., 2017; 
Drobyshev, Niklasson, Eggertsson, Linderson, & Sonesson, 2008; 
Scharnweber et al., 2011; Sohar, Läänelaid, Eckstein, Helama, & 
Jaagus, 2014; van der Maaten-Theunissen et al., 2016) and are the 
target species for this study.

Pedunculate oak (hereafter referred to as ‘oak’) is the most 
widely dispersed oak species in the south Baltic Sea region. Oak 
trees generally tolerate a wide range of edaphic conditions with op-
timal growth most frequently observed on fertile and well-watered 
sites (Arend, Kuster, Günthardt-Goerg, & Dobbertin, 2011; van der 
Maaten et al., 2018). Scots pine is the most broadly distributed pine 
species found throughout Eurasia. A high tolerance to poor soils, 
drought and frost events permits Scots pine trees to grow in a wide 
variety of environments ranging from 0 to 2,600 m a.s.l., and also 
commonly occurring as an early seral species in disturbed settings 
(Durrant, De Rigo, & Caudullo, 2016). European beech is found grow-
ing from southern Italy to southern Norway and Sweden, occurring 
in various habitats from mountainous regions to lowlands (Seynave, 
Gégout, Hervé, & Dhôte, 2008), with cold winter temperatures and 
low moisture availability restricting beech from more northern and/
or drier locations (Peters, 1997).

2.3 | Tree-ring data

We compiled tree-ring width data from three species growing at 310 
sites ranging from 2 to 550 m a.s.l into a dataset covering much of the 
south Baltic Sea region (Figure 1). Network sites cover different por-
tions of the distribution range of each species (Figure 1). We relied on 
chronologies that were previously developed for dendroclimatological 
(Cedro, 2004; Cedro & Cedro, 2018; Helama, Sohar, Läänelaid, Bijak, 
& Jaagus, 2018; Jansons, Matisons, Šēnhofa, Katrevičs, & Jansons, 
2016; Läänelaid, Sohar, & Meikar, 2008; Matisons, Elferts, & Brūmelis, 
2013; Sohar, Vitas, & Läänelaid, 2012; Vitas, 2004, 2006, 2011) and 
dendroecological analyses (Scharnweber et al., 2011; Scharnweber, 
Manthey, & Wilmking, 2013; van der Maaten, Mehl, Wilmking, & van 
der Maaten-Theunissen, 2017; van der Maaten-Theunissen et al., 
2016; Vitas & Zunde, 2019; Weigel et al., 2018), as well as chronolo-
gies from the International Tree-Ring Database (ITRDB; n = 42 sites) 
and chronologies not previously published (n = 42 sites; Table S1).

At all sites, including those not previously published (Table S2), 
one or two increment cores were collected ~1.3 m above the base 
of ≥10 trees with an increment borer. Tree cores were dried and 
fixed to wooden mounting boards and sanded with progressively 
finer sand paper or cut with a sharp blade so the ring boundar-
ies could be clearly identified. Ring widths were measured to the 
nearest 0.01 or 0.001 mm using either digital measuring software 

F I G U R E  1   The distribution of Quercus sp. (‘Oak’), Pinus sylvestris 
(‘Scots pine’) and Fagus sylvatica (‘E. beech’) in Europe (left panels; 
species distribution: http://www.eufor gen.org/speci es/), and the 
location of tree-ring width data sites in the network (circle and 
cross markers) included in the analysis (cross marker) (right panels). 
Inset black boxes in left panels mark the study region

http://www.euforgen.org/species/
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(e.g. WinDENDRO, CooRecorder) or a measuring table system  
(e.g. Lintab, Velmex).

To assign each ring to a calendar year, ring widths were visually 
crossdated and statistically verified using COFECHA (Holmes, 1983) 
or CDendro (Cybis Electronik & Data, Sweden). In the case of two 
cores per tree, annual ring measurements were averaged between 
cores to yield one series per tree. All raw, crossdated ring-width se-
ries were detrended to remove age-related trends and other noncli-
matic influences on growth (e.g. growth releases). The variance in 
each ring-width series was stabilized by adaptive power transforma-
tion to produce homoscedastic indices (Cook & Peters, 1997), and 
then a spline function with a 50% frequency cut-off at 32 years was 
fit to each time series using ARSTAN (Cook, 1985). Residuals from 
the detrending functions were computed via subtraction (Helama, 
Lindholm, Timonen, & Eronen, 2004). For each site, individual, de-
trended ring-width series for each species were combined into an 
annual chronology using a biweight robust mean (Cook, 1985). To 
form a representative sample suitable for climate–growth analysis, 
site chronologies were selected from the network that included at 
least six individuals and exhibited a subsample signal strength (SSS; 
Buras, 2017; Wigley, Briffa, & Jones, 1984) of 0.84 or higher over the 
1943–2002 period (Table S1). This period was the longest interval 
we could select that included the most chronologies.

The complete Baltic Sea tree-ring network presented here in-
cludes 136 oak, 119 Scots pine and 55 beech sites (Table S1), in-
cluding series from 6,121 individual trees. Detrended standardized 
chronologies for each site are presented in Table S2. In this study, 
we present 42 new and previously unpublished chronologies that 
include five oak, 18 Scots pine and 19 European beech new tree-
ring width datasets that span intervals within 1647–2016 (Table S1). 
From the complete network, 61 oak, 56 Scots pine and 35 European 
beech chronologies captured the 1943–2002 interval and were in-
cluded in the climate–growth correlation analysis.

2.4 | Climate data

We obtained site-specific climate data using the software package 
ClimateEU 4.63 (Hamann, Wang, Spittlehouse, & Murdock, 2013). 
Interpolated climate datasets are calculated by this frontend soft-
ware using the Parameter-elevation Regressions on Independent 
Slopes Model (Daly et al., 2008) for precipitation and ANUSplin 
for temperature, and are based on the CRU TS 3.1 climate dataset 
(Mitchell & Jones, 2005). Monthly precipitation sums and monthly 
mean, maximum and minimum temperature for each month from 
January to September in the growth year and June to December in 
the previous year were obtained. Seasonal temperature and precipi-
tation variables were also computed by averaging monthly values 
(summer: June–August; autumn: September–November; winter: 
December–February; spring: March–May). We calculated the stand-
ardized precipitation–evapotranspiration index (SPEI; Beguería, 
Vincente-Serrano, Reig, & Latorre, 2014) from the monthly tempera-
ture and precipitation datasets. SPEI is a multiscalar climatic drought 

index that can be computed for multiple temporal scales and con-
siders precipitation and the effect of temperature on drought se-
verity by including evapotranspiration (Vicente-Serrano, Beguería, 
& López-Moreno, 2010). In this study, we used the Thornthwaite 
equation to estimate potential evapotranspiration (Thornthwaite, 
1948) and calculated SPEI integrated over 1-, 3- and 6 month periods 
(SPEI1, SPEI3 and SPEI6; Beguería & Vicente-Serrano, 2017). Both 
precipitation and SPEI climate variables are used to describe ‘mois-
ture availability’.

2.5 | Tree growth responses to climate

To identify the climate-response patterns across sites and species in 
the study region, the response of the ARSTAN standard chronolo-
gies to monthly climate variables was calculated over the 16 month 
time window (i.e. from the previous June to current September) 
and for seasonal climate variables. We performed bootstrapped 
Pearson's correlation analysis with 5,000 replicates to identify the 
predominant factors contributing to the observed growth variabil-
ity. Climate–growth relationships were calculated over the common 
periods of 1943–2002 (60 years), 1943–1972 (30 years) and 1973–
2002 (30 years). We then focused on two climate–growth relation-
ships for each tree species (oak, Scots pine and European beech):  
(a) the dominant climate variable influencing the regional growth of 
a species across the study region (‘dominant climate response’), and  
(b) the climate–growth relationship that exhibited the greatest 
change in strength and/or direction when we compared the response 
for the two 30 year periods (‘greatest change climate response’). The 
strongest average response among sites for each species and climate 
variable was used to determine these relationships. We then as-
sessed the temporal stability of these two climate–growth relation-
ships for each tree species in more detail by employing bootstrapped 
correlation analysis with 5,000 replicates in 31 year moving win-
dows lagged by 1 year over the 1943–2002 period. To assess the 
effect of autocorrelation in these analyses, we conducted the same  
climate–growth analyses described above using the ARSTAN resid-
ual chronologies that were processed using autoregressive model-
ling to remove autocorrelation (Cook & Holmes, 1986).

2.6 | Spatial patterns of changing climate–growth  
responses

We employed spatial segregation analysis to describe any broad spatial 
patterns in the stability of the growth responses for the two types of 
climate–growth relationships (see (a) and (b) in previous section). More 
commonly applied in epidemiological research of infectious disease 
outbreaks (e.g. Diggle, Zheng, & Durr, 2005; Tarr et al., 2018), spatial 
segregation analysis can be used to describe structure in spatial point 
patterns over space. First, for each site we classified the climate re-
sponse as ‘stable’ or ‘unstable’ by comparing the significance of the 
correlation coefficients at the 0.95 confidence level for the 1943–1972 
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and 1973–2002 periods for both of the climate–growth relationships. 
An ‘unstable’ change in climate response between the two periods 
was determined if one of the following criteria was met: (a) the sign 
(positive, negative) of a significant response changed while responses 
remained significant, (b) the response changed from statistically in-
significant to significant in either direction, (c) the response changed 
from statistically significant to insignificant. If any one of those criteria 
were not met, a ‘stable’ classification was assigned. Considering the 
site-level stability estimates were based on bootstrapped correlations, 
and in order to prevent spurious correlations that we could possibly 
expect at eight of the 152 sites per each bootstrap iteration (95% con-
fidence level) from affecting the further analysis, we iterated the entire 
bootstrap procedure 999 times. Sites were finally classified if a con-
sistent classification was assigned in at least 65% of the bootstrapped 
iterations. This threshold was selected to include as many sites as 
possible, while excluding the sites that classified inconsistently—most 
likely due to spurious correlations. Sites that did not meet this criterion 
were excluded from this analysis. Two sites from dominant climate re-
sponse and five sites from the greatest change climate response were 
excluded.

The site-level classifications of the climate correlation stability 
were pooled into two datasets (regardless of species) representing 
the two climate–growth relationships (dominant and largest change 
climate responses). For each of the datasets we evaluated if spatial 
synchrony in ‘stable’ and ‘unstable’ changes in the climate responses 
was present using spatial segregation analysis with 1,000 Monte 
Carlo iterations (Zheng & Diggle, 2013). For any point in space, spa-
tial segregation analysis determines the probability that a point is 
‘stable’ or ‘unstable’ based on the stability classification of the sites. 
The probability that a point will be stable was estimated by averag-
ing the probability distributions obtained by kernel smoothing es-
timations of each site (Diggle et al., 2005), where 1 is a ‘stable’ site 
and 0 is ‘unstable’. Finally, the p-values of the Monte Carlo spatial 
segregation test were mapped across the study region highlighting 
the probability of similar changes in climate–growth responses for 
both the dominant and greatest change climate responses.

Statistical analyses were completed in R (R Development Core 
Team, 2018). Tree-ring datasets were processed using the dplR pack-
age (Bunn, 2008), climate–growth analysis conducted with the boot 
package (Canty & Ripley, 2015; Davison & Hinkley, 1997), and spa-
tial data analyses were computed using the packages spatialkernel 
(Gómez-Rubio et al., 2017) and spatstat (Baddeley & Turner, 2005).

3  | RESULTS

3.1 | Monthly and seasonal climate responses

Over the period 1943–2002, correlations between climate variables 
and tree growth varied among the species examined (Figure S2). 
Although variability in correlation strength and direction was de-
tected among sites for each climate variable and for each tree spe-
cies, we report here (a) the broadly dominant relationship between 

tree growth and climate, and (b) the climate–growth relationship 
exhibiting the greatest change (strength and/or direction in cor-
relation value) over the 1943–2002 period. Overall, the climate–
growth relationships reported are generally weak to moderate 
(r = −0.4 < 0 < 0.4; Figure S2), which is consistent with other tree-
ring width studies in this generally temperate region (cf. Babst et al., 
2013; Scharnweber et al., 2011; Sohar et al., 2014).

Across the oak sites, growth was most strongly and significantly 
related to June and summer precipitation, as well as monthly mea-
sures of previous summer/autumn SPEI1 from 1943 to 2002 (Figure 2; 
Figure S2). June precipitation in the growth year was most consistently 
and positively related to oak ring width across the study region and 
this relationship remained generally stable for many sites over the 60 
year period when the 1943–1972 and 1973–2002 intervals are com-
pared (Figures 2 and 3), and in moving window correlation analysis 
(Figure 4). When correlation values for each climate variable are com-
pared between the two 30 year periods, the greatest change in growth 
response is with average February temperature (Figures 2 and 3). From 
1943 to 1972, oak growth was positively related to average February 
temperature at many sites (Figure 2), however, this sensitivity of oak 
growth to average February temperature collectively declines at most 
sites in the more recent decades (Figure 4).

Across the Scots pine sites, growth was most strongly and sig-
nificantly related to mean March temperature in the growth year 
from 1943 to 2002 (Figure 2; Figure S2). Variables representing 
winter and spring mean temperature, and mean February tem-
perature, were also often significantly related to Scots pine growth 
(Figure 2; Figure S2). When the climate correlation values for these 
related variables are compared between the two 30 year periods 
(Figures 2 and 3), and for March temperature in the moving window 
correlations (Figure 4), these relationships remain generally stable 
through time. However, a notable change in climate response is 
detected between pine growth and average January temperature 
at many sites (Figures 2, 3 and 4). Between 1943 and 1972 pine 
growth at many sites was not significantly related to January tem-
perature, however, during the interval of 1973 and 2002 a stronger 
positive relationship is observed (Figures 2 and 3).

Across the European beech sites, growth was most strongly and 
significantly related to June precipitation in the growth year from 
1943 to 2002 (Figure 2; Figure S2). Over the 60 year period, beech 
growth exhibits a slight increase in the positive response to June pre-
cipitation at many sites (Figures 2, 3 and 4). Despite this increase, we 
considered June precipitation to have the most consistent and strong 
effect on beech growth. When the climate–growth responses for in-
tervals 1943–1972 and 1973–2002 are compared, the greatest change 
was detected for average February temperature (Figures 2 and 3). At 
many sites from 1943 to 1972, tree growth was positively related to 
February temperature suggesting a growth sensitivity to winter cold; 
however, from 1973 to 2002 this relationship declines (Figure 2). A 
further notable change in climate–growth response of beech trees 
was detected for SPEI variables and previous summer temperature 
for the two 30 year periods, where the growth of beech trees at 
many sites exhibits an enhanced positive response to SPEI variables 
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in the previous growing season in the more recent 30 year interval, 
and an increasing negative response to previous summer temperature 
(Figure 2; Figure S3).

Here we focus on growth responses to mean temperature; sim-
ilar responses are found with minimum and maximum temperature 
(Figure S4). For all studied tree species and all climatic drivers, very 
similar relationships between growth and climate parameters were 
found using the residual chronologies (where autocorrelation is re-
moved; Figure S5).

3.2 | Spatial patterns in changing climate–growth  
responses

Stability classification of sites for both the dominant and great-
est change climate responses appear spatially segregated over the 

1943–2002 interval. For the dominant climate–growth responses, 
the probability surface shows two ‘peaks’ (Figure 5). Oak and pine 
sites in the northeast of the study region were primarily determined 
to exhibit ‘stable’ responses to the dominant climate factor influenc-
ing tree growth. This finding suggests that this region contains a spa-
tially contiguous arrangement of sites exhibiting similar responses to 
the dominant climate factor over time. A significant aggregation of 
‘unstable’ sites was found in northeastern Germany (southwest of 
the study region; Figure 5). This finding indicates that at these sites 
the correlation strength and/or direction changed between the two 
30 year periods for the dominant climate response using our clas-
sification criteria.

For the greatest change climate response ‘unstable’ Scots pine 
sites in eastern Poland, Lithuania and Latvia and some oak sites in 
western Latvia and Lithuania are significantly segregated in the east 
of the study region (Figure 5). Over southern Sweden a collection of 

F I G U R E  2   Distributions of the median bootstrapped correlations between tree-ring width chronologies and mean monthly (average 
monthly temperature; precipitation; SPEI1, monthly standardized precipitation–evapotranspiration index) and seasonal (summer (‘JJA’): 
June, July and August; autumn (‘SON’): September, October and November; winter (‘dJF’): December, January and February; spring (‘MAM’): 
March, April and May) climate variables for oak, Scots pine and European beech for the periods 1943–1972 and 1973–2002. Months are 
labelled with the first letter of the month, with lower letter case indicating previous year and upper letter case indicating current year  
(e.g. current year January = ‘J’, previous year August = ‘a’). Box plots show median, lower and upper quartiles (25% and 75%) of bootstrapped 
correlations. Black dots are outlier correlation values that fall outside these quartiles
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F I G U R E  3   Spatial distribution of 
the correlations between tree growth 
and the dominant monthly climate 
variable influencing tree growth (a), and 
the climate–growth relationship that 
exhibited the greatest change (b) when 
the two subperiods of 1943–1972 and 
1973–2002 were compared for each 
species. The average monthly climate 
variables correlated to tree growth at the 
sites in each panel are given in the inset 
text boxes. Triangles mark significant 
correlations between site chronologies 
and the climate parameter, while circles 
mark insignificant correlations

June precipitation

June precipitation

June precipitation

June precipitation

March temperature

March temperature

February temperature

February temperature

February temperature

February temperature

January temperature

January temperature

(a)

(b)

F I G U R E  4   Results of moving 
correlation analysis estimating 
bootstrapped correlation values in 31 
year moving windows offset by 1 year for 
each site included in the climate–growth 
analysis. Bootstrapped correlations for 
each site and each window are reported. 
The x-axis reports the last year of each 
31 year window of analysis (‘Period’). 
Colour shades were assigned based on 
the site longitude with dark (light) shades 
representing sites further west (east). 
Black lines represent mean bootstrapped 
correlation coefficients. The climate 
variables correlated to tree growth for 
each site are given in the inset text boxes

June precipitation June precipitationMarch temperature

February temperature January temperature February temperature
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‘stable’ sites is significantly segregated driven by the greater number 
and location of ‘stable’ responses found at oak and European beech 
sites (Figure 5). The high density of sites and variability in ‘stable’ 
and ‘unstable’ classifications in northeastern Germany resulted in 
no significant segregation of sites in that area of the study region 
(Figure 5).

4  | DISCUSSION

This tree-ring network is the largest tree-ring dataset for the south 
Baltic Sea region and presents a balanced perspective of tree growth 
by relying on site-level, tree-ring measurements collected for differ-
ent purposes including ecological, climatological and management 
applications. Our interpretations focus on broad climatic species-
specific controls on tree growth across the study region. Across the 
species examined, growth responses to early spring and summer 
climate were identified as regionally dominant, while responses to 

some winter climate variables exhibited the greatest change. We 
focus our interpretations on these two broad patterns.

4.1 | Dominant climate–growth relationships

June precipitation had the greatest overall influence on the growth 
of deciduous species (albeit weakly for oak) suggesting that moisture 
variability broadly influences the growth of oak and European beech 
in the study region from 1943 to 2002 (Figure 2; Figure S2). The 
absence of a stronger and more spatially coherent relationship be-
tween oak growth and a dominant climate factor is consistent with 
previous studies near the study region that report an influence of 
site conditions on tree growth (e.g. Friedrichs, Trouet, et al., 2009; 
Rybníček et al., 2016). Furthermore, Haneca, Čufar, and Beeckman 
(2009) summarize the diverse climate–growth associations made be-
tween oak growth and climate variables in European studies, which 
include growth sensitivities to both temperature and precipitation. 
Despite the variability in the growth response of oak to climate 
and site conditions, prior studies indicate that summer moisture 
availability broadly controls oak tree growth in Europe (Friedrichs, 
Büntgen, et al., 2009; Haneca et al., 2009; Neuwirth, Schweingruber, 
& Winiger, 2007). In our study, there is some evidence for an increas-
ing sensitivity of oak growth to moisture availability in more recent 
decades in northeastern Germany, with the strength of the corre-
lated relationship between growth and June precipitation increas-
ing at some sites in the latter 30 year period (Figure 3; Figure S10).  
This result lends support to the findings presented in Babst et al. 
(2019) providing further evidence that recent reduced moisture 
availability has influenced deciduous tree growth. Notably in our 
study, this finding is based on a representative network of sites col-
lected for different tree-ring applications. In summary, our findings 
support the conclusions that moisture availability primarily controls 
oak growth and that site conditions may contribute to the absence of 
a spatially consistent and strong growth response of oak to climate 
in our study region.

Among the species examined, the growth of European beech 
trees showed the greatest similarity in responses to a dominant cli-
mate variable over the 60 year period from 1943 to 2002 (Figure S2). 
The limited distribution of beech forests in the study region and the 
close proximity of site locations included in the correlation analyses 
are likely determinants in the similarity detected. Nonetheless, our 
results show that in northeastern Germany, northwestern Poland 
and southern Sweden a positive relationship between growth and 
June precipitation in the growth year exists (Figures 2, 3 and 4). This 
result indicates that similar to oak, moisture availability in the grow-
ing season predominantly influences annual incremental growth of 
beech (Babst et al., 2019) and is further supported by studies con-
ducted elsewhere throughout the range of beech (e.g. Cavin & Jump, 
2017; Hacket-Pain, Cavin, Friend, & Jump, 2016; Jump, Hunt, & 
Penuelas, 2006). Variability in the growth responses to precipitation 
in the early part of the common period appears to decrease over time 
(Figure 4). This could be attributed to the early-life growth associated 

F I G U R E  5   Results of spatial segregation analysis for the 
dominant climate–growth relationship and the climate–growth 
relationship that exhibited the greatest change in strength  
and/or direction over the 1943–2002 interval. In this analysis, a 
probability surface was determined by kernel-based estimation 
of spatial segregation. Dark red shading marks areas with a 
significantly higher probability of similar unstable growth change 
responses (segregated unstable), while dark blue shading suggests 
regions with a significantly higher probability of stable responses 
(segregated stable). See Section 2 for criteria used to classify 
correlation stability 
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with the late-20th and early 21st century start dates of some beech 
chronologies (Table S1) and the response change to environmental 
variability with age. Our results also indicate stronger positive re-
sponses of beech growth to June precipitation and monthly SPEI1 
(Figure 2) in recent decades, suggesting that the role of moisture 
availability in the growing season is becoming increasingly import-
ant for growth. Recent studies on the sensitivity of European beech 
trees to drought events in Europe have documented an increasing 
response in recent decades (Latte, Lebourgeois, & Claessens, 2015), 
especially in the central range of the species (Cavin & Jump, 2017) 
and lowland settings (Latte et al., 2015).

The positive and significant correlations between Scots pine 
growth and February and March temperature were consistent 
among nearly all sites when we compared the 1943–1972 and 
1973–2002 periods (Figure 2), which suggests a synchronous and 
stable response to late winter/early spring climate variability across 
the south Baltic Sea region. Previous dendrochronological studies at 
sites in northern Europe and at high elevation sites, document a pos-
itive relationship between annual ring width and summer tempera-
ture (Briffa, Jones, Pilcher, & Hughes, 1988; Düthorn, Holzkämper, 
Timonen, & Esper, 2013; Grudd et al., 2002), indicating that warmer 
summer temperatures promote Scots pine tree growth. Contrarily, 
in the European Lowlands of Germany and Poland late winter/
early spring temperature has been frequently reported to promote 
growth of Scots pine (Balanzategui et al., 2017; Hordo, Metslaid, 
& Kiviste, 2009; Koprowski, Przybylak, Zielski, & Pospieszyńska, 
2012; Läänelaid & Eckstein, 2003; Pärn, 2009; Vitas, 2006), indi-
cating warm late winter/early spring temperature conditions are 
important for Scots pine growth in these regions. The spatial tran-
sitions separating the disparate climate–growth responses of Scots 
pine growth in central and northern Europe, and the ecophysiolog-
ical causal mechanisms, are not well understood or documented. 
Perhaps warming temperatures in the early spring extend the grow-
ing season in the south Baltic Sea region (Vitas, 2011), promoting 
productivity and growth. Scots pine, as an evergreen species, can 
capitalize on the early onset of these winter climate conditions con-
ducive to growth (Antonova & Stasova, 1993; Gruber, Strobl, Veit, & 
Oberhuber, 2010). At sites further north (i.e. northern Norway) late 
winter and early spring climate conditions likely remain too harsh to 
support growth and summer temperature remains the primary fac-
tor limiting growth (Rossi et al., 2008). In North America, warmer 
winter and early spring temperatures are positively related to conifer 
growth in boreal forests, where lagged effects such as earlier snow 
melt and soil warming are thought to lengthen the growing season 
and promote early growth (D’Orangeville et al., 2016).

4.2 | Unstable growth responses to winter climate

In many of the European beech and oak populations we studied, 
the relationship between tree growth and late winter temperature 
weakens in recent decades (Figures 2 and 3). We suggest that in 
the early portion of the study interval (1943–1972), winter cold may 

have caused reduced growth due to occurrence of winter xylem 
embolism (Cochard, Lemoine, Améglio, & Grainier, 2001; Pederson, 
Cook, Jacoby, Peteet, & Griffin, 2004; Sperry & Sullivan, 1992) and 
frost events (Kollas, Körner, & Randin, 2014). WInter embolisms dis-
rupt the conductance of water in the stem of a tree leading to xylem 
dysfunction, a process documented in beech and oak trees in Europe 
including temperate and ‘warm’ regions (e.g. Cavender-Bares et al., 
2005). Pederson et al. (2004) postulated that in anomalously cold 
years with more frequent or severe embolism occurrence, resources 
that could be used for early growth would instead be used for recov-
ery. A recent study by Weigel et al. (2018) reports a relationship of 
beech growth reductions and winter cold that was enhanced towards 
cold-marginal populations. Furthermore, Weigel (2019) conducted 
a winter manipulation experiment in beech forests in northern 
Germany and Poland that shows winter cold, through sublethal 
root damage or reduced root nutrient uptake, affects beech growth 
negatively, a finding that is also supported by results presented in 
Reinmann, Susser, Demaria, and Templer (2019). In the context of 
our study, this finding could indicate that winter soil warming was 
more important in the early period (1943–1972) and is becoming less 
important with recent climate warming (Figure S6). Not all previous 
research supports a positive relationship between deciduous tree 
growth and late winter temperatures, with some studies document-
ing fast acclimation to freezing, positing that winter temperature 
plays a small role in shaping the cold range limit of beech (e.g. Lenz, 
Hoch, & Vitasse, 2016; Matisons, Purina, Adamovičs, Robalte, & 
Jansons, 2017).

A notable change in climate–growth sensitivity was found when 
the response of Scots pine growth to January temperature was com-
pared between the 1943–1972 and 1973–2002 periods (Figures 2 
and 3), and in the moving windows correlation analysis (Figure 4). 
The number of sites exhibiting a significant positive relationship 
to January temperature increases, and overall stronger positive 
correlations are found when testing 30 year intervals after 1973 
(Figure 4). The average cold season temperatures from 1918 to 2017 
(Figure S1) and over the interval of analysis (Figure S6) show a gener-
ally increasing trend that is consistent with recorded climate warm-
ing for this region (IPCC, 2014). Therefore, we suggest an increasing 
influence of January temperature as a factor affecting the growth of 
Scots pine trees in this region, a finding supported by conifer growth 
responses to winter climate by Babst et al. (2013). The physiological 
rationale for a late winter growth relationship has been discussed 
for some tree species (Pederson et al., 2004), however, the biologi-
cal processes underpinning this persistent growth response of Scots 
pine trees are not well explained. The winter growth sensitivity of 
Scots pine could be driven by winter photosynthesis (positive carbon 
gain when needles are not frozen; Havranek & Tranquillini, 1995) 
and/or frost damage to green foliage during winter (Ensminger et al., 
2004; Pederson et al., 2004). Winter photosynthesis in this region 
is probable provided that the freezing depth of soils in the winter is 
shallow (Ensminger, Schmidt, & Lloyd, 2008). Additionally, warm early- 
growth season temperatures (i.e. warmer January temperatures in 
recent decades) likely advance the onset of the vegetation period 
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influencing the overall length of the growing season (Vaganov, 
Hughes, Kirdyanov, Schweingruber, & Silkin, 1999), where shorter 
cold seasons result in increased productivity (wider tree-ring) and 
conversely, longer cold seasons would lead to decreased produc-
tivity (narrower tree-ring). Therefore, we postulate that enhanced 
winter photosynthetic activity driven by warmer late winter/early 
spring conditions coupled with possible longer growing seasons as 
plausible explanations for this climate–growth response.

4.3 | Spatial segregation of climate–growth  
responses

Significant segregation of ‘stable’ sites in the northeast of the study 
region indicates the dominant climate growth responses have re-
mained stable between the two 30 year periods (Figure 5). This find-
ing suggests that the growth of Scots pine trees in the northeast of 
the region has been consistently influenced by mean March tem-
perature and the growth of oak by June precipitation. Furthermore, 
it could be considered that the influence of recent climate change 
on the dominant climate factors influencing tree growth in forests 
in the northeast of the study area is lower, at least for the climate 
variables considered here. A unit of segregated ‘unstable’ sites cen-
tred mainly in northeastern Germany was detected, and we suggest 
that the slightly increasing sensitivity of deciduous tree sites to June 
precipitation over the interval of analysis (Figure 3) resulted in many 
sites being classified as ‘unstable’ prior to the segregation analysis.

For the greatest change climate response, sites classified as ‘un-
stable’ in eastern Poland, Lithuania, and eastern Latvia aggregate 
to form an eastern unit of primarily Scots pine and some oak sites, 
which suggests a high probability for changing winter climate drivers 
of growth (Figure 5). We suggest that as winter climate conditions 
have warmed (Figures S1 and S6), trees previously limited by cold 
winter or spring conditions in this unit have responded similarly. This 
finding suggests that within the south Baltic Sea region, tree-ring 
sites in the eastern part of the study region may exhibit a higher 
probability of unstable climate–growth relationships to the winter 
climate variables examined in this study. In southern Sweden, most 
sites were classified as ‘stable’, indicating the effects of winter cli-
mate have remained spatially and temporally consistent, although 
the spatial distribution of sites is notably lower here (Figure 5).

Our application of spatial segregation analysis combines spe-
cies responses to different climate variables for the two types of 
climate–growth responses, and applies generalized rules to classify 
climate–growth correlation stability. A partitioning of the network 
and subsequent runs of this analysis with (a) only Scots pine sites 
and (b) beech and oak sites combined (Figures S7 and S8), supported 
the interpretations from the multispecies-based spatial analysis. In 
order to gain a more precise estimation of spatial segregation pat-
terns, more work is needed to buffer edge effects by increasing the 
spatial distribution of sites and adapt the analysis for a discontinu-
ous spatial domain (i.e. remove the small-scale nonterrestrial land-
scape elements) for the kernel estimation. Therefore we present 

this descriptive analysis as a system-level perspective of the forest 
response to 20th century climate. It also represents a new approach 
in linking temporal variability in biological responses, represented as 
tree-ring chronologies, in the spatial domain.

4.4 | Possible age effects in tree-ring networks

In large-scale tree-ring network analyses, recent research has indi-
cated that the relationships between climate and tree-ring chronolo-
gies could be inflated (‘climate sensitivity bias’; Babst et al., 2018), 
caused by including preferentially sampled datasets that targeted 
older, bigger trees and/or at sites to maximize their sensitivity to 
a single climate parameter. Unlike recent network studies that rely 
heavily on sites from the ITRDB and dendroclimatological studies 
sampled for specific climate purposes (e.g. Babst et al., 2019), the net-
work presented here includes sites that were collected for ecological 
and stand management projects in addition to dendroclimatological 
investigations. Furthermore, the age distribution of individual trees 
(inferred from site-level mean tree series length) was generally simi-
lar among sites classified as ‘stable’ and ‘unstable’ in the spatial seg-
regation analysis for the greatest change climate variable (Figure S9). 
A possible exception to this interpretation includes 14 beech sites 
with average series lengths between 240 and 295 years that were 
all classified as ‘unstable’ (Figure S9) when the climate responses of 
growth to February temperatures were compared for 1943–1972 
and 1973–2002. Previous research has documented an increasing 
sensitivity of larger trees to climate reflected in growth responses 
(Mérian & Lebourgeois, 2011; Trouillier et al., 2019), therefore this 
finding could suggest that bigger, and inherently older, trees at these 
14 sites exhibit a more pronounced response to recent winter warm-
ing, or simply that smaller trees are more sensitive to frost damage. 
Nonetheless, due to the generally similar age-structure of our chro-
nologies we consider the size- and/or age-related effects on climate 
responses to be reasonably small with a minimal influence on the 
broad interpretations presented from this network.

4.5 | Summary and outlook

The role of tree growth sensitivity to climate in forest carbon dy-
namics and changing community composition has been highlighted 
in many types of forests (e.g. Anderegg et al., 2015; Babst et al., 
2013; Charney et al., 2016; Clark et al., 2016), including ecosystems 
that contain species (and populations) that are not typically consid-
ered climatically limited (e.g. Cavin & Jump, 2017). In this study we 
sought to provide insights on tree growth responses to recent cli-
mate change in the south Baltic Sea region. Our findings indicate 
summer moisture availability limits oak and European beech trees, 
with an enhanced effect in the latter 20th century, and consider-
ing the projected climatic drying in sub-boreal and temperate forest 
ecosystems, a strong influence of moisture availability in the cur-
rent and previous growing seasons will likely persist. The stationary 



     |  2515HARVEY Et Al.

response of Scots pine growth to February and March temperature 
over time, and increasing positive response to January temperature 
likely points to critical early season photosynthetic gains. The doc-
umented unstable growth responses to winter temperature for all 
species examined suggest winter climate change might release some 
forest trees from cold season climatic limitations in the future. How 
the responses we documented will contribute to ecosystem level 
changes in composition and patterns of distribution remains unclear 
at this point. However, insights from this study can provide valu-
able information, especially for winter climate responses, to guide 
the selection of tolerant provenances and refine projections of the 
expected changes in forest growth and terrestrial carbon budget 
models needed to support climate change mitigation practices.
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6. Synthesis – from local to regional spatial scales 

An increasing number of studies compile local tree-ring records to regional networks in order 

to reconstruct past climate, track tree recovery after extreme events, or quantify and forecast 

the influence of continued warming on forest growth. However, how, where, and for which 

reason tree-ring samples have been collected and how they have been processed challenge 

the generalization of findings about tree growth on a local to regional scale and vice versa. 

The following chapter summarizes the findings of this dissertation and the challenges 

resulting from integrating tree-ring records from local to regional spatial scales using 

different tree-ring parameters (Figure 5). Moreover, a few recommendations are provided to 

guide future efforts to improve the quality of regional networks consisting of a large number 

of various tree-ring datasets. 

6.1. Challenges associated with acquiring wood density data  

In dendroclimatological studies based on wood density data per se and uncalibrated 

techniques whose measurements represent density, such as BI or anatomical density, sample 

processing, and measuring are very crucial and sensitive steps that may be prone to biases, 

and potentially lead to different results regarding growth trends and tree responses to climate 

(e.g., Gunnarson et al., 2011; Melvin et al., 2013; Babst et al., 2014; Kaczka et al., 2018). In 

a rigorous empirical comparison experiment performed in a joint effort of 17 laboratories 

working with densitometry, various density-related measurements were obtained with 

different approaches and devices (Chapter I). The experiment confirmed the importance of 

sample processing and measuring discussed by other authors (e.g., Gunnarson et al., 2011; 

Melvin et al. 2013; Babst et al., 2014; Kaczka et al., 2018). It revealed that the mean levels 

of minimum density and the maximum corresponding parameters for wood density per se, 

BI, and anatomical density are never comparable between laboratories, even if a 

mass/volume-based recalibration has been performed. This is because of inherently different 

measurement resolutions between various techniques and laboratories. However, a 

comparison of any wood density-related data obtained using one system (as in this PhD 

project, Chapters II and III) is valid in itself on a relative scale, and standardization 

procedures of density-related chronologies prior to climate-growth analyses can remove 

offsets in absolute values to some extent (Chapter I).  

Interestingly, the experiment (Chapter I) also revealed substantial biases using data 

measured from narrow rings compared to wide rings due to resolution issues. Namely, 

measurement resolution and consequently wood density were lower for narrow rings 
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compared to wide rings. Such bias can mostly but not solely influence the long-term trend 

in measurements and the resulting temperature signals obtained when such data is used in 

paleoclimatology. This means that integrating individual wood density measurements, even 

though acquired using only one technique, could still lead to certain biases reflected in 

different long-term growth trends compiled together (Chapter I). However, at the 

(micro)site level, such bias would be relatively easy to control because tree growth at a 

specific (micro)site should be driven by the same growth-limiting factor or set of factors. 

Therefore, trees should reflect common growth variability, where the sequence of wide and 

narrow rings is synchronized (Fritts, 1976). Unless, for example, a specific (micro)site has 

been differently shaped by several generations of foresters applying different management 

practices with elusive impacts on tree growth (Nehrbass-Ahles et al. 2014). In contrast, 

compiling wood density data from different (micro)sites into regional networks, where trees 

do not necessarily exhibit fully synchronized growth, and wood density series present 

different mean levels due to measurement idiosyncrasies may be particularly challenging. It 

can negatively impact the reliability of climate-growth responses and climate reconstructions 

(e.g., Clauson and Wilson, 1991; Gunnarson et al., 2011; Melvin et al., 2013; Esper et al., 

2014; Klesse et al., 2015; Chapter I). Since wood samples with particularly narrow rings 

seem to be more prone to biases related to sample treatment, it cannot be excluded that this 

artefact might have also slightly affected the short-term trends, climate-growth responses 

(Chapter II), and tree responses to extreme climate events (Chapter III) investigated in BI 

data of this dissertation.  

Despite all challenges (Figure 5) of producing wood density-related data for local, 

regional, or global research, it is necessary also to highlight the merits of these parameters, 

for example, in climate reconstructions, forecasting forest growth variability in response to 

climate change, or ability to represent volcanic cooling across different spatial extents 

(Chapter I). However, the compilation of various wood density-related data must be 

performed with special care to minimize the effect of challenges that arise already in the 

laboratory (Figure 5). Therefore, detailed investigation of the origin of wood samples as well 

as further effort to increase the measurement resolution in the laboratory, and application of 

different analytical techniques are needed prior to datasets compilation (Chapter I). 

6.2. Effect of (micro)site conditions on tree growth and responses to climate 

Climate is a globally important factor that affects the year-to-year variability in tree growth 

across all forested continents (Figure 1; Fritts, 1976; Cook, 1987; Speer, 2010). However, 
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the global climate is changing, and scientists strive to quantify and forecast the influence of 

these changes on forest growth. An increasing number of studies explore the effects of 

climate variability and extremes on tree growth and productivity using different tree-ring 

parameters (e.g., ring width, wood density, BI, wood anatomy; Figure 2) derived from trees 

at single (micro)sites (e.g., Abrams et al., 1998; Neuwirth et al., 2004; Feliksik and 

Wilczyński, 2009; Babst et al., 2013; Metslaid et al., 2016; Chapters II, III, and IV) or 

across regional networks (e.g., Briffa et al., 2001; Frank and Esper, 2005; Büntgen et al. 

2006; Babst et al., 2013; Esper et al., 2018; Metslaid et al., 2018; Chapters II, III, and IV). 

However, different studies, especially those performed at a large geographical extent, do not 

always consider additional factors, which may impact tree growth and tree responses to 

climate, for example, microsite conditions. Indeed, microsite conditions have been reported 

to modify tree growth (e.g., Driscoll et al., 2005; Salzer et al., 2014) and tree responses to 

climate variability (weakened/ strengthened signal: Linderholm, 2001; Düthorn et al., 2013; 

non-stationary relationships: Leonelli et al. 2009; Peltier and Ogle, 2020) and extremes 

(Neuwirth et al., 2004). Significant importance of microsite conditions was documented 

even across the high-latitudinal or mountain sites, where temperature is presumably a leading 

limiting factor (e.g., Leonelli et al., 2009; Düthorn et al., 2013; Salzer et al., 2014). Bunn et 

al. (2011) suggest that even across very small mountain areas, the complexity of terrain 

(substrate, soil, slope, aspect, and stand history; Figure 1) can alter the operation of limiting 

growth factor(s).  

The (micro)site-specific investigation performed in this PhD project, revealed that, 

depending on the species, growth in the south Baltic Sea region was driven by the set of 

climate variables (temperature, precipitation, or drought). However, the strength and 

sometimes direction of climate-growth responses differed between (micro)site types 

(Chapter II) and across sites (Chapter IV). Further, climate-growth responses were non-

stationary over time, regardless of the tree species and tree-ring parameter used in the 

analysis (Chapters II and IV). In general, in this PhD project, the absence of stronger or 

spatially coherent relationships for specific species is consistent with previous studies near 

the study region (pedunculate oak: Friedrichs et al., 2009; Rybniček et al., 2016; European 

beech: Weigel et al., 2018; Stolz et al., 2021; Scots pine: Metslaid et al., 2018; Stolz et al., 

2021). The observed responses across the south Baltic Sea sites (Chapters II and IV) are 

most likely a result of generally favorable climate year-round and (micro)site effects, further 

potentially modulated by other local factors (Figure 1), which, however, have not been 

systematically studied upon this dissertation. These findings also support the conclusions 
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drawn based on the analyses of other tree species and locations (e.g., Linderholm, 2001; 

Leonello et al., 2009; Bunn et al., 2011; Düthorn et al., 2013; Salzer et al., 2014) on the 

importance of (micro)site effects on RW chronologies and subsequent paleoclimate 

inferences made from these chronologies. The literature reports, however, that MXD data 

derived from trees growing at ecologically/ topographically different sites is less affected by 

(micro)site conditions than RW, thus, also confirming the superiority of MXD over RW 

(e.g., Schweingruber et al., 1979; Wilson and Luckman, 2003; Frank and Esper, 2005; 

Düthorn et al., 2016). Lange et al. (2018) provide findings on the significant microsite effects 

on absolute tree growth and only minor effect on MXD data of Scots pine from the northern 

distribution limits. Interestingly, however, the authors further report that the temperature 

signal derived from both tree-ring parameters is not overridden by the microsite effects. On 

the contrary, across the coastal dune sites in the south Baltic region, LBI and LBI responses 

to climate were very likely modified by microsite conditions (Chapter II). Potentially, a 

few reasons could explain differences in the results presented in Chapter II and other studies 

investigating microsite effects on MXD (Schweingruber et al., 1979; Wilson and Luckman, 

2003; Frank and Esper; 2005; Düthorn et al., 2016; Lange et al. 2018). Although the 

relationship between MXD and LBI is strongly coupled, it may be distorted for several 

reasons. For example, LBI measurements are sensitive to discoloration caused by the fungal 

and bacteria agents and decay, staining caused by resins and other extractives, or pronounced 

heartwood-sapwood color differences in some conifers (Chapter I). In turn, although wood 

samples have been treated with an ethanol solution to remove resins and other potential 

extractives, they cannot be excluded as potential factors inducing biases in the trends of LBI 

series and climate-growth responses (Chapter II), which could also affect potential climate 

reconstruction (Chapter I). Further, the occurrence of narrow rings present in tree-ring 

samples could influence LBI of investigated Scots pine trees even more than the MXD data 

investigated in other studies. Next, most of the available MXD data comes from trees located 

in northern boreal forests or treeline environments, where different microsite conditions have 

been tested. In contrast, MXD data available from the hemiboreal and temperate forests and 

studies testing microsite effects on MXD in these regions are limited if not missing. 

Therefore, although MXD seems to be less affected by microsite conditions in the high-

latitudes and altitudes, it does not mean that it would not be affected in the hemiboreal and 

temperate forests.  

Further, the local-scale study demonstrated that microsite conditions modulated tree 

responses to extreme climate events (growing season drought and unusually cold winter; 
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Chapter III). Differences in tree responses to climate extremes between both microsite 

types (dune ridge and bottom) and tree-ring parameters (RW and LBI) occurred. Namely, 

LBI was more impacted than RW, especially after drought. As Bunn et al. (2011) suggest 

discrete microenvironments can lead to pronounced differences in tree growth and responses 

to climate. Although the growing season climate is generally favorable across the study area, 

extreme climate events, such as drought or unusually cold winter may occur and cause abrupt 

growth in Scots pine. Interestingly, the higher sensitivity of LBI compared to RW to extreme 

climate events, especially drought, could contradict the findings on MXD as a parameter less 

affected by microsite conditions. However, as mentioned earlier, although the relationship 

between MXD and LBI is strong, the vulnerability of LBI measurements to discoloration of 

wood samples and resolution could have had potential effects on the observed results 

(Chapter I).  

 As mentioned earlier, a growing number of studies investigate tree growth and tree 

responses to climate or perform climate reconstructions across a large geographical extent. 

However, in such regional networks, additional factors, such as microsite conditions, are not 

always systematically studied. Thus, not much is known about the effects of both regional 

climate and microsite conditions on tree growth and responses to climate across a larger 

spatial extent (e.g., Frank and Esper, 2005; Büntgen et al., 2010; Georg and Ault, 2014; 

Konter et al., 2016; Tei et al., 2017). This is likely because tree-ring networks are usually 

based on currently existing tree-ring data collected for various purposes, where information 

about microsite conditions has not always been collected or shared (Babst et al., 2018). In 

turn, the analyses performed at a regional scale, although meaningful as they generate 

knowledge about forests growth variability in response to climate change across a large 

scale, are restricted to the available data. However, although large-scale studies are crucial, 

the lack of data about microsite conditions may lead to over- or underestimation of tree 

growth and tree responses to climate variability and extremes across a population (Bunn et 

al., 2011). For example, Bunn et al. (2011) note that “topographically-mixed” RW data can 

be confounded in terms of its climate signal. Similarly, Babst et al. (2018) underline several 

other challenges such as spatial sampling bias, fading records, spatial mismatch with gridded 

data products, which are associated with integrating tree-ring records from local to regional 

spatial scales and may affect the results (Figure 5).  

The regional-scale investigation revealed differences in the degree of generalization 

of the results between climate-growth responses (Chapters II and IV) and tree responses to 

single extreme climate events (Chapter III). Namely, climate-growth responses (strength 
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and non-stationarity) were quite similar at local and regional scales. In contrast, compiling 

tree-ring measurements (RW or LBI) into regional networks to study tree responses to single 

extreme climate events led to a signal distortion (Chapter III). More specifically, the 

observed regional response has weakened, likely due to mixing tree-ring records from 

different sites. Neuwirth et al. (2004) used the pointer year method to investigate tree 

responses to climate extremes at several sites, characterized by different elevation, exposure, 

and moisture. The authors reported differences in drivers of negative pointer years identified 

across the investigated locations. This would suggest that, if sites investigated by Neuwirth 

et al. (2004) had been combined together, it would have led to mixed signals derived from 

tree rings and false interpretation. In the case of LBI results (Chapter III), it cannot be 

excluded that additionally the sample preparation and measurement did not have any impact 

on the results to some extent, especially when LBI series from different microsites were 

compiled together (Chapter I).  

The findings presented in Chapters II, III, and IV support the conclusion made by 

other authors (Linderholm, 2001; Neuwirth et al., 2004; Li and Yang, 2004; Leonelli et al., 

2009; Bunn et al., 2011; Düthorn et al., 2013; Salzer et al., 2014) on the importance of 

(micro)site effects on tree growth and tree responses to climate variability and extremes. 

While performing any dendrochronological investigation at local or regional spatial extents, 

it is essential to remember that tree rings remain a local and variable product. Thus, 

integrating tree-ring series from local to regional scales is optimal only if growth reflects a 

common limiting factor or the set of factors and noise but not if growth also reflects locally 

variable stresses, disturbances, and microsite conditions that intermittently limit tree growth 

(Stine and Huybers, 2017). Gathering additional information about (micro)site conditions 

and investigating their potential effects on tree growth and tree responses to climate and 

extremes at a local scale first is highly recommended. Each tree-ring dataset should be 

treated individually prior to their compilation to avoid diluted or mixed signals in tree-ring 

networks. This approach might substantially decrease the probability of the misinterpretation 

of growth and climate sensitivity of different populations and, consequently, improve large-

scale studies. 
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Figure 5. A sketch summarizing four chapters presented in the dissertation and any study, where tree-ring data 

is integrated from local to regional spatial scales. Several uncertainties (purple text) and consequences (green 

text) are listed, which may arise when tree-ring datasets are compiled. The bottom left corner presents trees 

sampled at different (micro)sites within a region by three different laboratories, where (in this example) wood 

density data is acquired using three different methods: ITRAX, SilviScan, and Walesch. If the regional climate 

is the primary factor limiting tree growth across these (micro)sites, trees should exhibit common year-to-year 

variability. However, each (micro)site may be characterized by specific microsite conditions or exogenic and 

endogenic disturbances (Figure 1), which might (in some years), override the effect of climate on growth at a 

local and further regional scales. Additionally, using different techniques to obtain wood density data from 

tree-ring series of non-fully synchronized wide and narrow rings may provide additional bias. Consequently, 

integrating local tree-ring data with specific characteristics into a regional network may involve certain 

challenges, such as differences in short- and long-term growth trends, weakened climate signal registered in 

tree rings, or non-stationary responses. The dissertation concentrates on the underlined uncertainties and 

consequences. Note that the number of (micro)sites and chronologies on the sketch is just an example and does 

not present the actual number of datasets used in this dissertation. 
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7. Conclusions 

Since climate is globally important driver of tree growth, an increasing number of studies 

use large-scale tree-ring networks to reconstruct climate variability, investigate tree 

responses to extreme climate events, or quantify and forecast the impact of climate change 

on forest growth. However, often dendro-studies do not consider all factors that may 

modulate tree growth, such as microsite conditions, exogenic and endogenic disturbances, 

or tree intrinsic features. Therefore, a series of challenges related to how, where, and when 

samples have been collected and how they have been processed and measured, is 

complicating the transition of tree rings from a local to a regional resource on the question 

of tree growth. This dissertation aimed to improve our knowledge about challenges related 

to tree sample processing, wood density measuring, and compiling different (micro)site-

specific tree-ring data into regional networks to study climate-growth responses.  

The dissertation showed that there is a cause-and-effect relationship between the 

location where tree-ring samples are collected (Chapters II, III, and IV), how and where 

they are measured (Chapter I), and how one or both affect climate-growth responses 

(Chapter II and IV), and tree responses to extreme climate events (Chapter III). The 

dissertation showed that tree sample processing and wood density measuring are sensitive 

steps due to measurement resolution issues between techniques and laboratories. Thus, when 

combining wood density data obtained using various techniques and in different laboratories, 

biases in long-term trends, climate-growth responses, and climate reconstructions may 

occur. Further, the dissertation revealed that (micro)site conditions modulate tree growth and 

tree responses to climate variability and extremes. Therefore, combining tree-ring records 

from different (micro)sites into regional networks may lead to mixed or diluted signals and 

misinterpretation.  

Insights from this dissertation provide valuable information on the effects of different 

factors on tree growth and tree responses to climate including sample processing and 

measuring, climate, and microsite conditions tested across the south Baltic Sea region. The 

findings can refine future local- and regional-scale studies focusing on reconstructing 

climate or quantification of tree responses to climate change. Proper accounting for all 

sources of methodological biases might significantly decrease the probability of the 

misinterpretation of growth and climate sensitivity of different tree populations. 
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