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Objectives of thesis

Tree growth is influenced by both climatic-and non-climatic factors. While considerable research has been
performed to understand ecological and climatic relationships and signals in-tree-ring datasets separately,
less attention has been given to the.impacts of non-climatic factors on climatic signals in widely used tree
ring parameters in dendroclimatological research. Considering the characteristics of Central European
forests, on the one hand, forests in the Carpathian Mountains have been subjected to disturbance events
over long time periods; on the other hand, Czech forests have experienced a period of severe pollution in
the late 20th century, especially in the area of the so-called Black Triangle. Moreover, these forests also
experienced several extreme droughts, particularly in recent decades. The objective of this thesis is to
uncover the impacts of these climatic and non-climatic factors on the growth of Norway spruce trees with
a particular focus on the impacts of non-climatic factors on the climatic sensitivity of different tree-ring
parameters. The specific objectives of the thesis are:

1) Detecting disturbance signatures in both tree-ring width and Blue Intensity chronologies on various
spatial and temporal scales by applying a novel statistical method (Curve Intervention Detection), as well
as exploring the extent to which temperature signals are affected by the detected disturbance signatures.

2) Detecting pollution signatures in tree-ring width chronologies from historically heavily polluted areas
and investigating their impact on temperature signals of multiple tree-ring parameters (i.e., tree-ring
width, Blue Intensity, quantitative wood anatomy) in different time periods with varying pollution
intensity.

3) Investigating the impacts of several severe drought events in the past and a recent drought period on
the growth of several major tree species in Central European forests, as well as examining the drivers of
drought resistance of different species using a modeling approach.

Methodology

To achieve the objectives of this thesis, a large number of tree ring samples was collected from the studied
region, which was historically influenced by a range of ecological and environmental factors. Chronologies
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of several types of tree-ring parameters were generated and compared to investigate their susceptibility
to the impact of these factors. The Curve Intervention Detection method was used to quantify the impacts
of non-climatic factors on the structure of tree-ring chronologies. Growth-climate response analysis was
conducted for all generated parameters to identify tree ring parameters with stronger temperature signals
that are less impacted by non-climatic factors, and which may therefore be more suitable for dendroclimatic
purposes such as the development of dendroclimatic reconstructions. Impacts of drought on tree growth
as well as on their drought resistance were investigated by evaluating trends represented by both tree ring
width and basal area increment.
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SUMMARY

In dendroecology and dendroclimatological research, tree rings are used as a paleo-climate
proxy. A wide range of research can be conducted using this proxy archive, such as tree growth
or forest dynamics monitoring, forest disturbance (e.qg., fire history, windstorm, bark beetle, etc.)
and paleoclimate reconstructions of various climatic variables (e.g., temperature, precipitation,
drought, etc.). However, tree growth and tree ring formation are determined by a complex
combination of various climatic and non-climatic factors, making it necessary to distinguish and
account for the impacts of climatic and non-climatic sources separately to achieve specific
research objectives. By using tree-ring records from an extensive range of Central European
forests, this thesis aims to disentangle the impacts of these climatic and non-climatic factors on
the growth of Norway spruce trees with a particular focus on the impacts of non-climatic factors

on the climatic sensitivity of different tree-ring parameters.

Firstly, I used a disturbance identification technique to detect disturbance signatures in datasets
of multiple tree-ring parameters of Norway spruce (Picea abies) across the whole range of the
Carpathian Mountains and evaluated to what extent natural disturbances influenced the
temperature signals in those datasets (Subsection 3.2/ 4.1/ 5.1). Though the growth of forests in
the studied region has experienced significant interference from various types of environmental
events over the past centuries, the disturbance signatures in tree ring chronologies were more
easily detectable in a smaller-scale scenario (i.e., at the site level) with reduced sample depth.
Additionally, the detected disturbance signatures were mainly observed in tree-ring width
chronologies during periods characterized by major growth releases. In contrast, Blue Intensity
chronologies were generally less susceptible to disturbance impacts or not influenced at all. Blue
Intensity chronologies also exhibited much stronger temperature signals compared to those in

tree-ring width chronologies, and such signals were more stable over time.

Secondly, considering the recent pollution history of the Czech Republic and neighboring
regions, | examined the impact of pollution on the temperature sensitivity of multiple tree-ring
parameters by using the same statistical approach applied in relation to natural disturbances in
the Carpathians (Subsection 3.3/ 4.2/ 5.2). As part of the research covered in this sub-topic, tree-
ring parameters of one additional technique, quantitative wood anatomy, were also included.
Pollution-related growth suppression trends were mainly detected in tree-ring width
chronologies, especially at sites that experienced severe pollution levels. Growing season

temperature signals were well-represented by both latewood Blue Intensity and cell wall
|



thickness chronologies. The climatic signals in those chronologies outperformed those of the
tree-ring width chronologies and tended to remain more stable over time and, unlike tree-ring
width, even retained a significant relationship with climatic variables during the period
characterized by severe pollution levels.

Lastly, I investigated the impact of recent drought events on the drought resistance of several
Central European tree species, considering the distinct drought conditions of the Czech Republic
(Subsection 3.4/ 4.3/ 5.3). This study helped to contextualize the relative importance of climatic
and non-climatic factors for tree growth dynamics in the region. Drought-induced growth
reductions were found in all studied species but with different levels of magnitude. Norway
spruce was found to be more susceptible to drought impacts compared to other species as it
showed the largest growth reduction. The main drivers of drought resistance for different species
were also explored. The findings of this research indicated that under the circumstance of climate
change, drought-related impacts on forest systems will potentially threaten timber supply
sustainability and other services. In addition, when comparing these drought-related impacts to
the non-climatic impacts on tree growth, such climatic impacts were much more prominent,

which indicated the significance of climate for tree growth.

The overall findings of this thesis revealed that the impacts of non-climatic factors on tree
growth and climatic sensitivity are non-negligible, especially when using the tree-ring width
parameter. In the context of dendroclimatology, measures need to be taken to better understand
and reduce the influence of such impacts. For example, the Curve Intervention Detection method
can be used for the identification of growth impacts, whereas the utilization of multiple tree ring
parameters can assist with selection of more robust parameters for climate research. This work
indicates that Blue Intensity and cell wall thickness have more stable climatic sensitivity
characteristics and, in turn, would be more suitable for climate reconstruction purposes in either
disturbed or historically polluted areas. This thesis represents a useful reference and inspiration
for future studies with regards to alternative tree-ring parameters for specific research purposes
or distinguishing and accounting for non-climatic impacts. These observations and
recommendations are especially pertinent as forest disturbance events are expected to increase

in response to global climate change.

Keywords:
Disturbance trend biases; Sulphur/nitrogen deposition; Drought resistance; Latewood blue
intensity; Quantitative wood anatomy; Temperature signal; Curve intervention detection;

Climatic extremes; Tree growth reduction
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- RW._dis_CID: tree-ring width series after disturbance correction

- SPEI: Standardized Precipitation Evapotranspiration Index

- SPEI12: the monthly Standardized Precipitation Evapotranspiration Index values with a
12-month time window

- VPD: Vapor Pressure Deficit

Note: All abbreviations are listed alphabetically.
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I think that I shall never see
A poem lovely as a tree

A tree whose hungry mouth is prest
Against the earth’s sweet flowing breast

A tree that looks at God all day
And lifts her leafy arms to pray

A tree that may in Summer wear
A nest of robins in her hair

Upon whose bosom snow has lain
Who intimately lives with rain

Poems are made by fools like me

But only God can make a tree

By Joyce Kilmer, “Trees” from Poetry 2, no. 5 (August 1915): 153.
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1. INTRODUCTION

Tree growth is influenced by various climatic and non-climatic factors. As represented by the
conceptual linear aggregate model (Cook, 1985), the production of the annual growth increment
is the aggregation of multiple components with total tree growth being the synthesis of factors
including an age-related growth trend, climate trend, in some cases endogenous and exogenous
disturbance, and variance due to random processes. It is necessary to take all these factors into
consideration when conducting dendroclimatic research (Rydval et al., 2015), especially when
assessing climatic sensitivity of tree growth and developing robust reconstructions of past
climate, which requires accurate representation of climate-growth relationships at all timescales,

including medium to low frequency trends in tree-ring data.

Non-climatic exogenous disturbance can affect growth trends in tree-ring width series and bias
climatic information obtained from such records (Rydval et al., 2018). Different types of natural
disturbances, such as fires, insect outbreaks and windthrows, are an integral part of forest
ecosystem natural dynamics, and usually occur as relatively discrete events with varying
frequencies, sizes, and severities at different spatial and temporal scales (Seidl et al., 2017). In
Central Europe, reconstructions of disturbance histories have shown that most Carpathian forests
are driven by frequent low-to-moderate severity disturbances, in which windstorms and
subsequent bark beetle outbreaks are the main disturbance agents (Cada et al., 2013; Svoboda et
al., 2014; Trotsiuk et al., 2014; Vacek et al., 2015; Zielonka et al., 2010). As a consequence of
shifting climatic constraints on tree growth (e.g., intensifying droughts), trees can become
predisposed to bark beetle outbreaks following large-scale windthrow events which in tandem
with a warming climate enhance bark beetle phenology and trigger increases in mortality of
physiologically weakened and/or mechanically damaged trees (Wermelinger, 2004; Marini et
al., 2017).

In addition to disturbance, pollution is another source of non-climatic impacts which can
influence tree growth and decrease the stability and strength of climate signals extracted from
tree rings. Atmospheric pollution caused by heavy industrial deposition and other sources has
profoundly influenced the functionality and development of natural ecosystems in many regions,
with dramatic consequences in certain areas (Vacek et al., 2020; Modrzynski, 2003; Krejci et
al., 2013). During the second half of the twentieth century, levels of atmospheric pollution in
parts of Central Europe were among the highest on the continent. Forest stands in previously

severely polluted areas, including the northwest of the Czech Republic, have faced significant
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growth declines and are, arguably, still facing consequences in the present (Neuh&ferova 2005).
Moreover, weakened climate signals in tree ring records were found in some nearby regions
(Wilson & Elling, 2004; Opata-Owczarek et al., 2019). The lingering effects of pollution trends
highlight the need to account for important non-climatic elements when undertaking
dendroclimatic research in polluted regions, especially involving the assessment of climatic
sensitivity of trees (Rydval & Wilson, 2012).

Furthermore, heatwaves combined with severe drought are becoming a predominant climatic
driver associated with the widespread synchronization of tree growth dynamics, either as the
direct source of tree mortality (Allen, Breshears, & McDowell, 2015; Allen et al., 2010;
Pederson et al., 2014), or by making large areas more susceptible to the effects of disturbances,
such as bark beetle outbreaks in North America and Europe (Jarvis & Kulakowski, 2015; Marini
et al., 2017; Seidl, Muller, et al., 2016). It has been reported that since the 1980s, drought-
induced disturbances throughout Central European Mountain spruce forests have increased
(Senf & Seidl, 2017), leading to an increase in the vulnerability of forests in this area. However,
the increasing rate of large-scale disturbance due to drought remains unknown, and the possible
impacts of drought, which will potentially also influence non-climatic impacts on tree growth,
also need to be quantified.

1.1 DISTURBANCE AND ITS IMPACT ON TREE GROWTH

Tree growth is regulated by a range of internal biological processes and external environmental
conditions. In a general sense, radial growth of trees can be viewed as a combination of several
growth components, including climate variability, disturbance impacts, age and size status, and
other random factors (Cook,1985; Bjcrklund et al., 2019). In recent decades, in-depth studies of
the climatic impact on tree growth have drawn considerable attention of the scientific
community to rapidly changing climatic conditions (Bosela et al., 2021; Gu et al., 2019;
JevSenak, 2019; Rydvalet al., 2017a; Schurman et al., 2019). The relationship between RW (RW)
and the constraining climatic variables is traditionally considered to be linear (Fritts, 1976), but
the primary climatic constraints are often temporally or spatially variable, leading to a high
likelihood of more complex interactions of resource-limiting conditions and non-linear growth-
climate responses (Breitenmoser et al., 2014; Bunn et al., 2018). Furthermore, non-climatic
influences, such as disturbances (e.g., bark beetles outbreak, windstorms, etc.), represent one set
of environmental factors which can modulate the relationship between growth and climate, thus
complicating the extraction of climatic signals from tree rings (Cook and Kairiukstis, 1990;

Pederson et al., 2013). Disturbance signatures can obscure climatic signals (Hughes, 2011; Fritts,



1963), leading to skewed interpretations of growth-climate relationships and systematic biases
in RW-based dendroclimatic reconstructions (Nehrbass-Ahles et al., 2014; Rydval et al., 2015).

Removing disturbance trends from RW series is necessary to improve the presentation and
extraction of climate signals from tree rings (Druckenbrod et al., 2013; Rydval et al., 2015). A
range of methods have traditionally been used for detecting disturbances and developing
disturbance reconstructions (Altman, 2020; Trotsiuk et al., 2018). However, such methods are
generally unable to quantify the influence of disturbances on chronology structure. More
recently, a method called ‘curve intervention detection” (CID) was developed to characterize
disturbance history and quantify the effects of disturbance trends on individual RW series and
chronology structure (Druckenbrod, 2005; Druckenbrod et al., 2013; Rydval et al., 2015).
Previous studies have demonstrated that the CID method can be used to successfully identify
disturbance events (Trotsiuk et al., 2016), represent land use history (Druckenbrod et al. 2018),
characterize associated chronology trends (Bj&klund et al., 2019), and isolate, remove and
reduce the influence of disturbance trends on RW chronologies, leading to improved climate
signal strength (Rydval et al., 2015, 2017b, 2018).

RW is an easy-to-measure and commonly used parameter in dendroclimatological studies (Fritts,
1976). However, the strength of the climate signal in RW is often relatively weak (Bj&klund et
al., 2020; Fuentes et al., 2016; Heeter et al., 2019; Wilson et al., 2017), and the seasonal window
is rather narrow (Bj&klund et al., 2017; Briffa et al., 2002) compared to other tree ring
parameters, such as tree ring density and stable isotope ratios. In contrast, X-ray densitometric
methods require costly equipment and are often complicated to develop robust datasets. The
blue intensity (BI) tree-ring parameter emerged as a cheap surrogate to the traditional X-ray
densitometric methods (Bj&klund et al., 2014, 2015; Rydval et al., 2014), measuring the values
of reflected light in the blue wavelengths of the color spectrum that are directly related to tree
ring density (Bj&klund et al., 2019; Campbell et al., 2007; Kaczka et al., 2018; McCarroll et al.,
2002). Due to the high degree of similarity with density records, higher quality information on
past climatic (especially summer temperature) conditions can be obtained from Bl chronologies
compared to RW chronologies (Heeter et al., 2019; Rydval et al., 2015, 2017a; Wang et al., 2020;
Wilson et al., 2016). To our knowledge, however, apart from a few studies that have examined
the ecological impacts on Bl data in a limited context (e.g., Arbellay et al., 2018; Rydval et al.,
2018), no study has yet systematically assessed the potential influence of disturbances on Bl
data.

The Carpathian Mountains harbor the largest assemblage of primary Norway spruce (Picea

abies (L.) Karst) forests in Central-Eastern Europe (Mikolas et al. 2019; Sabatini et al., 2018).
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Extensive studies of Norway spruce growth-climate relationships have shown high sensitivity
of Carpathian high-elevation spruce forests to growing season temperature (Bouriaud & Popa,
2009; Bintgen et al., 2007; Nagavciuc et al., 2019; Sedm&ovaet al., 2019; Svobodovaet al.,
2019). In addition to climatic drivers, natural disturbances have an important role in regulating
forest structure, species composition, and developmental processes across spatial scales (Cada
et al., 2020; Pavlin et al., 2021; Schurman et al., 2018; Turner 1987). Reconstructions of
disturbance histories have shown that most Carpathian forests are driven by frequent low-to-
moderate severity disturbances, with windstorms, and subsequent bark beetle outbreaks, as the
main disturbance agents (Cada et al. 2013; Svoboda et al., 2014; Trotsiuk et al., 2014; Vacek et
al. 2015; Zielonka et al., 2010). Large-scale windthrow events, in tandem with local weather
conditions (e.g., droughts), promote bark beetle phenology and can trigger outbreaks through
increases in mortality and reduced physiological health of weakened and damaged spruce trees
(Wermelinger 2004, Marini et al. 2017). In closed-canopy forests, these types of disturbance
events lead to abrupt and / or sustained increases in radial growth of surviving trees, in response
to the associated changes in the surrounding canopy due to the neighboring tree die-off (Janda
et al., 2017). Furthermore, future impacts of disturbances on forest ecosystems are expected to
intensify under changing climatic conditions (Seidl et al., 2017). With evidence of spatially and
temporally shifting rates of disturbance severity and frequency (Schurman et al., 2019; Seidl et
al., 2017), the effects of such events on chronology structure, such as potential modification of
the strength of growth-climate relationships, and possible consequences for extracting climate

signals from dendrochronological records, remain unclear.

1.2 POLLUTION AND ITS IMPACT ON TREE GROWTH

Norway spruce is one of the most dominant and widespread tree species in Central European
Mountains. However, due to the impact of air pollution which increased dramatically in many
areas after the 1950s and culminated from the 1970s to the 1990s, large-scale spruce forest
declines have been observed across biogeographic regions, especially in the so-called ‘Black
Triangle’ area (Vacek et al., 2020). The Black Triangle is an area spanning parts of northern
Bohemia (CZ), the southern part of Saxony (DE), and the southwestern part of Lower Silesia
(PL) (Abraham et al., 2002), and it is a typical area which has experienced high sulphur
deposition rates prior to the 1990s (above 5g m-2 year-1 in 1990; Grubler, 2002). For example,
in the Czech Republic, the emissions of sulphur dioxide (SO2) and nitrogen oxides (NOXx) were
reported to increase sharply from 1950 until the 1980s (Dignon & Hameed, 1989; Smil, 1990,
Kopacek & Vesely, 2005). Especially, the Jizerské Mts. of north Bohemia experienced the
highest levels of atmospheric pollution in the 1970s and 1980s (Wilczynski, 2006), with more

than a ten-fold increase in sulphur dioxide emissions within two decades, i.e., 45,000 and
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500,000 tons of emissions in 1957 and 1980, respectively (Jirgle et al., 1983), originating from
large thermal power plants around the town of Zittau in the territory of Germany and Poland
(Matgjka et al., 2010). Moreover, heavy pollution also impacted nearby regions, such as the
Sumava Mits., which were reported to have been exposed to high levels of sulphur and nitrogen
deposition during the last century (Santruckova et al., 2007). The Tatra Mts. likewise
experienced the highest impact (6000 t / year) of various industrial emissions (e.g., SO2, NOX,
Particulate matter) in 1995, though this represented a lower pollution intensity compared to the
more severely affected areas (e.g., Ratanica, Czestochowa) (Grodzinska-Jurczak & Szarek-
Lukaszewska, 1999). The pollution load started to decrease significantly in the early 1990s due
to the desulfurization of power plants fuelled by lignite, and political and economic shifts
(Kopécek & Vesely, 2005). As an example, SO2 emissions thus fell by 88% and NOx emissions
by 62% in 2007 compared to a 1990 baseline in the Czech Republic (Helliwell et al., 2014).

Atmospheric pollution was a major environmental factor in the black triangle area and nearby
regions, impacting tree growth during most of the second half of the 20th century (Moldan &
Schnoor 1992). In the Czech Republic, large areas (21,000 ha) of high elevation (above 1,000
m a.s.l.) spruce forests were damaged (Vacek et al., 2020) during the period with the highest
level of acid deposition (Hinova et al., 2004; Borlivka et al., 2005). The Jizerské Mts. in the
northern Czech Republic suffered the most severe growth decline and mortality events (Rydval
& Wilson, 2012; Sramek et al., 2008). The neighbouring area in Poland (i.e., the Sudetes
Mountains) also faced similar substantial damage of forest stands (Slovik et al., 1995;
Modrzynski, 2003). Moreover, substantial local damage to spruce stands even occurred in more
distant areas such as the Sumava Mts. in southwest Bohemia (Vacek et al., 2019; Krejéi et al.,
2013). Conversely, in the 1990s, forests were observed to recover, coinciding with the reduced
pollution pressure of sulphur dioxide (Vacek et al., 2015; Putalovaet al., 2019). In fact, forest
growth was even shown to rapidly respond to changing pollution levels, co-varying with reduced
growth under particularly severe pollution years and with increased growth under less severe
pollution conditions (Rydval & Wilson, 2012).

Atmospheric pollution can impact tree growth both directly and indirectly. Direct impact is
related to stomatal uptake of high concentrations of gaseous pollutants whereas indirect impact
results from the deposition of pollutants due to the reaction between SO2, NOX and water,
resulting in water and soil acidification (B&k et al., 1995). This can cause disruption of
biogeochemical cycling, which may subsequently lead to nutrient deficiencies and imbalances,
ultimately resulting in a decline of tree vitality and growth (Sherman & Fahey 1994). However,
the relative importance of direct (pollution in the air) and indirect impacts (deposition and soil

acidification) on tree growth is still debatable (Hruska et al., 2023). In polluted areas, these
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growth responses, which have been linked to high concentrations of pollutants, add additional
complexity when attempting to disentangle environmental and climatic influences on growth
within the context of climate change, potentially leading to biased representations of growth-
climate relationships, especially in severely polluted regions. Though pollution-related growth
suppression trends have been documented in various studies (Kolaf et al., 2015; Sidor et al.,
2021; Takahashi et al., 2020; Treml et al., 2022; S. Vacek et al., 2015; Z. Vacek et al., 2020),
little attention has been given to uncovering their impacts on the climatic sensitivity of trees,
which is vital in developing an optimal approach to extract and isolate climate signals in tree
ring records from polluted areas. As an important non-climatic factor that can influence tree
growth, the impact of environmental pollution should be considered when undertaking
dendrochronological research in regions which have been historically subjected to atmospheric
pollution and acid deposition. This is particularly important when attempting to develop robust

dendroclimatic reconstructions in such locations.

While annual tree-ring width (RW) has been widely used in dendroecology and
dendroclimatology, the performance and applicability of this parameter is often questioned
(Fuentes et al., 2016; Heeter et al., 2019). Thus, a host of additional parameters have emerged
to provide alternatives, for example, latewood Blue Intensity (LWBI) has proved to be a more
climatically-sensitive variable compared with RW and it also appears to be less affected by
natural disturbance, which represents a common non-climatic growth-influencing factor in many
environments (Jiang et al., 2022; Rydval et al., 2018). Quantitative wood anatomy (QWA)
provides another set of tree ring parameters based on cellular properties at a higher resolution
and contains stronger and more stable climate signals compared to X-ray and Blue Intensity (BI)
techniques (Bj&klund et al., 2020; Seftigen et al 2022; Lopes-Saez et al 2023). Moreover,
climatic signals imprinted in QWA and BI datasets generally display a stronger co-variability
between trees and sites compared to the signal in RW (Wilson et al., 2017). In view of the
stronger climatic responses of both Bl and QWA compared to RW, it is important to evaluate
possible pollution impacts on these parameters to ascertain whether (and if so, then to what
extent) they may also be affected by pollution-related biases. While it may be possible to reduce
the influence of such biases in RW data using signal processing techniques to some extent,
further research is required to evaluate whether other tree-ring parameters are more suitable for
dendroclimatological research and the development of palaeoclimatological reconstructions.
Such assessment of multi-parameter climatic sensitivity and paleoclimatic suitability of Bl and

QWA parameters has previously not been performed in the context of polluted regions.



1.3 DROUGHT AND ITS IMPACT ON TREE GROWTH

Rising greenhouse gas emissions have led to significant changes in weather and climate
conditions, pushing the amplitude far beyond the ‘natural’ historic range of variation (Swanson
et al., 2009; IPCC, 2021). Rises in surface temperatures observed over the last century do not
align with changes in precipitation regimes (Twardosz et al., 2021). Consequently, extreme
climate events, particularly ‘hotter droughts’, defined as simultaneous occurrence of heatwaves
and droughts (lonita et al., 2021; Markonis et al., 2021), become more frequent and severer. In
Central Europe, the increased occurrence of hotter droughts has become the most important
climatic driver (Markonis et al., 2021). Particularly, 2003 was exceptionally warm and dry
(Rebetez et al., 2006), and 2014-2018 is considered as the driest five-year period since the 19th
century (Moravec et al., 2021). These successive climate extremes have altered the structures

and functioning of forest ecosystems with significant socio-economic impacts (Br& et al., 2021).

Forests have experienced severe impacts due to drought, with a notable increase in mortality
rates of some economically important tree species, such as European beech (Fagus sylvatica)
and Norway spruce (Picea abies) (Gazol & Camarero, 2022; Obladen et al., 2021). The 2018-
2019 ‘megadrought’ resulted in a twofold increase in disturbed forest areas around Central
Europe (Senf & Seidl, 2021). The megadrought not only cause the death of trees during or
immediately after the drought event, but also reduced the growth of surviving trees (Rohner et
al., 2021). Previous studies have reported that spring drought strongly impacts the radial growth
of conifers such as larch and spruce, resulting in reduced growth trends (Vitasse et al., 2019).
Similar warming-related growth reductions have also been observed in southern beech, although
such growth responses appear to be more geographically variable (Serra-Maluquer et al., 2019).
Another study indicated that tree growth under drought conditions is more strongly influenced
by precipitation and climatic water balance rather than temperature (Bose et al., 2021). Therefore,
reaching any general conclusions about how trees respond to drought conditions remains a

challenging task.

Periods of extremely low growth act as disturbances in forests due to their episodic nature and
the potential to induce major changes in forest structure (Lloret et al., 2011). The concept of
resilience, defined as the capacity of an ecosystem, community or individual to recover after a
disturbance and regain its pre-disturbance structure and function (Scheffer et al., 2001; Folke et
al., 2004), provides a practical framework to quantify the cumulative effects of recurrent
stressful episodes. Furthermore, the breakdown of this concept into several refined indices, such

as resistance, recovery, resilience per se and relative resilience, enables the examination of



individual tree resilience based on tree ring growth (Lloret et al., 2011). Consequently, it

becomes possible to distinguish between short-term impacts and long-lasting effects.

Short-term impacts, observed as growth anomalies during droughts, often vary depending on the
tree developmental stages and environmental condition. These anomalies which are influenced
by factors such as age and size (e.g., height), can help to provide a better understanding of trees’
drought resistance. While such relationships have been investigated in various studies
(Fern&ndez de Ura et al., 2023; Lucas-Borja et al., 2021; Fajardo et al., 2019; Ding et al., 2017;
Xu et al., 2018; Merlin et al., 2015), a comprehensive evaluation of their collective impact has
yet to be conducted. This goal is complicated by various sources of uncertainty involving
physiological interactions (i.e., within-species trait variation, trait covariation, and trait-
environment covariation) and ecological complexity, which can confound predictions of
mortality related to drought (Trugman et al., 2021). Moreover, regional climate variations and
orographic gradients further influence drought resistance. For instance, trees growing at wetter
sites can paradoxically show greater sensitivity to increased drought intensity, even though their
higher water holding capacity typically buffers the impact of drought (Gazol et al., 2018; Thom
et al., 2023a). This scenario is a consequence of trees’ adaptations to differing local site
conditions, such as better-developed root systems or reduced leaf area at drier sites, which
enhance their resistance to drought (Cavin & Jump, 2017). Bose et al. (2020) also pointed out
that the impacts of drought on growth depended on the type of site that trees grow on and their
growth performance prior to the drought period. However, the extent to which tree-specific
attributes modulate drought resistance remains uncertain. A better understanding of the most
important factors which determine trees’ resistance to drought will help to predict future forest
development and ecosystem services more precisely (Pardos et al., 2021). Additionally, this
knowledge can help guide foresters to adopt more appropriate management strategies for coping

with extreme drought events in the long term.

1.4 AIMS AND OBJECTIVES

Because non-climatic factors are integral elements shaping the history of tree growth, discerning
the importance and scope of these influences on tree ring development is crucial for
understanding to what extent climate signals may be obscured due to their presence in tree ring
datasets. This thesis aims to detect and assess the effects of non-climatic factors on climatic
sensitivity in tree rings, considering the influences from both disturbance and pollution, by
evaluating and comparing multiple tree-ring parameters (tree-ring width, Blue Intensity, and
guantitative wood anatomy) using tree-ring samples from a wide range of Central European

forests. Furthermore, in the thesis | also evaluate the extent to which these forests have been

8



affected by drought, focusing on several major tree species across the entire Czech Republic.
Additionally, the findings of this thesis are expected to improve the development of climate
reconstructions, especially in areas where large-scale disturbances or pollution have played a
significant role in the past. This will provide more solid evidence to improve the reliability of
tree ring chronologies by helping to better account for non-climatic factors such as those
investigated here and will ultimately contribute to substantially improving the quality of

historical climate reconstructions.

Specific objectives of the thesis are:

1) Detecting disturbance signatures in both tree-ring width and Blue Intensity chronologies on
various spatial and temporal scales by applying a novel statistical method (Curve Intervention
Detection), as well as exploring the extent to which temperature signals are affected by the
detected disturbance signatures. To achieve this objective, we used two tree-ring parameters
from a spatially extensive network of sites to assess how widespread and to what extent
disturbance trends impact tree-ring chronologies within a dendroclimatic context. This objective
was addressed by 1) assessing the presence of disturbance trends and their influence on RW
chronology structure over different spatial (regional / site) scales and sampling subsets, 2)
examining how the impact of disturbance events on the structure of tree ring chronologies
differed between RW and BI parameters, and 3) investigating and comparing growth responses
using RW and BI chronologies from multiple sites to establish the extent to which their
respective climate signals were influenced by disturbance trends. More specifically, disturbance
trends were identified and corrected by applying the CID method to all available Norway spruce
RW series throughout the Carpathians. Chronology structure comparisons of RW chronologies
concerning disturbance were conducted on both regional and local site scales, as well as on
specific sampling subsets. For several key sites, subsets of series which displayed clear
disturbance-related growth trends in RW chronologies and other subsets that were not affected
in this way, were selected to assess the temperature sensitivity of RW and BI chronologies to

this non-climatic influence.

2) Detecting pollution signatures in tree-ring width chronologies from historically heavily
polluted areas and investigating their impact on the temperature signals of multiple tree-ring
parameters (i.e., tree-ring width, Blue Intensity, quantitative wood anatomy) in different time
periods with varying pollution intensity. This objective was to investigate the susceptibility of
Norway spruce chronologies developed from various tree ring parameters (incl. RW, Bl and
QWA) to pollution (e.g., sulphur and nitrogen deposition) and evaluate the suitability of all
investigated parameters for dendro / paleoclimatic applications. To achieve this, the study was

conducted in several representative sites of the Czech Republic and nearby regions, with a
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history of being subjected to different levels of pollutant deposition in the mid- to late 20th
century. The impacts of pollution on the long-term growth trends of trees and climatic signals
were explored in parallel for different tree ring parameters. In this way, we aimed to address the

following questions: | . How chronologies of various tree ring parameters were affected by

pollution on various spatiotemporal scales and how did these impacts differ among sites that

experienced different timing and intensity of pollution? II. Did various tree ring parameters

respond differently to pollution and, if so, which parameter was the least affected, and may
therefore represent the most suitable option for dendroclimatological and palaeoclimatological

research in historically polluted areas? [II. How pollution has affected the climatic (i.e.,

temperature) signal in different tree ring parameters over time and is it possible to remove or

minimize the pollution-related biases?

3) Investigating the impacts of several severe drought events and a drought period in the recent
past on the growth of several major tree species in Central European forests, as well as
examining the drivers of drought resistance of different species using a modeling approach. To
achieve this objective, we used a dataset of ~ 1900 tree cores from managed forests in the Czech
Republic to assess the impacts of recent major drought events on tree growth rates of five
common and commercially valuable tree species which were widely distributed across Central
Europe. The five species were European beech (Fagus sylvatica), Norway spruce (Picea abies),
Scots pine (Pinus sylvestris), sessile oak (Quercus petraea) and pedunculate oak (Quercus
robur). Firstly, we compared the mean growth rates of these species between two distinct periods,
the 2015-2019 “dry period”, characterized by two exceptionally dry years in the studied region,
and the 2005-2009 “reference period”, representing a period of average moisture conditions, to
assess whether drought conditions induced varying impacts in different tree species. Secondly,
we compared the relationships among drought resistance, growth trends and the sensitivity of
trees to variations in moisture availability for each species during the 1995-2019 period to assess
the sensitivity of individual trees to these three factors. Thirdly, we quantified the impacts of
individual extreme drought years (specifically, 2003, 2015 and 2018) on tree growth and drought
resistance, to determine whether any differences in impact intensity exist among different
drought events. Lastly, we investigated the influences of environmental factors, individual tree
attributes, and site characteristics on the tree growth responses to drought and examined the

drivers of drought resistance.
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2. LITERATURE REVIEW

2.1 CLIMATE CHANGE AND FOREST DYNAMICS

It has been reported that the increased greenhouse gas concentrations enhance the interannual
(year-to-year) variability of summer climate in Europe (Seneviratne et al., 2006), increasing the
possibility of frequent climate extremes, such as the unprecedented 2003 summer heatwave and
drought (Schar et al. 2004; Luterbacher et al. 2004; Stott et al. 2004). The 2003 heatwave began
in Europe in June and lasted until mid-August, and summer temperatures were 20-30% higher
than the seasonal average throughout large areas of the continent, extending from northern Spain
and Italy to the Czech Republic and Germany (De Bono et al., 2004). In fact, during recent
decades, Europe experienced a series of heat extremes which have broken long-standing
temperature records nearly everywhere (Barriopedro et al., 2011; King, 2017). In addition to
2003, the summer of 2018 was also exceptionally warm over most of Europe (Lorenz et al.,
2019). Besides single extreme events, the average temperature in Europe in the 2005-2014

decade was also approximately 1.5 <C above the pre-industrial level (EEA 2014, 2015).

The European continent has already become one of the areas that experienced the most severe
intensification of hot extremes since the 1950s (Donat et al., 2013; Fischer & Knutti, 2014;
Lorenz etal., 2019). Furthermore, cool summers with heavy precipitation and devastating floods
also occurred in 2002 (Christensen & Christensen, 2003; Pal et al., 2004) and 2005. There is no
doubt that the increase in the frequency of climatic extremes will represent an important
challenge to the future of European forestry. These extreme events are consistent with climate
change projections as increasing greenhouse gas concentrations are expected to enhance the
interannual variability of the European summer climate, both with regards to temperature and
precipitation, with a higher associated risk of heatwaves (Schar et al., 2004; Meehl & Tebaldi
2004), droughts (Milly et al., 2005) and heavy precipitation events (Christensen & Christensen
2003; Frei et al., 2006).

According to the IPCC report (IPCC, 2014), forest ecosystems are likely to face substantial
changes in structure and composition in the future as the climate becomes warmer and drier.
Possible changes are linked to increases in carbon dioxide in the atmosphere due to increased
industrial carbon emissions, solar radiation changes and a rise in global temperature variability
caused by increased greenhouse gas concentrations with the largest increase in the northern
boreal zones, which may potentially lead to the expansion of new forest areas. From the point

of view of forests, they can either benefit (e.g., carbon fertilization) or suffer detrimental effects
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(e.g., drought-induced mortality, more frequent forest fires and biotic outbreaks, major
alterations to the distribution of certain species, etc.) as a consequence of these climate changes
(Sohngen & Tian, 2016). Climate change has already influenced plant development and forest
dynamics in Europe. For example, warming in early Spring (February-April) during the 1969-
1998 period has led to an earlier beginning of the growing season by 8 days (Chmielewski &
Rotzer, 2001). Climate change has also significantly influenced the geographical distributions
of plant species (Dyderski et al., 2018) and phenology of trees (Kramer et al., 2000). Within the
context of limited migration possibilities, in the future most of the species are likely to face a
significant decrease in suitable habitat areas, with species whose distribution currently occupies
the northernmost (and highest elevation) ranges subject to the highest threat level (Dyderski et
al., 2018). Most of these changes are related to increasing temperatures and decreasing
precipitation during the growing season (IPCC, 2013). The frequency of catastrophic winds,
insect outbreaks, and forest fires also increases under warming climatic conditions (Seidl,
Schelhaas, Rammer, & WVerkerk, 2014). Consequently, tree survival rates may become

(increasingly) negatively impacted by such changes (Saenz-Romero et al., 2017).

Trees must adapt to their environment while experiencing a multitude of natural and
anthropogenic forms of stress, and therefore resilience and resistance to biotic and abiotic
stresses is of great importance for long-lived tree species. They have to acclimate their growth
and reproduction to constantly changing climatic conditions to survive for many decades or even
centuries at the same location (Polle & Rennenberg, 2019). Different species may have different
responses in reaction to climate change. Norway spruce is the most widespread and
economically most important tree species in Europe (Brus et al., 2011). This widespread species
dominates the Boreal forests in Northern Europe and the subalpine areas of the Alps and
Carpathian Mountains. However, due to its shallow root system, it is particularly susceptible to
heat and drought, and it is expected to become increasingly negatively affected in many areas as
conditions become less favorable due to global warming (Eaton et al., 2016). Previous climate
response research of primary Norway spruce forests in the Carpathian arc showed that climatic
responses of different forest landscapes showed sensitivity to June and July temperatures
(Bj&klund et al., 2019). This type of relationship has also been demonstrated in a multi-species
tree-ring network including four conifer species (Picea abies (L.) Karst., Larix decidua Mill.,
Abies alba (L.) Karst., and Pinus mugo (L.)) in the Western Carpathians (Bintgen et al., 2007).
Another investigation involving the latitudinal and elevational extent of Carpathian stands
revealed a predominant increasing trend of tree growth with temperature (Schurman et al., 2019).
Further research also revealed that climate-growth associations and climatic sensitivity seemed

to additionally be modulated by elevation and tree age, respectively (Primicia et al., 2015), and
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in an evaluation of species-specific climatic responses, Norway spruce showed a higher response

to temperature than Scots pine and silver fir (Bouriaud & Popa, 2009).

2.2 TREE-RING BASED CLIMATE RECONSTRUCTION

Environmental conditions and events of the past that trees experienced during their growth can
be evaluated by the scientific discipline called dendrochronology, which is based on the analysis
of tree rings. This discipline has expanded worldwide and includes the important subfield of
dendroclimatology, which aims to estimate climate back in time beyond the start of recorded
meteorological measurements (Sheppard, 2010). The growth of trees responds to their
surroundings, and they are subject to climatic stresses such as variations in temperature, rainfall,
soil moisture, cloudiness, and wind stress. Climate therefore represents one of the main factors
controlling tree-ring growth across all spatial and temporal scales and, therefore, the natural
range of variation of the climate system can be reconstructed by the examination of the past
through tree rings (Morgan et al. 1994). Dendroclimatology consists of several formal
procedures, including site and tree selection, crossdating, measuring, data quality control, and
tree ring chronology construction. Relationships between tree rings and climate are evaluated
using statistical models for the period with meteorological records, and these relationships can
then be used to reconstruct the climate of the past over the full length of the chronologies.
Precipitation and temperature are the most commonly reconstructed climate parameters, from
which the frequency of extreme years, mean condition variations, ranges of long-term variability,

and changes in interannual variability can be analyzed (Sheppard, 2010; Speer 2010).

However, although the principle of climate reconstruction using tree rings is quite
straightforward, considerable uncertainties in dendroclimatology exist. For example, tree ring
datasets are subject to the influence of various non-climatic factors as well as noise. Furthermore,
uncertainty and error of statistical models that attempt to represent the climate with tree ring
datasets for a certain area is inevitable, since the model can never truly fully capture and
accurately represent the climatic signal and it is worth noting that this really cannot even be
achieved using measurements at multiple meteorological stations in the same area (Sheppard,
2010). Another related issue is the ‘divergence’ problem (D’ Arrigo et al. 2008), which describes
the diverging temporal trends between temperature records (increasing in the twentieth / twenty-
first centuries) and tree growth in certain locations (decreasing after about 1960). This problem
is especially evident in trees at some sites in the higher latitudes of the Northern Hemisphere
which have been prominently used for the development of past temperature reconstructions
(Grissino-Mayer, 2016). The ‘divergence’ phenomenon raises questions about the

uniformitarianism principle, as relationships between tree growth and climate, which are
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normally assumed to be consistent over time, may be unstable through time in certain cases. An
investigation involving about 1965 dendroclimatological scientific articles shows that nearly 2/3
(n = 1,269) of all studies published from 1945 to 2015 did not test the stationarity of the
relationship between climate and tree growth. In the remaining 1/3 of studies (n = 696), instances
of non-stationarity, which represents a considerable shift in the climatic sensitivity of a tree-ring
chronology over time, were reported in more than half (56%) of those cases. As for those studies
that developed climate reconstructions, 37% were based on tested stationary relationships
between climate and tree growth, but the remaining 63% could have potentially included some
biases in their representation of past climate variability. Therefore, contrary to basic
dendroclimatic principles and conventional assumptions, the general nature of the relationship
between tree-growth parameters and climatic variables seems to be predominantly non-
stationary (Wilmking et al., 2020).

In practice, the process of past climate reconstruction commonly assumes an approximate linear
relationship between the tree-ring proxy (e.g., ring width, maximum latewood density, isotopic
composition of the wood, or other properties) and the target environmental driver. This approach
also presumes that non-linear processes cancel each other out (Cook and Peterson, 2011) and
that all other confounding factors have been removed (Hughes, Kelly, Pilcher, & LaMarche,
1982). Such a presumed stable linear relationship is called the stationarity assumption (National
Research Council, 2006). Though several approaches, such as high sample replication to average
out noise, careful site and tree selection emphasizing high sensitivity to climate (Stine &
Huybers, 2017), and statistical treatment of varying complexity (Fritts, 1976) are employed to
maximize the explained climatic variability in an attempt to achieve a strong and representative
regional climate signal as much as possible, it is ultimately impossible for any tree growth
patterns to explain 100% of the variance of a target climate variable. In fact, the explained
variance R? rarely exceeds 60%—70% and the common range is usually 30%-50% (Esper et al.,
2016; St. George, 2014a; Wilmking et al., 2020). There is no doubt that dendroclimatology has
played and will continue to play a significant role in the interdisciplinary research on climate
change, however, every possible effort must be made to minimize or remove all these

uncertainties to the extent that it is possible.

2.3 NON-CLIMATIC FACTORS AND THEIR IMPACT ON
TREE GROWTH

Non-climatic factors (i.e., biological and microsite factors that regulate growth-climate
relationships) can create challenges when attempting to extract climate signals from tree rings

(Cook and Kairiukstis, 1990; Fang et al., 2014b; Fritts, 1976; Pederson et al., 2013; Wilmking
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et al., 2005). Although it is usually assumed that the effects of internal disturbances and other
sources of noise can be minimized by sampling larger numbers of trees over a larger area and
avoiding trees visibly affected by localized disturbances, this may not always guarantee a
disturbance-free chronology and external sources of disturbance can potentially introduce
systematic biases in tree-ring based climate reconstructions in some cases (Nehrbass-Ahles et
al., 2014). Thus, in addition to examining drought-related impacts on tree growth, this thesis
focuses on the detection of the impacts caused by non-climatic factors on different tree-ring
parameters, as well as potential influences that these can have on climatic (mainly temperature)
signals. Considering the potential importance of non-climatic factors, in this thesis, natural (e.g.,
wind damage and bark beetle outbreaks) and anthropogenic (i.e., atmospheric pollution) sources

of disturbance are the main non-climatic factors which have been investigated in detail.

2.3.1 Disturbance

Sources of forest disturbance include both abiotic (e.g., fire, drought, wind, as well as snow and
ice) and biotic agents (e.g., insects and pathogens). Forests can be strongly influenced by these
disturbances and understanding such impacts is important especially considering that the
frequency and severity of natural disturbances, as well as drought events, are expected to
increase due to climate change (Svobodovaet al., 2019). It has been recognized that disturbances
take the role of regulating forest structure, composition, and processes from small patches to
large landscape scales (Pickett & White 1985; Turner 1987), influencing the structure,
composition and function of an ecosystem, community, or population. They can also change the
resource availability and the physical environment of forests (Pickett & White 1985).
Disturbances are expected to be the most profound influence which climate change will have on
forest ecosystems and understanding their effects is critical considering that the impacts of

disturbances are likely to increase because of global warming (Seidl et al., 2017).

Disturbances affect virtually all forest ecosystems (Turner et al., 1998; Frelich, 2002) and are
essential for many ecosystem processes, including nutrient cycling, carbon storage, and forest
hydrology (Peterson & Pickett, 1995). In recent years, disturbance regimes have changed
considerably (Seidl et al., 2011). In European primary forests, a large-scale reconstruction of
disturbance history shows that decadal disturbance rates varied significantly through time and
declined after 1920 (Schurman et al., 2018). Across the Ukrainian Carpathians, the influence of
a mixed severity disturbance regime has been identified (Trotsiuk et al., 2014). In the Western
Carpathians, at least three windthrow events of major and moderate severity occurred in the last
150 years on southern slopes of the Tatra Mountains, which may contribute to the coexistence

of spruce and larch through differences in vulnerability and response to heavy windstorms
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(Zielonka et al., 2010). A peak of canopy disturbance also occurred in the mid-19th century
across the Western Carpathians, with the most important periods of disturbance in the 1820s and
from the 1840s to the 1870s (Janda et al., 2017). Significant disturbances in spruce stands, which
resulted from windstorms and bark beetle outbreaks, have also been identified (Cada et al., 2013;

Vacek et al., 2015).

Disturbances and forest dynamics contribute to the demographic variation in tree growth rates,
which confound estimates of tree growth responses to climate change. Growth rate fluctuations
have been closely linked to known disturbances in Southern Romania (Schurman et al., 2018,
2019). Current stand size and age structure have also been strongly influenced by past
disturbance activity (Janda et al., 2017). Disturbances shape forest structure and function
(Attiwill, 1994) and changes in the factors driving disturbance patterns alter forest dynamics
(Seidl et al., 2017; Turner, 2010). Disturbance history influences forest development, and
consequently disturbance susceptibility (i.e., the susceptibility of trees to various disturbance
agents) often depends on tree size and stem densities (Canham, Papaik, & Latty, 2001;
Wermelinger, 2004). Disturbance-induced reductions in susceptibility can result in intervals of
time in a stand’s history where disturbance patterns are less responsive to climate variation
(Swetnam & Betancourt, 1998). Disturbances also reduce canopy cover and the associated
reduction in competition permits formerly suppressed trees to recruit into the canopy stratum.

In general, forest growth typically responds strongly and directly to changes in temperature and
precipitation (Adams et al., 2004). Particularly the former is more important at high latitudes
and elevations (Reichstein et al., 2007), though understanding the growth response at such
locations can be complicated as the growth-climate relationship can change over time (e.g., due
to climate change), for example by interactions between a lengthening growing season and
increasing water stress or even the influence of drought conditions. However, because of
morphological adaptations of individual trees, biotic and abiotic disturbance, and individual
species’ phenotypic plasticity, weak relationships marked by poor correlations between local
climate and the tree ring record can occur (Arnan et al., 2012). At the single-tree level, the radial
growth sequences of trees can be considered a combination of different growth components such
as age and size limitations, disturbance events, impacts of climate variability and variance
caused by unknown factors (Bj&klund et al., 2019). Tree growth is often climatically limited
in natural environments, and ring widths have traditionally been hypothesized to have a linear
relationship with the constraining climatic factor (Fritts, 1976). But in many cases, the primary
climatic constraints are temporally or spatially variable, leading to a high likelihood of multiple
resource limitation and non-linear growth climate responses (Breitenmoser et al., 2014; Bunn et

al., 2018). Except size or age, disturbance and climate, there is also a more enigmatic variation
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imprinted in the growth described as unique inter-annual variation of unidentified origin (Cook,
1985). The proportion of unique variation is inversely related to the general climate sensitivity
of the trees, and especially to the ability to date tree rings (Stokes & Smiley, 1968). To better
understand each of these factors, researchers have tried to decompose the variance induced from
the various growth components of climate, disturbance, and undetermined sources in series of
tree-ring measurements representing four different landscapes in three countries (including
Slovakia, Ukraine, and Romania) across the Carpathian arc (Bj&rklund et al., 2019). The results
showed that disturbance variance certainly plays an important role in the aggregated growth in
this region of Europe, though the climate-to-disturbance variance ratio (with a higher ratio
representing a lower proportion of disturbance variability in relation to climate variability)
increases from 2 (0.2 / 0.1) at the tree level to 6 (0.12/0.02) at the landscape level, disturbance
is still detectable in larger spatial scales, this factor is even twice as prominent as in Northern

Romania compared to the other landscapes.

2.3.2 Pollution

Due to the economic expansion after World War 11, global emissions increased, and especially
the increases in Sulphur dioxide (SO;) and nitrogen oxides (NOXx), because of burning fossil
fuels and particularly coal for energy purposes, were unprecedented (Gribler, 2002; Smith et al.,
2011). In Europe, acidic air pollution became a serious concern across most of the continent in
the second half of the 20th century (Stern, 2005). This was especially true in the area known as
the “Black Triangle” region, where the emission loads were the highest (Gribler, 2002). The
“Black Triangle” is an area along the Czech—Polish—-German border (Gribler, 2002), and was
designated as an “ecological disaster zone” by the United Nations Environment Programme
(UNEP) because of the ecological impacts which resulted from the exploitation and utilization
of large coal resources, the presence of numerous power plants and other heavy industrial
facilities (Kopacek and Vesely, 2005), and topography that favored the occurrence of prolonged

inversion events.

In the Czech Republic, air pollution had been the main environmental problem since around
1950 due to the extremely high SO, and particulate matter emissions from power plants and
other industrial facilities (Moldan and Schnoor 1992). It was reported that the SO, and NOy
emissions in the Czech Republic increased sharply after approximately 1950 (Dignon and
Hameed, 1989) and remained high until the late 1980s (Kopacek and Vesely, 2005).
Furthermore, the SO, emissions were ranked as the most dangerous factor which negatively
impacted the health status of forests in the entire Central European region (Ulrich, 1991),
including the Czech Republic, between 1970 and 1990 (Materna 1999; Hanova 2001). Even
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after the 1990s, when air pollutant emissions (especially SO2) were substantially reduced
(Renner 2002; Hanova et al. 2004), forests in some parts of the Czech Republic remained under
threat of lasting damage linked to past emissions (Vacek et al., 2015). Similarly, Poland has also
been recognized as one of the most polluted countries in Europe in late 20" century and Polish
forests have been significantly damaged by pollution. Montane forests have been found to be
the most affected, and coniferous species, which represent approximately 77.6% of the total
forested area of Poland, were the most impacted (Grodzinska-Jurczak & Szarek-Fukaszewska,
1999).

Although the impacts on forest ecosystems have been traditionally treated separately for air
pollution and climate change, the combined effects may significantly differ from a sum of
separate effects, since many air pollutants and greenhouse gases have common sources, which
affect the radiative balance, interact in the atmosphere, and affect ecosystems together in
complex ways (Bytnerowicz et al., 2007). Atmospheric pollution impacts tree growth both
directly and indirectly. Direct impact is related to stomatal uptake of high concentrations of
gaseous pollutants. Indirect impact results from the deposition of pollutants due to the reaction
between SO,, NOy and water (B&k et al., 1995), which can cause disruption of biogeochemical
cycling, and may further result in nutrient deficiency and imbalances, leading to a decline of tree
vitality and growth (Sherman & Fahey, 1994). Generally, from the pernicious effects of
atmospheric pollution (and more specifically SO.) on plant and tree growth, it can be concluded
that an increase in SO, concentrations in the atmosphere leads to a suppression of growth rates
when these concentrations are very high, and when SO concentrations decrease, a period of

growth recovery follows (Rydval & Wilson, 2012).

Studies conducted along the boundary of the Czech Republic, Poland and Germany found that
the lowest growth rates of Norway spruce coincided with the period of the highest atmospheric
SO, concentrations in the JizerskéMountains (Rydval & Wilson, 2012). In the same mountain
area, tree ring analyses indicated a period of significant growth depression in 1979-1987
characterized by the highest SO, load. More recently, in the 2010-2015 period associated with
considerably lower emissions, the SO, and NOx concentrations were still found to influence
foliation and diameter increment significantly in Norway spruce stands, with the maximum daily
concentration of these pollutants being identified as the most negative growth-affecting factor
(Vacek et al., 2020). In the KrkonoSe Mountains, researchers documented that diameter
increments of Norway spruce were strongly depressed in the 1979-1982 period, caused by the
synergistic effects of climatic extremes and high SO; pollution in the 1980s and 1990s (Kolaf et
al., 2015). Similar results have also been observed at nearby sites along the Czech-Poland border

(Vacek et al., 2015). In Polish forests, the extensive decline of forests throughout the Sudetes
18



Mountain range, and especially in the Black Triangle region, remains apparent (Vacek et al.,
2020). A long-term decrease of Scots pine radial growth occurred after 1960 in the foothills of
the Sudetes (southern Poland), which may have also been caused by non-climatic factors (i.e.,

industrial pollution; Wilczynski, 2006).

Although pollution-related growth suppression trends have been discovered in various studies,
little attention has been directed towards investigating the pollution impact on the climatic
sensitivity of trees, which is vital in improving the expression of climate signals in tree ring data
from areas that have been impacted by pollution. It is also important to understand such
relationships especially when attempting to develop dendroclimatic reconstructions using tree-

ring data from polluted regions.

2.3.3 Reducing non-climatic impacts

To some extent, the signatures of non-climatic factors, such as disturbance trends, can be
removed by some detrending methods, but these methods can, to a greater or lesser degree, affect
the retention of long-term climate trends. Common ring width detrending methods, such as the
negative exponential or linear functions, cannot model and remove shorter-term growth releases
that are related to disturbance, which can lead to biases in the final chronologies. The cubic
smoothing spline (Cook and Peters 1981) method can remove disturbance-related trends from
tree-ring width series, but it also removes multi-decadal and long-term variability, which is a
disadvantage for reconstructing past climate, as such trends may represent climatic variations.
Disturbances bias the mid- to low-frequency components of a tree-ring width chronology, so it
is necessary to address the disturbance trends when the tree-ring width data are intended for the
development of dendroclimatic reconstructions. One methodological solution for this issue,
called Combined Step and Trend intervention detection (CST) developed by Druckenbrod (2005)
and Druckenbrod et al. (2013), has proved to be a robust procedure for detecting disturbances.
This method can not only identify and assess the timing, duration, and magnitude of growth
attributable to disturbance, but can also quantify the contribution of these events to ring width
variation and remove their influence from the time series. Such types of time-series analysis
with intervention detection (Box and Jenkins, 1970; Box & Tiao, 1975) represent a promising

area for studying disturbance in ring width data (Druckenbrod, 2005).

Moreover, a modified version of the CST method, called curve intervention detection (CID),
which includes an improved curve-based disturbance trend removal mechanism (Warren, 1980),
has also been developed (Rydval et al., 2015). Curve Intervention Detection (CID) as a time-

series-based method has been developed to characterize disturbance history and quantify the
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effects of disturbance trends on individual ring width series and chronology structure
(Druckenbrod, 2005; Druckenbrod et al., 2013). The CID method improves the two-step
disturbance trend removal procedure used in the CST predecessor by correcting for the growth
release in a single step using ring width index series. After correction, the time-series are re-
expressed as raw (non-detrended) measurements after the original growth trends are added to
the disturbance-corrected data. In this way, a range of detrending approaches can be applied to
both the series not corrected for disturbance (i.e., prior to CID correction - pre-CID) and
measurement series corrected for disturbance (post-CID) using commonly utilized detrending
packages (e.g., ARSTAN; Cook & Holmes, 1986).

Based on the CID method, one study conducted in the Romanian Carpathians, in which the
disturbance trends were identified and their effects on tree-ring width chronologies were reduced
by applying the CID method, the time-series with disturbance trends included (pre-CID) and
series with disturbance trends removed (post-CID) were compared (Rydval et al., 2018). The
periods of growth release pulses associated with disturbance events were apparent both in
highly-replicated mean chronologies as well as chronologies representing smaller subsets of
samples. Moreover, notable differences between the corrected (post-CID) and uncorrected (pre-
CID) versions of the mean chronologies were also apparent. In addition, changes in growth-
climate correlations were found between the corrected (post-CID) chronologies and instrumental
temperature which showed an overall improvement of the climate signals that they contained
compared to those in the uncorrected (pre-CID) chronologies. In another study, the CID method
was found to also improve the climate signal in chronologies of two regions in northern Britain,
particularly in the more disturbance-affected area in the west of the Scottish Highlands (Rydval
et al., 2015). The application of the CID method illustrates that it is possible to minimize the
effects of disturbance in tree-ring width chronologies to enhance the climate signal. Since
disturbance is a significant factor which can influence the response of trees to climate, then
disturbance correction may represent an appropriate strategy to improve the calibration strength

of dendroclimatic reconstructions and their overall quality.

2.4 MULTIPLE TREE-RING PARAMETERS

Trees are an important archive of environmental information. Records from tree rings provide
high temporal resolution information of tree-species responses to global change, forest carbon
and water dynamics, as well as past climate variability and extremes (Wilmking et al., 2020).
More specifically, tree rings can help to gain a better understanding of past and contemporary
forest carbon and water dynamics (Babst et al., 2014; Frank et al., 2015), responses of forest

ecosystems and trees to global climate change (Charney et al., 2016), mortality events (Cailleret
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et al., 2017; Park Williams et al., 2012), and late Holocene climate variability and its societal
impacts (BUntgen et al., 2016), in addition to many other environmental aspects. There are
various tree-ring properties and parameters which have been used in dendroclimatological
research, such as tree-ring width, wood density with a particular focus on maximum latewood
density (Schweingruber et al., 1978), stable isotopes (McCarroll & Loader, 2004), image-based
Blue Intensity (Rydval et al., 2014), and parameters based on quantitative wood anatomy (Von
Arx et al., 2016). In this thesis, | have mainly used the following three measurement techniques
and associated parameters, including tree-ring width, Blue Intensity, and quantitative wood
anatomy, to study the impacts of non-climatic factors on tree ring timeseries in addition to

examining drought responses using extensive tree-ring width datasets.

2.4.1 Tree-ring width

Among the range of tree-ring parameters, tree-ring width (hereafter RW) is the most popular
parameter which has been used in dendroecological/dendroclimatological research (in addition
to other dendrochronological sub-disciplines such as dendroarchaeology, dendrogeomorphology)
since in practice it is a parameter that is easy to measure (e.g., Grissino-Mayer, 1997). The
beginning of scientific research of tree rings can be traced back to the early 1900s when the
astronomer Andrew Ellicott Douglass noticed the similar variations in tree-ring width of
multiple trees and later developed the techniques and principles which underlie
dendrochronological methods used nowadays (Sheppard, 2010). However, the first quantitative
climate reconstruction from tree rings was conducted in 1971 with RW data collected from 49
locations across western Canada and the United States (LaMarche and Fritts, 1971; St. George,
2014a), when Fritts et al. (1971) established the analytical framework to reconstruct climate
from ring width records. Thereafter, there was a growing application of RW data in
reconstructions of various climatic indicators and other relevant fields, such as, historical
extension of water level fluctuations (Stockton and Fritts., 1973), river discharge reconstruction
(Stockton and Jacoby, 1976), drought severity reconstruction (Stockton and Meko, 1975; Cook
and Jacoby, 1977), paleotemperature estimation (LaMarche, 1974), and the pre-instrumental
variability of moisture estimation (Blasing and Duvick, 1984), as well as the El Nifb-Southern
Oscillation (Lough and Fritts, 1985). Even now in the 21st century, RW still remains the most
important source of data used to produce quantitative estimates of climate variabilities (St.
George, 2014a). As of March 2013, the International Tree-Ring Data Bank (ITRDB) includes

more than 3200 ring width records from all continents except Antarctica (St. George, 2014b).

However, the utilization of RW for dendroclimatic purposes is associated with a range of

considerable complications inherent to its structure and properties, including non-climatic
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information related to age and size trends (Cook & Kairiukstis, 1990; Weiner & Thomas, 2001),
biological memory effects (Esper et al., 2015; Fritts, 1976), limitations in the accurate
representation of climatic extremes (Rammig et al., 2014), internal and external disturbances
(Rydval et al., 2018) or simply unexplained variability (Cook, 1985). In addition, in temperature-
limited areas, an earlier onset of the growing season or increasing moisture limitation due to
warming can contribute to non-linear growth responses in cell production (Rossi et al., 2013),
and thus the growth-climate relationship based on RW is susceptible to distortion (Bj&rklund et
al., 2020). Furthermore, the period when temperature has the greatest influence on growth is
also relatively short, often only one (Bj&klund et al., 2020, 2017; Briffa et al., 2002) or two
months in RW which may be more susceptible to lower temporal stability of the climate signal.

These limitations have promoted the development and application of other tree ring parameters.

2.4.2 Blue Intensity

Given the limitations of RW, the utilization of other parameters, which can provide a broader
range of information about growth dynamics and climatic responses, has been explored. For
example, high-quality information of past summer temperatures can be obtained from the Blue
Intensity (hereafter BI) tree ring parameter (Rydval et al., 2014), which is generally considered
to be a more climatically sensitive variable compared to RW (Rydval et al., 2018). It is also a
more affordable technique which can provide similar results to X-ray density datasets (used for
example to produce maximum latewood density chronologies), which are much more expensive
to obtain (McCarroll et al., 2002). Bl time-series have a very strong correlation with density
chronologies and with climate variables. This means, to some extent, that Bl has similar value
for dendroclimatic studies as X-ray density (Bj&klund et al., 2014; Campbell et al., 2007;
Rydval et al., 2014; Nagavciuc et al., 2019). Although various systems, such as WinDendro
(WinDendro, 2023; Campbell et al., 2011; Guay et al., 1992), and LignoVision (Rinn, 2014) can
be used to measure Bl data, such measurements are most often generated with the program
CooRecorder (Cybis, 2019), where the generation of Bl values is based on the placement of
points along scanned images of samples, which are used to calculate RW data. For example, to
generate latewood Blue Intensity (hereafter LWBI) series, the equivalent of maximum latewood
density, a window is placed around each point according to adjustable parameters that include
width, offset, depth and % of latewood recognized as ‘dark’. Then the mean BI value of the
‘dark’ latewood is calculated and used as the LWBI value for a particular ring (Rydval et al.,
2014).

An additional advantage of Bl data is that usually, due to their strong high-frequency common

signal, they can be used for dendroarchaeological purposes, and increased probability of
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successfully cross-dating historical samples has been found when using Bl data, which are also
thought to be less impacted by site specific ecological influences (Wilson et al., 2017).
Sensitivity of Bl to summer climate variables is very similar to the response displayed by tree
ring density records (Campbell et al., 2007). Many studies have found that Bl shows stronger
climatic signals than RW (Heeter et al., 2019; Fuentes et al., 2018; Rydval et al.2017b), and
when comparing the expression of high and low frequency signals, Bl revealed better potential
to represent temperature variability than RW (Fuentes et al., 2016). In another study from
eastern Europe, though different tree-ring proxies captured different climate signals, the highest
correlation coefficient was observed between the Bl chronology from high elevation series and
summer / autumn temperature in the Gheorgheni region of the eastern Carpathians (Romania;
Popa et al., 2022). Although multiple studies have explored Bl in the context of
dendroclimatology and dendroarchaeology, the possible influence of ecological factors such as
disturbances on climatic signals in Bl datasets has not yet been explored. Therefore, exploration
of the influence of non-climatic factors (e.g., disturbance and pollution) on the climatic

sensitivities of Bl parameters could be a promising direction moving forward.

2.4.3 Quantitative wood anatomy

Quantitative wood anatomy (hereafter QWA is the numeric analysis of xylem anatomical traits
of trees, shrubs, and herbaceous species and their relationship to plant functioning, growth, the
environment, wood quality and species identification (von Arx et al., 2021). Nowadays, along
with the improvements in computer performance and image analysis techniques, QWA has been
increasingly applied to various dendrochronological research topics, such as climate-growth
interactions (Carrer et al., 2018), stress responses, tree functioning (Castagneri et al., 2020),
functional anatomical properties to identify tree provenances most resistant to climate change
impacts (Rosner et al., 2016), and wood formation (Song et al., 2022) and production processes
(Von Arx et al., 2016; Prendin et al., 2017). In dendroclimatological research, some commonly
used dendro-anatomical parameters based on the QWA technique include, lumen area (LA),
radial / tangential cell wall thickness (CWT), cell wall area (CWA), anatomical maximum
latewood density (aMXD) (Bj&klund et al., 2020; Carrer et al., 2018), along with a range of
other parameters. It has been shown that these parameters can contain much stronger climatic
signals than RW and even other commonly used parameters, such as maximum latewood density
(MXD), which usually exhibit strong climatic sensitivity. For example, Carrer et al. (2018)
found that LA and especially CWT showed a stronger temperature response than RW, and CWT
also showed the strongest correlation with temperature over the longest temporal period. In
another study, summer temperature was found to be highly positively correlated with MXD and

CWT chronologies of Pinus cembra in both earlywood and latewood, but not with RW in the
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Carpathians (Stirbu et al., 2022). Maximum radial CWT, aMXD and latewood density have been
reported to be the most promising parameters for temperature reconstruction, as the anatomical
measurement technique offers a major advantage based on the very high resolution of sample
images that provide an optimal level of detail (Bj&klund et al., 2020).

In addition to the considerable potential of containing stronger climatic signals, QWA also has
the additional advantage of representing intra-annual variation which could offer more detailed
climatic information that cannot be expressed by other parameters (Carrer et al., 2017,
Castagneri et al., 2017). Although much has been done previously focusing on QWA in the
context of ecological and climatological research, little attention has been paid to understanding
the influence of non-climatic effects (particularly atmospheric and environmental pollution) on
the series and chronologies of QWA parameters and more specifically whether this factor
(pollution) can disrupt or in some way affect climatic signals contained in QWA parameter
datasets. Since QWA parameters show clear advantages in capturing climatic (e.g., temperature)
signals, it would be interesting to evaluate the susceptibility of QWA parameters to pollution
and whether it is possible to avoid or minimize the interference from non-climatic factors on
dendroclimatic records by utilizing QWA data in historically disturbed or polluted areas, where
parameters such RW are strongly impacted.
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3. METHODOLOGY

3.1 GENERAL INTRODUCTION OF THE METHODOLOGY

This subsection aims to provide a general description of the study area, sampling design, data
collection and measurement, as well as the general data processing methodologies for each
research objectives. More detailed information can be found in the following subsections 3.2 -

3.4 of Chapter 3 specifically in relation to each objective.

3.1.1 Study area

The research and implementation of individual sub-topics in this thesis was conducted using
tree-ring data from a wide range of forests across Central and Eastern Europe. The specific
sampling sites were selected based on either their climatic limitation (i.e., influenced by drought)
or non-climatic impact (disturbed, polluted) background. To investigate the impact of
disturbance, we considered the entirety of the Carpathian Mountains with four distinct sub-
regions, incl. Slovakia (High and Low Tatras), north Romania (Calimani, hereafter Calimani;
and Giumaldu, hereafter Giumalau), south Romania (Fagaras, hereafter Fagaras) and Ukraine
(Gorgany). The Carpathian Mountains have experienced various disturbance events historically
(Subsection 2.3.1) and, due to their widespread distribution in the region, high-elevation
Norway spruce (Picea abies (L.) H. Karst.) primary forests were the focus of the work. This
network is part of the “Research on Mountain Temperate (REMOTE) forest network”. The
REMOTE dataset is a long-term international collaboration initiative based on a network of
permanent sample plots in the forests of Central, Eastern, and Southeastern Europe. It aims to
monitor selected parts of remaining primary forests using dendroecological approaches, that is,
with analyses of past tree growth based on tree rings with a focus on various spatial scales
including individual trees, stands, and landscape levels, which will contribute to the long-term
scientific understanding of those unique remaining primary forests (more details about this

network can be found online at https://www.remoteforests.org ).

The climate of the Slovakian Tatras is continental, characterized by cool winters and relatively
warm summers, with maximum precipitation occurring during the summer (Fleischer et al.,
2005). Average annual precipitation is 864 mm, with maximum and minimum rates in June /
July and October / February, respectively. The average temperature is 4.71 °C, with minimum
and maximum temperatures occurring in January (-5.61 °C) and July (14.41 °C), respectively
(Zielonka et al., 2010). In the Calimani and Giumalau Mountains, located in the eastern

Carpathian arc of north Romania, mean temperature ranges from —6.5 °C in January to 13.3 °C
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in July, and mean annual precipitation is 889 mm with a peak in the summer from June to July,
based on the 1961-2012 period (Nagavciuc et al., 2020). The Fagaras Mountains (south
Romania) are the highest part of the Romanian Carpathians (Chiroiu et al., 2015) with an annual
average temperature of 2 <C (above 1800 m a.s.l.). The average amount of annual precipitation
is 1254 mm (average for the 1979-2010 period; Stincescu & Milian, 1988). The Gorgany
Mountains (lvano-Frankivsk region, Ukraine) represent one of the largest primeval spruce forest
preserves in Central Europe, and both locations (Grofa and Syvulya), selected from this area for
our research purposes, represent this forest type with the long-term continuous presence of
Norway spruce as the dominant species. Monthly mean temperature in this area is between
16.4 <T in July and -7.6 <C in January, and annual precipitation ranges between 853 mm and

1007 mm, with a peak during June and July (Zemanovaet al., 2017).

Considering the prominent pollution history in the Black Triangle region (Subsection 2.3.2),
the area could be seen as ideal to study the impact of pollution on tree growth. Thus, six high-
elevation Norway spruce sites were sampled in the Czech Republic and along the border of
northern Slovakia and Poland to better understand the impact of pollution on a range of tree-ring
parameters. These sites are distributed in the Jizerské&Mountains of northern Bohemia, KI movec
in western Bohemia, the Sumava Mountains in south-western Bohemia, and the Tatra Mountains
along the Slovakia-Poland border. These sites occupy environments with a range of climatic
conditions. In the northern Czech Republic, average annual temperatures at the Jizerka
meteorological station are around 3.8 <C, with temperatures ranging from about -5.0 <C in
January to around 13.1 <T in July, on average. The total annual sum of precipitation at the Jizerka
ombrometric station reaches around 1,300 mm (Tolasz et al., 2007). The Sumava Mountains,
representing a forested montane area in southern Bohemia, experience on average 1,091 mm of
annual precipitation and the mean annual temperature is 4.2<C (S. Vacek et al., 2006). Along
the Slovakia-Poland border, the mean annual temperature at Babia G&a ranges from 0.4 T at
the summit to 6.4 °C at the foothills of the massif (Obrg¢bska-Starkel, 2004). The warmest and
most humid month is July with a mean temperature of 12.7 <C and an average precipitation sum

of 220 mm in the subalpine forest (Buras et al., 2018).

As drought can profoundly impact forest stands directly and could also exacerbate the impact of
non-climatic factors on tree growth (Orban et al., 2023), considering the occurrence of several
drought extremes in Europe in recent decades, research plots have been established along the
entire territory of the Czech Republic to identify the extent to which trees were affected by recent
drought events. The whole study area encompasses a broad climatic gradient, with the mean
annual temperature between 5.16 and 10.29 <T and total annual precipitation ranging from 494

to 1074 mm (1990-2019 averages; Abatzoglou et al., 2018). The elevation varies between 209
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and 1016 m a.s.l., with mountainous formations along the Czech border, and lowlands follow
the Elbe River and the Morava River. The humidity gradient generally follows the elevational
gradient, with lowland areas displaying the lowest precipitation inputs.

3.1.2 Sample collection and preparation

For the detection of disturbance and pollution impacts, only tree ring cores of Norway spruce
(Picea abies) were collected from each site using a Hagld increment borer (5 mm) at breast
height. As for investigating the impact of drought, several species were cored to gain a holistic
understanding of the effects of drought on forests containing different species. The sampled tree
species included European beech (Fagus sylvatica), Norway spruce (Picea abies), Scots pine
(Pinus sylvestris), sessile oak (Quercus petraea) and pedunculate oak (Quercus robur). Overall,
nearly 15000 tree cores were used for disturbance impact detection throughout the Carpathian
Mountains, 236 cores for pollution impact detection in the Czech Republic and along the
Slovakia-Poland border, and 1908 cores for drought impact identification within the Czech
Republic. Collected cores of inadequate quality (e.g., suffering from rot or containing other

major defects) were excluded.

All cores were extracted perpendicularly to the slope direction and then prepared with standard
dendrochronological procedures (Fritts, 1976; Stokes & Smiley 1968). After being air-dried,
mounted on wooden mounts, glued, and sanded with fine-grit sanding paper, RW was measured
using a LintabTM traversing measuring stage and TSAP-WinTM computer software (Rinntech,
Heidelberg, Germany) for all cores. Subsets of samples were selected based on relevant study
purposes to generate Bl and QWA data. To generate Bl data, selected cores were first scanned
using an Epson Expression 10 000 XL scanner combined with SilverFast Ai scanning software,
and then measured using the CooRecorder / CDendro software (Cybis, 2019). Within the scope
of this thesis, though several different Bl parameters were generated, further analysis was only

conducted for LWBI, thus only results of LWBI are presented in Chapter 4.

To generate QWA data, paraffin-embedded thin sections were prepared following standard
QWA laboratory working procedures (Von Arx et al., 2016) and then imaged using a slide
scanner (ZEISS Axio Scan.Z1) with microscope imaging software. Thereafter, numerous
anatomical parameters were measured using the software ROXAS v3.0 (von Arx & Carrer,
2014). Several QWA parameters (e.g., CWT, LA) known to contain climatic information

(Subsection 2.4.3) were developed and used for further analysis.
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3.1.3 Statistical analysis

3.1.3.1 Detecting disturbance signatures in multiple tree-ring parameters on
different spatiotemporal scales and evaluating their impact on temperature
signals

The Curve Intervention Detection (CID) method was applied to all RW series to detect
disturbance trends in RW data. Generally, this method is designed to correct or remove
disturbance trends in RW series using a statistical approach before applying a traditional
detrending procedure, and a detailed description of this method can be found in Rydval et al.
(2016, 2018). After applying the CID method, two sets of RW chronologies were developed,
with one set composed of series prior to disturbance correction (RW_dis) and the other
composed of series in which the disturbance trends are removed (RW_dis_CID). In addition to
identifying disturbance-affected (i.e., “disturbed””) and unaffected (i.e., “undisturbed”) series,
the disturbed series can also be separated based on the type of detected disturbance trend (i.e.,
growth release or growth suppression).

Next, the impact of disturbance signatures on RW chronologies was assessed by comparing the
chronology structure of the two sets of series - untreated (RW _dis) and treated using CID
(RW_dis_CID) - in different spatial and temporal scenarios, that is, from a single site to a
regional level and from full-length chronologies to specific time windows containing clusters of
disturbance. By performing these comparisons, it was possible to identify chronologies that were
considerably affected by disturbance (i.e., “severely disturbed sites”). From the severely
disturbed sites, subsets of samples were selected for re-surfacing and scanning to generate LWBI
data. As the CID method was only designed for RW data, it is not applicable to LWBI data.
Therefore, an attempt to detect disturbance signatures in LWBI chronologies was performed by
comparing the chronology structure of two sets of LWBI series which were categorized as either
disturbed (BI_dis) or undisturbed (BIl_undis) based on the categorization of their RW
counterparts as either disturbed or undisturbed. Possible impacts of disturbance on the
temperature signals in RW and LWBI chronologies were identified and compared by using the
Pearson correlation coefficient (r) to compare different types of RW and LWBI chronologies
with CRU TS4.03 (0.59 gridded monthly temperature datasets. The stability of seasonal
temperature signals in the tree-ring chronologies was tested by evaluating 31-year running
correlations between the chronologies and the primary limiting climate variable identified by
Pearson's correlation analysis. The influence of disturbance on different frequencies (i.e.,

interannual variability and decadal-scale trends) was also evaluated by comparing chronologies
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developed using different detrending approaches that retain lower frequency trends or only high-

frequency components.

3.1.3.2 Detecting pollution signatures in tree-ring width chronologies and their
impact on the temperature signals of various tree-ring parameters

The CID method was also used to detect pollution signatures, as pollution-related impacts can
appear as suppression trends in RW chronologies. Furthermore, three different settings with
varying detection sensitivity of the CID method were applied to test how it might affect the
detection of pollution signatures. Visualization of the pollution signatures was performed by
comparing the structure of different types of RW chronologies (including untreated RW series,
RW corrected with standard CID settings, and series corrected using CID with higher sensitivity),
and then cross checking with historical atmospheric pollution data (i.e., sulphur and nitrogen
deposition) for each site. Defoliation and vegetation dynamics revealed by the monthly
Normalized Difference Vegetation Index (NDVI) of the studied sites were also investigated to
gain a better understanding of the impacts of pollution. In addition to RW chronologies, LWBI
chronologies were also developed and their structure compared with RW chronologies to
explore how the impact of pollution on different tree-ring parameters differs. QWA data (e.g.,
lumen area, LA, cell wall thickness, CWT; etc.) were used to explore the pollution impact from
an anatomical perspective with high resolution, which made it possible to perform intra-annual
assessments and also helped provide physiological explanations for the impacts observed in the

other parameters.

To develop a clearer idea about how pollution can influence the temperature signals in tree ring
data, including different tree-ring parameters, growth-climate relationships were compared
using the Pearson correlation coefficient (r). Such comparisons were conducted for different
temporal windows with varying pollution influence (i.e., before, during and after the high
pollutant deposition period) using different tree-ring parameters (RW, LWBI, QWA) and
different types of chronologies (incl. CID-treated and untreated). Additionally, 31-year running
correlations were used to test the stability of the detected temperature signals for the full period
of overlap between the tree ring and instrumental datasets. Pointer year analysis was applied to
detect the negative / positive years with growth anomalies which might be related to pollution,

and was conducted with the ‘bsgc’ function in the dendRolAB package in R.
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3.1.3.3 Identifying extreme droughts and their impact on the growth of major tree
species, as well as the drivers of drought resistance

To investigate the impact of drought, several extreme droughts were first identified based on the
Terraclimate database (Abatzoglou et al., 2018) for the period 1958-2019. Using this dataset,
the potential evapotranspiration (PET) and the monthly Standardized Precipitation
Evapotranspiration Index values with a 12-month time window (SPEI12) were calculated.
Extreme drought years were identified by a median SPEI12 value < -1.5 and a median CWD
and VPD above the 90th percentile of the median value over the 1958-2020 period. Three
drought years (i.e., 2003, 2015 and 2018) were identified and the drought period 2015-2019,
with 2005-2009 as the reference period, was also considered in the drought impact evaluation.

General growth trends of five tree species during the period 1950-2019 were investigated by
developing RW and basal area increment (BAI) chronologies. Growth differences during the
2015- 2019 dry period and the 2005-2009 reference period were then compared. Thereafter,
‘drought resistance’ for the dry period as well as the single drought extremes was calculated and
compared with a focus on species, elevation, and extreme years. Resistance is defined as the
reversal of the reduction in ecological performance during disturbance and is estimated as the
ratio between the performance during and before the disturbance. In the case of drought, it refers
to the ratio between the growth during the drought period and the growth during the respective
pre-drought period (Lloret et al., 2011; Kaufman, 1982, MacGillvray et al. 1995). The
relationships among growth trends, drought resistance and sensitivity of trees to variability in
moisture availability were also investigated. The Generalized Additive Mixed Model (GAMM)
was used to assess the dominant drivers of drought resistance by including various variables (i.e.,
species, year, SPEI12, tree size, age, and altitude) in the model and evaluating their importance.
GAMMs are a type of statistical model that combines the flexibility of generalized additive
models (GAMSs) with the ability to account for random effects in mixed-effect models. Like
GAMs, GAMMs allow for non-linear relationships between predictors and the response variable
by fitting smooth functions to each predictor. Moreover, GAMMSs also allow for the inclusion
of random effects, which capture the variability of observations within groups or clusters
(Pedersen et al., 2019; Ravindra et al., 2019; Wood et al., 2015).
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3.2 IMPACT OF DISTURBANCE SIGNATURES ON TREE-
RING WIDTH AND BLUE INTENSITY CHRONOLOGY
STRUCTURE AND CLIMATIC SIGNALS IN CARPATHIAN
NORWAY SPRUCE

3.2.1 Sampling sites

Samples for this study were collected in the Carpathian Mountains focusing on high-elevation
Norway spruce (Picea abies (L.) H. Karst.) primary forests. These forests have developed under
natural disturbance regimes with little to no evidence of past human impact but are not
necessarily in an old-growth stage of development (Svoboda et al., 2014). Site selection was
based on a complex field survey, historical evidence from local experts, and literature and
historical maps (Janda et al., 2017; Svoboda et al., 2014; Trotsiuk et al., 2014). Sampling plots
at each site were established using a stratified random design involving a 100 x 100 m or 141.4
x 141.4 m grid cell overlayed for each site using GIS. Circular sample plots were established
within each grid cell at a restricted random position (the inner 0.49 ha core in each 2-ha cell)
using GPS (further details can be found in Svoboda et al., 2014). Permanent study plots (PSP)
were established by delineating a circular area of 1000 m? (500 m? in two instances), depending
on the stand structure. In total, 34 sites distributed throughout four distinct regions across
Central-Eastern Europe were examined (Fig. 1, Table Al), including the High and Low Tatras
in Slovakia (SLO), Calimani and Giumalau in northern Romania (ROM_N), Fagaras in southern
Romania (ROM_S), and Gorgany in Ukraine (UKR). This collection of sites is part of the
Research on  Mountain  Temperate  Primary  Forests (REMOTE)  network
(https://www.remoteforests.org) and the selected sampling sites were located within a high-
elevation range of 1298 to 1629 m a.s.| (Table Al).

Climatically, the coldest (warmest) months are January (July) for the whole study area, with a
monthly mean temperature range of -8.3 to -4.4°C in January and 14.3 to 17.7 °C in July for
different parts of the Carpathians (Fig. Alb). The southern Carpathians (ROM _S) is the warmest
region compared with the western (SLO) and eastern Carpathians (UKR and ROM_N), with a
monthly mean temperature of -4.4<C in January and 17.7<C in July. The western Carpathians
(SLO) is the wettest region with average monthly precipitation of 85.4 mm. On the contrary, the
southern Carpathians (ROM_S) is the driest region with average monthly precipitation of only
63.9 mm (Fig. Ala).
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Fig. 1. Map of sampled tree ring network with 34 sites distributed throughout four regions. The sites
grouped by four geographic regions include Slovakia (SLO), Ukraine (UKR), North Romania (ROM_N),
and South Romania (ROM_S). Sites characterized as ‘Severely disturbed’ were selected for RW / BI
chronology comparison. BEL, BYS, HLI, FA2, URS refer to the sites Bielovodska Dolina, Bystra, Hlina,

Ucisoara and Ursul, respectively.

3.2.2 Sample collection and data generation

The collection of 25 (or 15 for 500 m? plots) randomly selected, non-suppressed trees (i.e., with
at least half of the projected crown under open canopy conditions) with a diameter at breast
height (DBH) > 10 cm were cored in each plot at the height of 1 m above the ground using a 5
mm Hagld increment borer. One core per tree was extracted perpendicularly to the slope
direction and prepared with standard dendrochronological procedures (Cada et al., 2020;
Schurman et al., 2019). In total, a set of nearly 15000 Norway spruce tree ring cores were
collected with a temporal span ranging from 1566 to 2015, covering almost 450 years. (Table.
Al). All cores were air-dried, mounted on wooden mounts, glued, and sanded with fine-grit
sanding paper. RW was measured to an accuracy of 0.01 mm using a LintabTM traversing
measuring stage and TSAP-WinTM computer software (Rinntech, Heidelberg, Germany). All
measured RW series were cross-dated following standard dendrochronological approaches
(Stokes and Smiley, 1996), and the cross-dating was checked with CDendro 8.1 (Larsson, 2016).
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3.2.3 Disturbance detection and correction

The curve intervention detection (CID) method was used to assess the timing and magnitude of
disturbance trends in individual RW series (Druckenbrod, 2005; Druckenbrod et al., 2013;
Rydval et al., 2015, 2018). It should be noted that the CID method was developed to detect (and
correct) trends associated with disturbance events that produce a sudden and protracted growth
release or suppression response. As such, its application in this study was suitable for detecting
release trends linked to known disturbance agents throughout the Carpathians. The specific
implementation of this method followed the procedure described in Rydval et al. (2018).
Generally, a constant of 1 mm was added to all measurements before applying the CID procedure
to avoid producing zero growth or illogical negative RW measurement values in parts of the
corrected series in some instances (Rydval et al., 2015). After that, all RW series were power
transformed to account for heteroscedasticity and stabilize series variance (Cook & Peters, 1997)
and detrended using negative exponential or linear functions. Disturbance trends were identified
as outliers from 9 to 30-year running mean distributions based on the residual series of each
detrended RW series and autoregressive model estimates. The identified release / suppression
trend was removed by subtracting a curve (Warren, 1980) fitted to the series from the point
where the initiation of the disturbance-related trend was identified. This procedure was repeated
until no additional outliers were detected. The disturbance-corrected series were then converted
to the original (non-detrended) measurement format to provide flexibility for performing
subsequent chronology standardization. The entire procedure was conducted in MATLAB
(R2017a) using CID version 1.05. Although possible suppression trends were also identified and
removed from RW series during the CID procedure, this study primarily focused on growth
release trends which are typically associated with the disturbance response of trees in the studied

region, and suppressions were therefore not explicitly considered.

3.2.4 RW chronology structure comparison

Two groups of RW chronologies for each site / region were developed in ARSTAN after the
application of CID (Cook and Krusic, 2005). The first group of chronologies was composed of
disturbance-affected series containing disturbance trends (RW_dis), whereas the second group
was composed of series corrected for disturbance trends using the CID procedure
(RW_dis_CID). To develop the chronologies, all RW series were first power-transformed and
then detrended by subtracting fitted negative exponential or negatively sloping linear functions.
The mean chronology index was calculated using Tukey’s robust biweight mean to reduce the
influence of outlier values (Cook & Kairiukstis, 1990), and variance stabilization of the mean

chronology was performed according to the procedure described in Osborn et al. (1997).
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Chronology structure comparisons were conducted for the two groups of RW chronologies
(RW_dis / RW_dis_CID) at regional and site scales. Considering that not all series contained
signatures of disturbance events, an additional subset of chronology pairs (subset A), composed
only of series with at least one detected release event, was developed and compared at the site
scale. Series without any identified disturbance event were excluded from this subset,
representing a hypothetical ‘worst case' subset where all collected samples contain disturbance
signatures, simulating the most extensive potential influence of disturbance on RW chronologies
at a particular site. When comparing chronology structure differences, indices of RW _dis higher
than those of RW_dis_CID chronologies represented releases. Conversely, indices of RW_dis
lower than those of RW_dis_CID chronologies represented suppressions. Only sections of

chronologies with at least 10 series were considered for assessing disturbance-related trends.

Comparison of subset A chronology pairs was used to identify sites that were classified either
as ‘severely disturbed’ or ‘minimally disturbed’. Severely disturbed sites were characterized by
one or multiple periods with major differences in the structure of the RW_dis and RW_dis_CID
chronologies, reflecting a larger proportion of disturbance-affected series with more temporally
synchronous disturbance trends. In contrast, ‘'minimally disturbed' sites exhibited only minor
differences between RW_dis and RW_dis_CID, reflecting a smaller proportion of disturbance-
affected series with a more random temporal distribution. For those sites identified as severely
disturbed, another subset of series (subset B) was selected to represent series with temporally
constrained detected release trends. Subset B chronologies were therefore composed of series
with release events that only occurred within the ‘severe disturbance’ period which was defined
on the basis of the subset A chronology structure comparison. The ‘severe disturbance’ period
was defined as the period with the highest sum of absolute residuals of the RW_dis /
RW _dis_CID paired chronologies over a 100-year period (Fig. A2). The temporal range of 100
years was used to ensure adequate series replication for subset B chronologies. The influence of
disturbance trends on the structure of subset B chronologies was assessed in the same way as
described above. The general sample selection procedure for all subsets was conceptually

illustrated in supplementary Fig. A3.

3.2.5 BI chronology development and structure comparison

For each of the severely disturbed sites identified by RW chronology structure comparison, two
groups composed of 30 samples per group were selected, representing a disturbed (dis) and
undisturbed (undis) group of series. These 30-series group pairs for the selected sites represent
subset C (Fig. A3). The disturbed (dis) group consisted of series with at least one release event

detected by the CID method, whereas the undisturbed (undis) group was composed of series
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without any detected disturbance event from the CID assessment of RW series. For each site,
the original tree ring samples of the two groups were subsequently used to generate BI series
from suitable samples and develop corresponding Bl chronologies.

Since there were no discolorations or apparent visual color differences between the heartwood
and sapwood of Norway spruce in our study sites, chemical treatments to remove resins and
other extractable compounds were not performed (Rydval et al., 2018). Samples in poor
condition (e.g., showing signs of substantial damage or suffering from fungal decay) were
excluded in order to avoid potentially biased light reflectance measurements. Samples selected
for BI analysis were re-surfaced with finer sanding paper up to 1200 grit grade to prepare a
smoother surface and remove any previous surface staining artifacts or markings, which could
affect the accuracy of Bl measurement. The samples were then scanned at a resolution of 2400
dpi using an Epson Expression 10 000 XL scanner combined with SilverFast Ai (v.6.6 - Laser
Soft Imaging AG, Kiel, Germany) scanning software. The scanner was color-calibrated with the
SilverFast IT8 calibration procedure using a Fujicolor Crystal Archive IT8.7 / 2 calibration
target before scanning (Rydval et al., 2014). Bl values were measured from scanned images with
CooRecorder measurement software and crossdating was checked with CDendro v.8.1 (Larsson,
2016). As latewood BI has been shown to be temperature-sensitive in temperature-limited
environments in the northern hemisphere, we only focused on the latewood Bl parameter in this
study (Andreu-Hayles et al., 2018; BjGklund et al., 2020; Dolgova, 2016; Harley et al., 2021;
Rydval et al., 2017a; Wilson et al., 2017). Individual raw Bl series were inverted to ensure a
positive relationship with RW and instrumental data (Rydval et al., 2014). All BI series were
detrended and standardized similarly to RW series with the exception that Bl series were not
power transformed and were detrended only using negative-sloping linear functions. For each
‘severely disturbed’ site, Bl chronologies for disturbed (BIl_dis) and undisturbed (BI_undis)

groups were developed.

As CID was developed to treat RW data only (Druckenbrod et al., 2013), this technique was not
applied to BI series. To assess the potential influence of disturbance on the structure of Bl
chronologies, a chronology comparison was performed between Bl disturbed (Bl_dis) and
undisturbed (BI_undis) groups. These BI chronologies were compared with their RW
chronology counterparts (RW_dis, RW_undis) as well as the disturbance-corrected RW
chronology (RW_dis_CID) to assess how disturbances influence the structure of chronologies
developed from these two parameters. Structure differences between disturbed (RW_dis) and
undisturbed (RW_undis) chronologies provided additional corroboration for the comparison of
disturbance-affected (RW_dis) and disturbance-corrected (RW_dis_CID) chronologies and so

helped evaluate the performance of the CID method. In addition to unfiltered chronologies, inter-
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annual (first difference) versions of RW and Bl chronologies were also developed and compared

to assess any possible influence of disturbance on their high-frequency structures.

3.2.6 Temperature sensitivity comparison

To assess the impact of disturbance signatures on the climatic signal, the temperature sensitivity
of both RW and BI chronologies developed from disturbed (dis) and undisturbed (undis) groups,
as well as disturbance-corrected (dis_CID) RW chronologies, was compared. For each site
included in the temperature sensitivity analysis, the relevant 0.5°CRU TS 4.03 gridded monthly
mean temperature dataset covering 1901-2013 corresponding to the location of each respective
site was used for this assessment (Harris et al., 2014). Responses of RW and Bl chronologies to
temperature were assessed using the Pearson correlation coefficient. Correlations between tree
ring indices and climate variables were calculated for individual months (from previous August
to current September) and specific response seasons. 31-year running correlations between
chronologies and the primary limiting climate variable identified by Pearson's correlation were
calculated to assess changes in growth-climate relationships and any potential influence of
disturbance trends over time. Tree-ring indices and climate variables converted to z-scores
(Steiger, 1980) were also compared to examine the coupling between tree growth and climate

visually.

3.3 IMPACT OF POLLUTION ON THE CLIMATIC
SENSITIVITY OF MULTIPLE NORWAY SPRUCE TREE-
RING PARAMETERS IN CENTRAL EUROPE

3.3.1 Study sites

This research was conducted at six high-elevation Norway spruce sites in the Czech Republic
and the border of northern Slovakia / Poland, representing four pollution-affected locations (Fig.
2; Table 1). Multiple mountain ranges were involved, incl. the Jizerské& Mts. of northern
Bohemia, KI fovec in western Bohemia, Sumava Mits. in south-western Bohemia, and the Tatra
Mts. along the Slovakia-Poland border. These sites occupy environments with a range of
climatic conditions. According to the Climate Research Unit dataset (CRU TS 4.07; Harris et
al., 2020; Table 1), in the northern Bohemia forests of the Czech Republic (NBH), the annual
temperature ranges from 5.6 to 10 <C, and the total annual sum of precipitation ranges from 489
to 891 mm. In western Bohemia (WBH), the climate conditions are similar, with the annual
temperature ranging from 5.4 to 9.5 <C, and the total annual sum of precipitation ranging from

457 to 889 mm. Climate conditions in south-western Czechia (SWC) and the northern Slovakia-
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Poland border (SP) are colder and wetter, with an average annual temperature of 6.7 <C and total
annual precipitation sum of 844 mm for SWC, and an average annual temperature of 6.9 <C and
the total annual precipitation sum of 1067 mm for SP. Climate conditions indicated by the
spatially-interpolated meteorological stations dataset of the Czech Hydrometeorological
Institute (CHMU) show similar temperature patterns (Fig. B2A), though on average with lower
values. The gridded dataset may underestimate precipitation conditions, especially considering
that higher values are recorded for sites NB (1395 mm) and SLO (1750 mm) compared to the
CRU dataset (Table 1).
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Fig. 2. Map of sampled tree ring network in the Czech Republic and along the northern Slovakia-Poland
border. The studied sites (blue points) are NB, CK, SUO, SMR, PIL, SLO. These locations also represent
the grid points for which the pollution data (sulfur / nitrogen deposition) were extracted. The underscored
codes in italics represent the four general locations to which the sampled sites belong, with NBH and
WBH referring to forests in North Bohemia and West Bohemia, SWC refers to South-West Czechia, SP
refers to the Slovakia and Poland border. For these four locations, Normalized Difference Vegetation
Index (NDVI) datasets were extracted for the period 1981-2019. The red thumbtack marks the site with a

reference defoliation record.

Table 1. General information about the sampling sites. ‘N. tree’ represents the number of trees which
were used to analyze RW, Bl and QWA datasets. ‘t CRU” and ‘p_ CRU’ are CRU climate datasets with
min-max ranges in brackets for the 1901-2020 period. ‘t CHMU’ and ‘p CHMU’ are spatially
interpolated Czech Hydrometeorological Institute (CHMU) meteorological station datasets with min-max
ranges in brackets for the 1961-2012 period. ‘Sulfur’ and ‘Nitrogen’ are the maximum deposition volume
for each site during the period 1900-2020. Years of maximum deposition are 1979 and 1980 for sulfur

and nitrogen, respectively. ‘Sulfur (EMEP MSC-W model)’ represents sulfur deposition values extracted

from the 1900-2050 EMEP MSC-W model.
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Location NBH WBH swcC SP
- - Z - & - gumava- - -
Site JizerskéMts. Klinovec Sumava-Ostry Hochficht Pilsko Dubrawiska
Site (short name) NB CK SUo SMR PIL SLO
Longitude (9 15.25 13.00 13.56 13.92 19.32 20.03
Latitude (9 50.82 50.40 48.98 48.74 49.52 49.24
Elevation 930 1050 1210 1320 1384 1650
(m.as.l)
N. Tree
(RW/BI) 79 20 40 20 30 12
N. Tree
/ 8 / / / 8
(QWA)
t_CRU (°C) 7.70 (5.6-10) 7.31 (5.4-9.5) 6.74 (4.8-8.8) 6.86 (4.5-9)
p_CRU (mm) 663 (489-891) 667 (457-889) 844 (620-1111) 1067 (809-1467)
. 5.15 453 378 3.67
LCHMUCO) | (381°14.29) (-0.60-13.50) (-455-12.74)  (-461-12.65) | ! /
p_CHMU (mm) 1395 981 1265 1119 950 1750
Sulfur (EMEP
MSC-W model) 6256 6502 4930 6751
(mg/m2/year)
Sulfur
(kg/halyear) 30.72 19.8 10.75 10.29 20.72 20.86
Nitrogen 20.77 1952 17.8 169 17.9 15.68
(kg/halyear) ’ ’ ’ ' ' ’

3.3.2 Sample collection and data generation

Norway spruce trees that appeared generally healthy were chosen and cored at each site using a
Hagld increment borer (5 mm) at breast height. All cores were air-dried, mounted on wooden
sample mounts, glued, and sanded. Samples with no apparent discoloration issues were scanned
at a resolution of 2400 dpi using an Epson Expression 10000 XL scanner combined with
SilverFast Ai (v.6.6 - Laser Soft Imaging AG, Kiel, Germany) scanning software. Thereafter,
both RW and BI (note that hereafter Bl refers to latewood Blue Intensity) data were measured
from the scanned images using the CooRecorder / CDendro software (Cybis, 2019). Several
detrending methods for tree ring index calculation were compared before selecting a suitable
approach for each parameter. Details of the comparison are provided in the supplementary
information section (Fig. B3). All RW series were power transformed to stabilize series variance
(Cook & Peters, 1997) and detrended by applying a modified negative exponential curve and
indices computed as residuals via subtraction in the R package dpIR (Bunn et al., 2015). Bl series
were inverted to express a positive relationship with wood density in order to facilitate a direct
comparison with climatic variables (Rydval et al., 2014), and a linear curve (approximated in
dpIR by a smoothing spline with a 50% frequency response of 500-yr) was used in the

subsequent detrending procedure. All RW and Bl chronologies were truncated to the period with
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replication of ten or more series to ensure chronology robustness for analysis (Table 2).

Table 2. Descriptive statistics for RW and BI chronologies. ‘N. series’ represents the total number of
series which have been used for RW, Bl and QWA analysis. ‘AC1’, and ‘Rbar’ represent first-order
autocorrelation and inter-series correlation, respectively. ‘Rep.>=10" refers to the period when replication

reaches ten or more series and represents the temporal range of truncated chronologies. ‘MSL’ indicates

the mean segment length, ‘AGR’ is the average growth rate, ‘Stdev’ is the standard deviation.

Type | site L\'e'ries ;;Srt ';;‘;E Length MSL AGR Stdev ACL Rbar Rep>=10
NB |79 1905 2019 115 76 338 116 076 061  1928-2019
CK |20 1831 2016 186 155 232 066 081 060 1857-2014
SMR | 20 1755 2020 266 172 238 071 085 071  1842-2019
"W lsuo |40 1689 2018 330 177 214 055 083 050 1838-2018
PIL |30 1572 2012 441 246 224 064 081 049 17192012
SLo |12 1788 2008 221 118 204 038 071 056  1917-2008
NB |79 1906 2019 114 76 181 016 045 043  1928-2019
CK |20 1831 2016 186 154 18 017 046 046  1857-2014
SMR | 20 1755 2020 266 172 181 013 054 057  1842-2019
B lsuo |40 1689 2018 330 177 188 016 061 044  1838-2018
PIL |30 1572 2012 441 246 192 017 059 036  1719-2012
SLO | 12 1788 2008 221 118 187 011 031 066 1917-2008

A subset totalling 16 samples from two sites (CK and SLO, 8 from each site) were selected for
QWA sample preparation and wood anatomical parameter generation. These two sites
represented locations with some of the most (CK) and least (SLO) pronounced tree growth
suppression trends, as indicated by RW, around the period of highest pollution loading, which
was considered to reflect relatively strong and weak pollution impact, respectively.
Geographically, CK is located in a severely polluted area within the range of the Black Triangle,
whereas SLO is located in an area that was comparatively less affected by pollution because of
the blocking of wind-transported pollutants by the Tatra Mts. (Fig. 2; Chropetiova et al., 2016;
Sekuta et al., 2021).The selected cores were first cut into small pieces (length ~ 2 cm) and then
refluxed with ethanol (99.5%) using a Soxhlet apparatus for 12 h to remove extractives (resins).
Then, samples were individually processed using a mix of alcohol and xylol, followed by
paraffin embedding in cassettes, and then cut into thin sections of 12 um thickness using a sledge
or rotary microtome with Feather N35 histological blades (G&tner et al., 2015; Von Arx et al.,
2016). Sections were then stained with a mixture of safranin and astra blue to increase contrast,
and permanently fixed on glass slides with Canada balsam (Bj&klund et al., 2020; Von Arx et
al., 2016). Permanent slides were dried in an oven at 60 °C for 12 h and then imaged using a
slide scanner (ZEISS Axio Scan.Z1) with associated image processing software (ZEISS ZEN

3.4, blue edition). The program ROXAS v3.0 (von Arx & Carrer, 2014) was used to detect
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anatomical structures of tracheid cells and annual ring borders semi-automatically. Moreover,
we also applied an updated version of ROXAS (ROXAS Al; Katzenmaier et al., 2023) equipped
with a deep learning algorithm for higher-quality image segmentation and compared the
resulting data quality with the traditionally used manual post-processing approach. After
comparison, the ROXAS Al output was chosen for its superior properties. A wide range of
anatomical parameters was produced, and a subset of the most ‘relevant’ parameters was

selected for subsequent analysis.

3.3.3 Tree-ring pollution signal and growth anomaly detection

To identify the pollution impact on tree-ring width series, the Curve Intervention Detection (CID)
method was applied to all RW series before detrending to detect the timing and magnitude of
pollution-related suppression trends (Druckenbrod et al., 2013; Rydval et al., 2018). The CID
method is capable of capturing disturbance-related trends and reduce their effects on RW
chronologies (Druckenbrod, 2005; Druckenbrod et al., 2013; Rydval et al., 2015, 2018; Jiang et
al., 2022), which can improve the climate signal in tree ring datasets (Rydval et al., 2015). The
implementation of this method was explored because pollution-related impacts can manifest as
suppression trends in tree ring chronologies. Two sets of CID-treated RW chronologies were
generated, with one set using the standard (default) setting (3.29 st.dev., cid_def) for disturbance
detection, whereas the other set of chronologies employed a more sensitive (2.81 st.dev., cid_sen)
setting which can potentially detect and remove less pronounced disturbance trends that would
otherwise not be identified with the standard option (though this increased sensitivity may also
increase the risk of false positives). Although an even more sensitive setting (2.58 st.dev.) was
also tested, it was not evaluated further since the results were very similar compared to the 2.81
st.dev. sensitivity setting. Pointer year analysis was also explored to detect years with negative
/ positive growth anomalies (Fig. B4). While both positive and negative anomalies were
identified, only potential relationships between negative anomalies and the impact of pollution
were investigated. This analysis was conducted with the dendRolAB package in R using the
‘bsgc’ function, which represents the bias-adjusted standardized growth change method, a novel
approach allowing the identification of pointer years following years of successive growth
decline (Buras et al., 2020, 2022).

3.3.4 Detection of pollution impacts on temperature signals in tree-ring

width and latewood Blue Intensity

To assess the potential impact of pollution on climate signals in different tree ring parameters,

responses of RW and Bl chronologies to climate variables were assessed using the Pearson

correlation coefficient (r) with the package treeclim in R (Zang & Biondi, 2015). Growth-climate
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response was assessed for the common FULL period (1930-2008), as well as in three distinct
periods representing varying exposure to pollution. These three 30-yr periods were defined as
pre-POL (1930-1959), POL (1960-1989) and post-POL (1990-2008) (Table 2), approximately
corresponding to the periods before, during and after the temporal span associated with high
rates of pollutant deposition based on sulphur / nitrogen deposition datasets (Fig. 9E, F; Fig. B1)
and literature records (Dignon and Hameed, 1989; Smil, 1990, Kopacek and Vesely, 2005). To
reduce uncertainty regarding the impact of varying time divisions on the responses, we
additionally evaluated growth-climate relationships over an extended pollution period spanning
40 years. This period was subdivided into four intervals: 1902-2012, 1911-1950, 1951-1990,
and 1991 to the end year (limited according to a sample size of ten or more series), representing
the FULL, pre-POL, POL, and post-POL periods, respectively. Temporal stability of the climatic
signal was quantified using a 31-yr running correlation between RW / Bl chronologies and key
seasonal temperature variables identified by monthly / seasonal growth-climate responses. In
addition to examining the impact of pollution on medium frequency (decadal) trends, the
strength of the high frequency (interannual) signals was also investigated as a possible response
to pollution in terms of both climatic response and the common growth signal as represented by
the inter-series correlation (Rbar).

Climatic timeseries were extracted from the CRU TS 4.07 (0.5 gridded monthly dataset (Harris
et al., 2020) covering the period 1901-2020. The climatic response of CID-treated RW
chronologies (RW_cid_def/ RW_cid_sen) was also assessed over the last century (1902-2012).
As the 0.5°gridded CRU temperature dataset is coarser in terms of its spatial resolution and so
might be less precise compared to some other datasets, a monthly meteorological climate dataset
was also extracted from a 1x1 km grid based on spatial interpolation of Czech
Hydrometeorological Institute (CHMU) meteorological stations covering the 1961-2012 period
(Tumajer et al., 2023). This dataset was used to evaluate the sensitivity of the growth-climate
responses to changes in the target instrumental dataset used as a reference. This evaluation was
only performed for four sites (NB, CK, SUO, SMR), since the two Slovakia-Poland border sites
(SLO, PIL) were located farther away from the nearest Czech grid with available instrumental
data.

3.3.5 Detection of pollution impacts on QWA parameters

Timeseries of QWA parameter datasets were produced by averaging eight series for each site
based on each parameter. Mean cell wall thickness (CWT) and lumen area (LA) were selected
for the identification of pollution impacts on QWA. Each ring was divided into ten

segments/sectors of equal width along the radial direction from earlywood to latewood (S1 to
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S10; Fig. B5), thus we developed ten CWT and LA inter-annual time series for two different
sites which represented successive time windows within the growing season (sensu Carrer et al.,
2018). Long-term growth trends of CWT and LA for the ten segments were compared over the
past century, where segments with prominent growth deviations were identified and compared
with the periods of varying pollution intensity. We also evaluated the growth-climate
sensitivities for the CWT and LA sector ensembles during the four pollution periods similarly
to what was conducted for RW and BI. However, the temporal stability of the detected climatic
signal was only assessed for the most climatically sensitive segment. For LA, we assessed
responses to moisture availability through correlations with SPEI (Standardized Precipitation
Evapotranspiration Index; Vicente-Serrano et al., 2010) extracted from the CRU datasets with a

resolution of 0.5 degrees and aggregated over three months.

3.3.6 Dynamics of pollution and polluted forests

To examine the potential impact of pollution on tree growth and forest health, tree ring
chronologies were compared in relation to historical atmospheric pollution data. We compared
two types of pollution datasets. The first dataset represents the total annual sulphur deposition
which was extracted from the 1900-2050 EMEP MSC-W maodel for the four locations (NBH,
WBH, SWC, SP), covering all study sites (Fig. B1; Engardt et al., 2017). The second dataset
contained both sulphur and nitrogen deposition records for the period 1950-2013 and was
estimated by the method introduced in Oulehle et al (2016). Furthermore, we extracted the
satellite-derived index of photosynthetic activity, i.e., the monthly Normalized Difference
Vegetation Index (NDVI), from the 0.1° ‘“NOAA/NCEI CDR NDVI database’ (Vermote, Eric,
NOAA CDR Program. 2019) for the period 1981-2020 to check the vegetation dynamics
following the period of heavy pollutant deposition. Finally, we compared the other data to a
defoliation record from the nearby Krkonose National Park in the Giant Mts. (along the Czech-
Poland border) covering the 1911-2016 period. The degree of defoliation was transformed to
percentages of defoliation, which represent the average value of a given defoliation degree
(Vacek et al., 2020).

3.4 DROUGHT RESISTANCE OF MAJOR TREE SPECIES IN
THE CZECH REPUBLIC

3.4.1 Study area and sample collection

The study sites were distributed within the territory of the Czech Republic, encompassing a
broad environmental and altitudinal gradient, spanning an elevational range from 209 to 1016
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m a.s.l, with mean annual temperatures ranging from 5.16 to 10.29 <C and total annual
precipitation ranging from 494 to 1074 mm (1990-2019 averages; Fig. 3A, B). Within the
research area, forests have been extensively managed for centuries. Norway spruce was the most
widely planted tree species (Mansfeld, 2011), representing approximately 42% of the total
forested area in the Czech Republic (Cienciala et al., 2016). Other commercially important tree
species include Scots pine (16.1%), European beech (9.0%), pedunculate and sessile oak (7.5%)
(eAGRI, 2021). We strategically selected 74 plots from a broader network of existing managed
forest plots located throughout the entire country and collected samples in 2019. Within each
plot, a random selection of 20-30 dominant and codominant trees per species, with a diameter
at breast height (DBH) greater than 10 cm, was randomly sampled. One core per tree was
extracted for dendrochronological analysis. A total of 1908 trees were cored of which 1810 cores
met the quality criteria for further analysis. Cores exhibiting poor quality (e.g., rot or poor
structural integrity) were excluded. The sampled plots generally represented relatively young
stands, with tree age ranging from 23 to 284 years (Table 3), and DBH ranging from 113 to 940
mm with most trees within the 200-400 mm range (Table 3; Fig. C1). As all samples were
collected at the end of the growing season, tree rings for the year of sampling were fully formed.
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Fig. 3. Spatiotemporal variability in precipitation regimes and climatic conditions within the study
area. (A) Average annual precipitation over 1981-2010 (black dots show the location of the study plots),
(B) Temporal variability of SPEI12 - Standardized Precipitation Evapotranspiration Index (SPEI) was
computed for the hydrological year from October to September. Gray lines are site-specific time series;
black dots represent the median values for each calendar year with gray shading showing 95% confidence
intervals. Vertical red dashed lines denote years with median SPEI values below -1.5 indicative of
extremely dry years (e.g., 2003, 2015, 2018). The black dashed line indicates a SPEI value of zero, i.e.,
average moisture conditions. Red shading highlights the recent period, characterized by two dry extremes
in 2015 and 2018. The blue shaded area highlights the five-year “reference” period in terms of moisture
conditions with median SPEI values above -1 and below 1. (C) Climatic Water Deficit (CWD) based on

43



the hydrological year. The dashed horizontal line corresponds to the 90™ percentile of the median CWD
chronology from 1958-2020. (D) Summer (June-August) Vapor Pressure Deficit (VPD). (E) Mean
summer (June-August) temperature with black dots and error bars representing the median and 95%
confidence intervals, respectively. Vertical red dashed lines denote drought years indicated by SPEI for
comparison. Light gray lines are site-specific time series and the horizontal dashed line represents the 90™
percentile between 1958 and 2020. Note that, in (B), the year 2011 is represented by a lighter red dashed
line as it has been omitted from the analysis of extreme drought years because although the median SPEI
for that year is below the threshold of -1.5, neither CWD nor VPD was exceptionally high (see panels C-
D).

No.
] Elevation = Temperatur  Precipitatio  No. DBH Age
Species  plot
(mas.l.) e () n (mm) trees (mm) (years)
S
576 7.89 708 471 362 87
Fagus
_ 18 (421
sylvatica (269-946) (5.16- 9.08) (554 - 963) | (113-940) (28 -284)
Picea 694 7.23 771 539 383 84
21 (510
abies (342-1016)  (5.30-8.81) (558 - 1074) | (157-736) (23-174)
) 445 8.47 667 497 329 98
Pinus
] 19 (483
sylvestris (218-634) (7.27-9.71) (494 -1019) ) (115-570) (46 - 148)
351 9.11 632 251 347 102
Quercus
(250
petraea (250-537)  (8.41-10.29) (503 - 783) ) (141-789) (46 -174)
320 9.28 535 150 341 91
Quercus
(146
robur (209-465)  (8.57 - 10.22) (511- 556) (145-845) (43 -153)

Table 3. Sampling information and environmental characteristics. For each species, both the mean
values and ranges (min — max, in parentheses, italic) are shown for parameters, including elevation,
average temperature and annual precipitation sums for 1990-2019, diameter at breast height (DBH) and
tree age. For the number of trees (No. trees), the numbers in parentheses (italic) represent the effective

number of samples included in the analyses.

3.4.2 Tree-ring sample processing

All cores were air-dried and mounted on wooden boards, then progressively surfaced with

sandpaper of increasingly finer grain (400 -1500 grit) until the ring boundaries were clearly

visible. Ring widths were measured under a binocular microscope using a Lintab measuring
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device coupled with TSAPWin software with a precision of 0.01 mm. The ring-width series
were then visually cross-dated and validated using CDendro software (Larsson, 2016). A
modified negative exponential curve was fitted to each ring-width series to remove ontogenetic
trends, and the detrended series of ring-width indices (RWI) were calculated as residuals by
subtraction using the R package dpIR (Bunn, 2008). As basal area increment (BAI) is known to
be less affected by biological trends compared to raw or detrended ring-width series (Biondi &
Qeadan, 2008; Sullivan et al., 2016; Labrecque-Foy et al., 2023), we calculated BAI for each
series using the ‘bai.out’ function of the R package dpIR. We then evaluated the relationship
between drought resistances calculated based on RWI and BAI using correlation analysis. As
both versions of resistance indices demonstrated high correlations with each other (Pearson’s
r>=0.90, Fig. C2), we considered both types of growth indices (RWI and BAI) to be appropriate
for drought impacts quantification. For the purposes of this study, we opted to perform all
subsequent analyses using RWI and included the BAI version of the results in the supplementary

materials for reference.

3.4.3 Climate data and identification of drought years

Climate data (minimum and maximum temperature, precipitation, and climatic water deficit)
were extracted from the Terraclimate database (Abatzoglou et al., 2018) for the period 1958-
2019. Terraclimate provides monthly gridded climate data at a spatial resolution of
approximately 4 km for the Czech Republic. From this dataset, we first calculated the potential
evapotranspiration (PET) using Hargreave’s equation and then calculated the values of the
monthly standardized precipitation evapotranspiration index using a 12-month time window
(SPEI12), specifically representing the period from October of the previous year to September
of the current year. Both PET and SPEI12 were calculated using the SPEI package in R (Vicente-
Serrano et al., 2017). The drought years were identified based on the median annual SPEI12
values, with a SPEI12 below -1.5 considered indicative of severe drought (Potop et al., 2014).
Nonetheless, as SPEI is a normalized index and cannot be used as an indicator of absolute
dryness of a site (Zang et al., 2020), we additionally validated potential drought years using the
Climatic Water Deficit (CWD) metric, defined as the difference between potential and actual
evapotranspiration and the summer Vapor Pressure Deficit (VPD), indicative of atmospheric
dryness. Moreover, as tree mortality can occur as a result of the combined effects of drought and
high temperatures (Brodribb et al. 2020), we also examined the summer temperatures for the
study areas, which showed similar trends to VPD (Fig. 3E). Finally, we selected years with a
median SPEI12 value < -1.5 and a median CWD and VPD above the 90th percentile of the
median value over the 1958-2020 period (i.e., > 240 mm and 0.88 kPa, respectively). Using this
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methodology, three drought years (i.e., 2003, 2015 and 2018) were retained and considered for
further analysis.

3.4.4 Statistical analyses

We first assessed the impact of the recent dry period on tree growth by calculating the ratio
between the mean RWI for the 2015-2019 “dry period”, which includes two severe drought
(2015 and 2018), and the average RWI for 2005-2009, considered as the “reference period” in
terms of moisture conditions (i.e., 0.99 > SPEI12 > -0.99; Fig. 3B). This ratio, referred to as
“drought resistance”, represents the direct impact of the dry period on tree growth rates, and acts
as an analogue for the resistance index of Lloret et al. (2011). To assess differences in drought
resistance among species, we utilized a linear mixed-effects model with logarithmic
transformation of drought resistance as the response variable and species identity as the only
explanatory variable. The modelling was performed at the tree level, with plot included as the
random factor. Subsequently, we calculated the least square means for each species and
evaluated the differences between them through pairwise comparisons, applying a Bonferroni
correction for multiple comparisons (Lenth et al., 2018). We conducted a similar assessment
involving differences in drought sensitivity across elevation gradients (defined as ‘“high
elevation” above 650 m a.s.l., and “low elevation” at or below 650 m a.s.l.) and drought years.
The 650 m gradient threshold was an approximate middle value of the two species’ elevation

ranges (Table 2; Picea abies and Fagus sylvatica).

Next, we evaluated the resistance of trees to individual drought events following the same
procedure as for the entire 2015-2019 period. However, in this case, drought resistance was
calculated as the ratio between the growth rate during a particular drought year and the mean
growth rate of the two years immediately preceding the dry event, following the approach of
Lloret et al. (2011). As our dataset extended only up to 2019 (i.e., only one year after the 2018
drought), we did not perform an analysis of the recovery or resilience of trees to drought. We
then estimated recent trends in growth rates of individual trees by computing Sen’s slope (a
method used to identify trends in univariate time series; Sen 1968) for individual RWI series
over the 1995-2019 period. Subsequently, we evaluated the sensitivity of individual trees to
interannual variability in moisture availability (i.e., sensitivity to SPEI, based on the Spearman’s
rank coefficient between RWI and SPEI12), drought resistance, and growth trends (based on

Sen’s slope of RWI) over the same period (1995-2019) and compared them across species.

Third, we fitted a Generalized Additive Mixed Model (GAMM) using the R-package mgcv

(Wood, 2011) to assess the dominant drivers of drought resistance, accounting for potential
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nonlinear relationships between growth anomalies and explanatory variables. The square-root
transformed drought resistance was used as the response variable, while species identity, year,
SPEI12 of the dry year, tree size (accumulated basal area increments of years preceding the
drought event, in cm?), age (at the time of the drought event) and elevation were considered as
fixed effects. As data on the commonly used tree size parameter (i.e., height) was unavailable
for this study, we utilized accumulated BAI as a substitute. While the initial model formulation
included regional climate data (i.e., 1990-2019 averages of total annual precipitation, mean
annual temperature, and total annual CWD as precipitation minus PET), these variables were
highly correlated with elevation (r, > 0.5), and their inclusion did not significantly improve the
model’s fit. Therefore, only elevation was retained in the final model (Equation. C1) to avoid
potential overfitting and minimize uncertainties in the estimated coefficients. We also tested the
significance of interactions between each pair of continuous variables, that is, between all
continuous variables and species identity, and between species identity and drought years. Tree
identity nested within plot identity was treated as a random effect. We omitted interactions from
the global model (Equation 1) if the AIC decreased by more than 2, indicating a better model fit.
Interactions were included as smooths of the tensor product. Continuous variables were fitted
using a smoothing spline with the number of knots (i.e., the ‘k’ parameter) fixed at three,
reducing the risk of overfitting and leading to better biologically interpretable results (Boakye
etal., 2021).

The global model was defined as follows:

sqrt(Rt) ~ Species + Year + Species x Year + s(SPEI, Species)
+ s(Elevation, Species) + s(Age, Species) + s(Size, Species)
+ ti(SPEI, Elevation) + ti(SPEI, Age) + ti(SPEI, Size)

plotid)

+ ti(Elevation, Age) + ti(Elevation, Size) + ti(Age, Size) + (treeid

+7r (Equation. 1)

where Species is the species identity (factorial variable, 5 levels, ‘Fagus sylvatica’ as the
reference level), Year is the drought year (factorial variable, 3 levels, ‘2003’ as the reference
level), SPEI is the site-specific SPEI value during drought (unitless), Elevation is the elevation
(in m a.s.l.), Age is the tree age during the drought year (based on ring count, in years), Size
refers to accumulated tree basal area (in cm?), plotid and treeid are unique identifiers for plots
and trees, respectively. ‘s’ indicates that a variable was fitted using a smoothing spline, ‘ti’ stands
for the tensor product fit of the interaction terms, and ‘7’ is the residual error term. We checked
the pairwise concavity between each smooth and parametric term, which was below 0.3
(‘estimate’ values), indicating a low to moderate level of concavity. Homoscedasticity and
normality of residuals were visually checked and did not indicate a violation of assumptions for

ordinary least square models (Fig. C6). Furthermore, Moran’s test indicated only low spatial
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autocorrelation in the model’s residuals. An AIC-based goodness of fit assessment of interaction
terms was performed using the Maximum Likelihood (‘ML’) approach; then the final model

(Equation. C1) was fitted using restricted Maximum Likelihood (‘REML”).
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4. RESULTS

4.1 IMPACT OF DISTURBANCE SIGNATURES ON TREE-
RING WIDTH AND BLUE INTENSITY CHRONOLOGY
STRUCTURE AND CLIMATIC SIGNALS IN CARPATHIAN
NORWAY SPRUCE

4.1.1 Disturbance trends in RW chronologies

On a regional scale, the CID method was applied to 13 287 series after excluding short series <
30 years and series that could not be reliably cross-dated, with replication ranging from 2364 to
4886 series among regions (Table 4). Overall, a considerable proportion (34.6%) of the
investigated Norway spruce trees throughout the Carpathians exhibited at least one release event
in their lifetime (Table Al), although the timing and severity of release events varied among
sites (Fig. A4). When comparing the RW_dis and RW_dis_CID chronologies based on large
regional scale aggregation of series for the four regions, apparent differences between the paired
RW chronologies were minimal (Fig. 4) and virtually no disturbance trends were detected within
the well-replicated period after 1850 for all regions. Minor differences between the paired
chronologies appeared only for Slovakia (SLO) in the less replicated early period between 1710
and 1830. On this scale, release events, whose temporal distribution was mostly asynchronous,
generally did not leave a clear disturbance trend imprint on the chronologies. When assessed at
the site scale (subset A) where chronologies consisted of 123-441 series (Table 5), with the
exception of five sites (incl. BEL, HLI, BYS, FA2 and URS), most of the sites still showed no
apparent disturbance trends even when undisturbed series were excluded (Fig. 5; Fig. A5). Large
disturbance trends were found in three site chronologies (BEL, BYS, URS), particularly in early
periods with weaker replication, whereas disturbance trends of HLI and FA2 were less
pronounced (Fig. 5). Major disturbance trends appeared immediately after or coincided with
synchronized (i.e., temporally concentrated) release events, especially in chronologies from
BEL and BYS.

Period No. of No. of Release
] No. of Chronolog . AGR AC
Region ) with rep. release release Rbar events
series y extent ) (+/- SD) 1 .
=10 dseries  events per series

SLO 4886 1566-2014  1635-2013 1776 3092 2.53 (+/-0.61) 0.78  0.39 1.74
UKR 2364 1607-2012  1653-2011 889 1581 2.16(+/-0.53) 0.74  0.30 1.74
ROM_N 2956 1631-2015  1693-2010 1270 2213 2.56(+/-0.73) 0.81  0.42 1.69
ROM_S 3081 1602-2013  1655-2012 1230 2081 2.5(+/-0.74) 081 0.44 1.78
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Table 4. Descriptive statistics for regional chronologies composed of all series. The four regions include
Slovakia (SLO), Ukraine (UKR), North Romania (ROM_N), and South Romania (ROM_S). AGR (+/-
SD), AC1, and Rbar represent average growth rate (+/- standard deviation), first-order autocorrelation,
and inter-series correlation, respectively. ‘Rep.’ refers to ‘series replication’. ‘No. of series’ represents the
number of RW series for each region. ‘No. of released series’ refers to the number of released samples in
each region, and ‘No. of release events’ refers to the number of release events detected for each region

calculated from all released samples.

. ] Severe No. of Release
] No. of released  Chronolog Period with )
Site Subset ) disturbance release  events per
series y extent rep. =10 .
(100-yr) events series
BEL Subset A 162 1591-2013 1709-2013 1714-1813 351 2.17
Subset B 45 1591-2013 1718-2013 - 155 3.44
HLI Subset A 125 1685-2012 1761-2012 1761-1860 190 1.52
Subset B 57 1685-2012 1769-2012 - 105 1.84
BYS Subset A 132 1683-2012 1764-2012 1767-1866 194 1.47
Subset B 39 1708-2012 1784-2012 - 73 1.87
EAD Subset A 123 1670-2012 1770-2012 1882-1981 220 1.79
Subset B 93 1670-2012 1804-2012 - 180 1.94
Subset A 441 1700-2010 1734-2010 1744-1843 794 1.80
URS
Subset B 67 1713-2010 1757-2010 - 167 2.49

Table 5. Information for subset A and B chronologies. Subset A only contains series with at least one
detected release event whereas subset B only contains series with the disturbance event identified within
the 100-year ‘severe disturbance ' period displayed in Fig. 5. ‘Rep.” refers to ‘series replication’. ‘Rep.’
refers to ‘series replication’. ‘No. of released series’ refers to the number of series of all released samples
in each site. ‘No. of release events’ refers to the number of release events detected for each site calculated

from all released samples.
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Fig. 4. Regional level RW chronology structure comparison between disturbance-affected (RW_dis) and
disturbance-corrected (RW_dis_CID) chronologies. Green shading indicates disturbance trends identified
by the CID method and represents the difference between the RW_dis and RW_dis_CID chronologies.
The shaded area above (below) the solid black curve shows release (suppression) trends. Regional-level
chronologies were developed from all available series within each region. The ‘release event’ disturbance
history (red line) was calculated based on the CID method and disturbance events were grouped according
to the decade in which the disturbances were initiated. Release event (%) was calculated using the decadal
number of release events and replication [release event (%) = decadal number of release events / decadal
average replication]. Blue shading represents series replication. All chronologies were truncated to the

period with replication > 10 series.
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Fig. 5. Site level (Subset A) RW chronology structure comparison between disturbance-affected (RW_dis)
and disturbance-corrected (RW_dis CID) chronologies for five sites classified as ‘severely disturbed’,
highlighting the presence of disturbance trends. Green shading indicates disturbance trends identified by
the CID method and represents the difference between the RW_dis and RW_dis_CID chronologies.
Purple line with arrows marks the 100-year ‘severe disturbance’ period identified based on residual

calculation results of RW_dis and RW_dis_CID chronologies (Fig. A2). Release event (%) (red line) was
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calculated using the decadal number of release events and replication [release event (%) = decadal number
of release events / decadal average replication]. Blue shading represents series replication. All
chronologies were developed using only released series from each site and were truncated to the period

with replication > 10 series.

For the five sites identified as severely disturbed, periods of ‘severe disturbance’ were identified
using subset B series as 1714-1813, 1761-1860, 1767-1866, 1882-1981, 1744-1843 for BEL,
HLI, BYS, FA2 and URS, respectively (Fig. 5; Table 5; Fig. A2). Generally, disturbance trends
in subset B chronologies were similar to those displayed by subset A (Fig. 5; Fig. A6) . However,
with the temporally constrained growth release period and reduced replication (39-93 series;
Table 5), these features were more pronounced, most notably in the case of BEL, BYS, and URS.
Subset B chronologies of URS showed the most apparent association between release events

and major disturbance trends.

4.1.2 Disturbance influence on RW and BI chronologies

The impact of disturbance events on the structure of Bl chronologies (as well as relevant RW
chronologies) was examined in more detail in subset C (Fig. 6). Disturbance influences on RW
chronologies, displayed either as disturbance trends identified by CID in the RW_dis /
RW_dis_CID comparison (Fig. 6A) or as structure differences between the disturbed (RW_dis)
and undisturbed (RW_undis) chronologies (Fig. 6B), tended to occur around the same period
for each site, and most notably in the case of BEL (around 1770-1800) and URS (around 1850-
1880) (Fig. 6A, B). The detected disturbance trends based on the RW_dis / RW_dis_CID
comparison were also coupled with the temporal distribution of growth release events for each
subset, becoming more apparent with the reduction of scale and series replication (Figs. 4-6,
Figs. A6-7), especially for sites BEL and URS. The comparison of BI_dis and Bl undis showed
that BI chronologies generally contain less decadal and lower-frequency variance than RW
chronologies (Fig. 6C). Furthermore, ‘structure differences’ between the BI dis and BI undis
chronologies were much less pronounced compared to their RW counterparts for the identified
periods of ‘severe disturbance’. No obvious differences were observed in high frequency paired

chronologies for either RW or Bl (Fig. A8).
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Fig. 6. Site level RW and blue intensity (BI) chronology structure comparison among three RW subgroups
(RW_dis; RW_dis_CID; RW_undis) and two BI subgroups (BI_dis; BI_undis) comprising Subset C.
Panels A, B, C refer to the chronology comparison between RW_dis/RW _dis_CID, RW_dis/RW _undis,

and BI_dis/ BI_undis, respectively. The proportion of release events (red bars in panel A) was calculated

from the decadal number of release events and replication [release event (%) = decadal number of release

events / average decadal replication]. Green shading indicates disturbance trends identified by CID by

representing the difference between disturbance-affected (RW_dis) and disturbance-corrected
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(RW_dis_CID) chronologies. Similarly, orange (blue) shading represents structure differences between
disturbed and undisturbed RW (BI) chronologies. Periods with black shading represent detected
suppression trends (RW_dis < RW _dis_CID) or structure differences (RW_dis < RW_undis; BI_dis <
BI undis). All chronologies were truncated to the period with replication > 10 series. The period after

1901 represents the temporal range for the growth-climate response assessment of all five sites.

4.1.3 Climatic sensitivity of RW and Bl chronologies

RW chronologies of three sites (BEL, HLI, URS) showed significant (p < 0.01) positive
correlations with June and July monthly mean temperature (Fig. 7). A significant positive
correlation with previous October temperature was displayed by HLI, BYS and URS. RW
chronologies of FA2 also showed a weak, though significant, negative correlation with previous
August and September temperatures (Fig. 7d). In general, there were no significant differences
in temperature response among the three types of RW chronologies (RW_dis, RW_dis_CID,
RW _undis). Bl chronologies of all five sites consistently showed significant positive
correlations with temperature from April to September, except for a few individual months for
some sites (e.g., June for HLI and BYS; May-June for FA2, July for URS) (Fig. 7, Fig. A9).
Furthermore, BI_dis chronologies showed higher correlations than Bl_undis for four of the five
sites (i.e., BEL, HLI, BYS and FA2) investigated in more detail. However, this difference was
found not to be statistically significant (p = 0.234) and a further assessment of high-frequency
versions of the chronologies also did not reveal any significant differences (Fig. A10). Finally,
the BI chronologies exhibited significantly higher correlation values than RW chronologies in
most months throughout the growing season. Seasonal correlations demonstrated similar
relationships to the individual monthly comparisons (Fig. 7, Table 6), with a much stronger
response of Bl chronologies to April-September temperature (r = 0.56-0.75) compared to RW (r
= 0.30-0.60). The seasonality of the RW chronologies was shorter than that of BI, with the
optimal seasonal response centered on June-July, except for FA2 which did not exhibit any

significant summer temperature response (Fig. 7, Table 6).
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Fig. 7. Site level temperature response assessment between RW and BI chronologies from five sites

characterized as ‘severely disturbed’, and monthly / seasonal mean temperature for disturbed (dis) and
undisturbed (undis) subsets for the 1901-2013 instrumental period. RW chronologies are composed of
disturbance-affected (RW_dis), disturbance-corrected (RW_dis_CID) and undisturbed (RW_undis) series.

This temperature response assessment was based on the Subset C chronologies described in Table 3. Note

that BI chronologies represent Bl series divided into the disturbed (B1_dis) and undisturbed (BI_undis)

groups according to the CID disturbance assessment of RW series.
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Running correlations displayed a temporally stronger and more robust relationship between BI

chronologies and seasonal temperature than RW chronologies (Fig. 8). The response of Bl_dis

chronologies was consistently stronger over the 20" century compared to Bl_undis for HLI,

BYS and FA2, whereas the response for BEL and URS was more mixed. A distinct decrease in

correlation was observed in RW chronologies of the FA2 site in the second half of the 20™

century, reaching negative values around the 1960-1980 period (Fig. 8d). Though less severe, a

similar reduction was visible in both Bl chronologies over the same period. Similarly, a sharp

decline in the running correlation was observed for the URS site, although this decline was not

as pronounced as in FA2 and only appeared in the RW_undis chronology (Fig. 6B, 8e). In

general, no consistent differences in the pattern of running correlations were identified between

the three types of RW chronologies.

No. No. of First year First Correlation Correlation

Site Group of release Ch;::e(:fgy with year with AC1 Rbar with Apr-Sep  with Jun-Jul

series  events rep. 210 EPS = 0.85 temperature temperature
RW_dis 30 112 1591-2013 1720 1795 085 0.78 0.38 0.60
RW_undis 30 1678-2013 1759 1905 0.77 061 044 0.59
BEL RW._dis _CID 30 1591-2013 1720 1795 0.74 062 0.30 0.57
BI_dis 23 112 1591-2013 1721 1795 065 037 0.75 0.46
BI_undis 24 1678-2013 1765 1905 071 032 0.68 0.42
RW_dis 30 67 1685-2012 1769 1885 086 052 0.39 0.56
RW_undis 30 1684-2012 1775 1900 0.83 044 0.23 0.50
HLI RW_dis_CID 30 1685-2012 1769 1885 085 052 0.39 0.55
Bl_dis 23 67 1685-2012 1810 1885 060 030 0.74 0.44
Bl_undis 27 1680-2012 1798 1870 057 0.26 0.66 0.36
RW_dis 30 56 1708-2012 1826 1905 0.80 060 0.15 0.30
RW_undis 30 1627-2012 1779 1915 067 055 0.11 0.31
BYS RW._dis_CID 30 1708-2012 1826 1890 069 036 0.20 0.33
BI_dis 27 56 1748-2012 1830 1885 061 011 0.73 0.40
BI_undis 26 1627-2012 1794 1870 066 044 0.64 0.35
RW_dis 30 58 1670-2012 1795 1920 0.88 0.64 0.03 0.13
RW_undis 30 1692-2012 1811 1925 0.82 051 0.03 0.09
FA2 RW_dis_CID 30 1670-2012 1795 1920 0.85 0.63 0.05 0.14
Bl_dis 29 58 1670-2012 1795 1920 070 031 061 0.37
BIl_undis 27 1692-2012 1813 1925 0.78 0.38 0.6 0.35
RW_dis 30 87 1713-2010 1777 1825 0.90 082 0.24 0.40
RW_undis 30 1674-2010 1842 1860 0.78 0.62 0.16 0.33
URS RW._dis_CID 30 1713-2-10 1777 1825 0.88 0.82 0.24 0.39
BI_dis 30 87 1714-2009 1778 1870 064 029 061 0.31
BI_undis 23 1678-2009 1847 1875 064 023 0.62 0.30
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Table 6. Descriptive statistics and temperature response for subset C chronologies in Fig. 7, comprising
three RW (disturbance-affected, disturbance-corrected, undisturbed) and two Bl (disturbed, undisturbed)
chronologies for each site. Note that BI series were classified as either ‘disturbed’ or ‘undisturbed’ based
on the CID disturbance detection assessment of their RW counterparts. The number of Bl series was lower
than that of RW for some sites / groups due to the exclusion of several samples to avoid sample quality
or discoloration issues which could affect the Bl chronologies. AC1, and Rbar represent first-order
autocorrelation and inter-series correlation, respectively. ‘Rep.” refers to ‘series replication’, ‘EPS’
represents Expressed Population Signal, and ‘No. of series’ refers to the number of RW / BI series for
each site. ‘No. of release events’ refers to the number of release events detected in each site / group

calculated from all released cores.
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Fig. 8. Site level (31-year) running correlations between chronologies developed from RW and Bl series,
and seasonal mean temperature (June-July for RW, April-September for Bl) of five selected sites with

pronounced disturbance-related trends for the 1901-2013 instrumental period.
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4.2 IMPACT OF POLLUTION ON THE CLIMATIC
SENSITIVITY OF MULTIPLE NORWAY SPRUCE TREE-
RING PARAMETERS IN CENTRAL EUROPE

4.2.1 Historical pollution status and the detected pollution signals in tree
rings

Both pollution datasets revealed that our study sites were heavily exposed to sulfur and nitrogen
deposition during the 1960-1990s, with the peak centered around the year 1980, and a gradual
decline thereafter (Fig. 9E, F; Fig. B1; Fig. B12 E, F). The pollution intensity varied somewhat
among sites, with NB located in northern Bohemia exhibiting the heaviest loading (30.72 mg
ha? year? of sulfur and 20.77 mg ha® year? of nitrogen). SMR and SUO in South-western
Czechia were exposed to the lowest sulfur deposition intensities in relative terms (10.75 and
10.29 mg ha* year? in SUO and SMR, respectively; Table 1). The effectiveness of applying the
CID method for pollution signal detection and correction in RW chronologies varied among
sites and detection sensitivity settings, with the most prominent suppression trends being
corrected in NB and CK during the 1970s to 1980s, especially by the sensitive CID setting
(cid_sen; Fig. 10). In contrast, marginal differences in chronology structure were observed for
the two north Slovakia-Poland border sites (PIL and SLO) when comparing the growth trends
before and after CID processing.
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Fig. 9. Long term trends of tree growth represented by different tree ring parameters and
pollution history of all studied sites. (A) and (B) display the RW and BI chronologies. (C) and (D)
display the cell wall thickness (CWT) of segments 8-10 for sites CK and SLO. (E) and (F) display the
sulfur and nitrogen deposition for the period 1950 to 2013. RW and Bl chronologies are truncated
before the year 1900 and the replication of all sites over the period 1900-2013 exceeds 10 series, except
for the start year for CK and SLO are 1928 and 1917, respectively. Vertical dashed lines mark years
with the highest average pollution levels (E, F) and the lowest average growth values of different
parameters (A-D). Horizontal dashed lines in C and D represent the average CWT of segment 10 for site
CK (for the 1900-2016 period) and SLO (for the 1900-2008 period), respectively. Solid curves represent
smoothed values using the ‘loess’ method (with the following parameter settings: n = 80, span = 0.4) in

the R package ‘ggplot2’.
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Fig. 10. Tree-ring width (RW) chronologies before and after treatment using the Curve Intervention
Detection (CID) method with both default (cid_def) and sensitive (cid_sen) detection thresholds. Vertical
dashed lines mark the year 1980 in which most sites exhibit the lowest chronology index value. All

chronologies are truncated before 1900 and replication over the full period reaches or exceeds 10 series.

4.2.2 Tree growth trends revealed by different tree ring parameters

RW chronologies of all sites revealed varying but concurrent growth declines during similar
periods (i.e., 1970s to 1980s), especially for sites NB, CK, with the lowest site level averaged
index values occurring in 1980 (Fig. 9A; Fig. B12A). Similar growth declines were also captured
by BI chronologies, albeit with a lesser magnitude and occurring earlier (the lowest site averaged
growth occurred in 1978) compared to RW chronologies (Fig. 9B; Fig. B12B). Furthermore, the
most prominent and longest lasting Bl chronology decline was found in SMR, with the lowest
growth occurring around 1995-1996. Accordingly, extreme years with negative growth were
identified in RW chronologies around 1980 by the bias-adjusted standardized growth change
pointer year analysis approach, especially in the case of NB and CK (Fig. B4A; Table B1A).
Other common extreme negative growth years (e.g., 1995 and 1996) occurred in the 1990s for
the two sites in south-western Czechia (SUO and SMR). The negative extreme year 1978 was
detected in BI chronologies from all sites (Fig. B4B; Table B1B).
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Growth trends revealed by various QWA parameters for the range of tree ring segments were
quite diverse, with growth reductions in CWT at both sites during the 1970s to 1980s. The
growth reductions were more prominent in the latter segments, especially from S8 to S10 (Fig.
9C, D; Fig. B5A, B). SLO exhibited more severe growth reductions compared to CK. For
example, the CWT in segment S10 declined by 34% in 1980 at SLO, compared to 30% in 1978
at CK. Considering the three segments (S8-10) for CK and SLO, the years 1978 and 1980
showed the lowest growth, respectively (Fig. 9C, D; Fig. B12 C, D). Slight reductions in LA in
segments S1 to S8 were found in CK, but such reductions were considerably less prominent than

those observed in CWT. In general, LA index values were stable over time for SLO (Fig. B5).

4.2.3 Temperature sensitivity of tree rings in different pollution periods

The growth-climate relationships varied among different pollution periods and sites; such
variations were particularly obvious in RW chronologies (Fig. 11; Fig. B6). In the FULL period,
ring width was significantly correlated with June-July temperature for sites SMR, PIL, SLO,
whereas April-August temperature was significantly correlated with the NB and CK site
chronologies. Furthermore, these RW temperature signals decayed alongside heavier pollution,
with widespread weakening or even absence of these signals in periods POL and post-POL (Fig.
11A; Fig. B6A). Temperature signals captured using LWBI over the FULL period were
generally more representative for the full warm season as well as stronger compared to those of
RW. April-September temperature was often found significantly correlated with LWBI (Fig.
11B; Fig. B6B), but in the south Czech sites July-September appeared more influential (Fig.
B6B). In addition, the BI temperature signal was fairly stable across all pollution intensity
periods for most sites. The effects of CID correction on the temperature signals in RW
chronologies were mixed, ranging from improved correlations for SUO / PIL / SLO to weakened
correlations for NB / CK (Fig. B7). When evaluating the temperature signals in relation to the
alternative temperature dataset from the CHMU meteorological stations, the April-September
temperature signal remained the most relevant for Bl and a similar summer temperature signal
as with the CRU dataset was also observed for RW (Fig. B8).

From a long-term perspective, the detected RW temperature signals (June-July for sites SMR,
SUOQ, SLO and PIL; April-August for sites NB and CK) were variable as the signal strength of
most sites weakened and became non-significant (p<0.01) roughly around the 1970s and 1980s
(Fig. 12). Although the CID method had some influence on the RW temperature signals, the
outcome was mixed with no obvious net effect (Fig. B9). Compared to the temperature signal in
RW, the detected BI temperature signals (Apr.-Sep. for site NB, CK, SLO and PIL; Jul.-Sep. for

site SUO and SMR) were more stable and significantly correlated throughout the last century
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(with only minor or no weakening) even in periods with strong pollution loading (1960-1990s),
except for the site NB during the 1950s to 1960s when the correlation was not significant (p<0.01,;
red curve in Fig. 12a).

A. Ring Width B. Blue Intensity
FULL FULL

SLO A

Correlation
0.75
l 0.50

0.25

0.00

I -0.25

Month/Season

Fig. 11. Growth climate correlations between different tree ring parameters (ring width and blue intensity)
and CRU monthly / seasonal temperature for different pollution intensity periods. The FULL period
represents the common period for all sites from 1930-2008. Pre-POL, POL and post-POL represent the
three segmented periods based on pollution history, including the pre-pollution period (1930-1959),
heavily polluted period (1960-1989) and post-pollution period (1990-2008), respectively. Only significant
correlations are displayed with a significance level of 0.01. Lowercase letters along the x-axis indicate

months of the previous year relative to the growth year.
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Fig. 12. 31-year running correlations between different tree ring parameter (ring width and blue intensity)
chronologies and optimal seasonal temperatures for each parameter (selected according to seasonal
correlation results in Fig. 11). The correlation periods are truncated in 1902, with replication for all sites
over the entire period reaching or exceeding ten series. RW chronologies are correlated with Jun.-Jul. (for
sites SMR, SUOQ, SLO and PIL), and Apr.-Aug. (for sites NB and CK) seasonal CRU temperatures. Bl
chronologies are correlated with Apr.-Sep. (for sites NB, CK, SLO and PIL), and Jul.-Sep. (for sites SUO
and SMR) seasonal CRU temperatures. Horizontal bold dashed lines represent the 0.01 significance level.
Thick lines represent smoothed values using the ‘loess’ method (with the following parameter settings: n

= 80, span = 0.4) in the R package ‘ggplot2’.

Considering the QWA data, growing season temperature signals (Apr.-Sep.) were present in
CWT chronologies from both sites, mainly have been found in segments S8-10 (FULL period;
Fig. 13). The detected CWT temperature signal was strongest and most stable in segment S10
regardless of the pollution period considered, except for CK during the heavily polluted period
‘POL’ which contained the strongest signal in S8-9 (POL period; Fig. 13A). In the temporal
growth-climate response comparison, apparent weakening in the Apr.-Sep. temperature signal
occurred during the 1960s-1990s in segment S10 of both sites. The weaker period for SLO was
earlier and shorter compared to CK, however, the relationship with temperature remained

significant for both sites (Fig. 14). No convincing temperature signal or moisture availability
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signal (SPEI) was found in the LA parameter, although the month of June showed significant
correlations with LA for SLO (Fig. B10, B11).
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Fig. 13. Growth climate correlations between cell wall thickness (CWT) and CRU monthly / seasonal
temperature for different pollution periods for sites CK and SLO. The temporal range of the four periods
(FULL, pre-POL, POL, post-POL) are 1901-2016, 1930-1959, 1960-1989, 1990-2016 for CK, and 1901-
2008, 1930-1959, 1960-1989, 1990-2008 for SLO. Pre-POL, POL and post-POL represent the three
segmented periods based on pollution history, including the pre-pollution period, heavily polluted period
and post-pollution period, respectively. Only significant correlations are displayed with a significance
level of 0.01.
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Fig. 14. 31-year running correlations between cell wall thickness (CWT) of segments 8-10 and average
April to September temperature for sites CK and SLO. The correlation periods are 1901-2016 and 1901-

2008 for CK and SLO, respectively. The correlations are plotted using the center year. The asterisks *'

represent the 0.01 significance level.

4.2.4 General growth trends, climate patterns, and forest dynamics in the

context of pollution

When comparing the tree ring chronologies and temperature timeseries, two specific periods
associated with notable growth reductions were apparent. During the period around 1980, large
departures of RW chronologies from the temperature series can be observed in NB, CK, SUO
and PIL (Fig. 15A), however, this pattern was not found for the Bl chronologies (Fig. 15B).
Moreover, during the period around 1996, the RW chronologies also displayed some
considerable deviations from the temperature series for sites SUO and SMR. While the BI
chronologies displayed lower index values particularly in the late 1970s, they maintained a high
degree of agreement with their respective temperature series which exhibited lower temperatures
around the same time. The CWT chronologies behaved in a similar manner as Bl, with a high
degree of agreement between the CWT chronologies and temperature signal series during the
two low growth periods (Fig. 15C). The NDVI dataset showed an increasing trend in the most
recent decades following the heavy pollution period (i.e., 1981-2012) across all four locations
covering the studied sites, with the summer season (i.e., Jun.-Jul.) exhibiting the highest values
(Fig. 16A). Furthermore, observational data of defoliation showed a declining trend over the

period of available instrumental data during 1991-2016 (Fig. 16B).
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Fig. 15. Long-term trend comparison among ring width, blue intensity, and cell wall thickness (RW / BI
/ CWT) chronologies and seasonal CRU temperature after 1950. The optimal temperature signal seasons
(tCRU) for RW / BI chronologies and temperature datasets were determined according to the monthly /
seasonal growth climate correlations with CRU temperatures in Fig.11, and include: Jun.-Jul. (for sites
SMR, SUQ, SLO and PIL), Apr.-Aug. (for sites NB and CK) for RW chronologies; Apr.-Sep. (for sites
NB, CK, SLO and PIL), Jul.-Sep. (for sites SUO and SMR) for Bl chronologies. Optimal seasonal
temperature signals for CWT of the two (CK and SLO) sites are from April to September as displayed in
Fig.14. In panel C, only segment 10 is displayed for the two sites. The vertical dashed lines mark years
exhibiting lowest growth years revealed by different parameters, they are 1978,1980,1996 from the left

to right. Red vertical dashed lines represent the lowest growth year for RW and B, respectively.
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B. Instrumental Defoliation history of Giant Mountains
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Fig. 16. Normalized Difference Vegetation Index (NDVI) (A) for the period 1981-2019 and instrumental
defoliation history of the Giant Mountains in Krkono$e National Park (Czech-Poland border) for the four
studied locations over the 1991-2016 period (B). Years with missing data were filled using mean values

of adjacent years in panel B.
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4.3 DROUGHT RESISTANCE OF MAJOR TREE SPECIES IN
THE CZECH REPUBLIC

4.3.1 Drought impacts on tree growth

The growth rates of all species decreased during the dry period of 2015-2019. The decrease in
the median RWI chronologies was most pronounced for Norway spruce (Fig. 17A). Compared
to the average growth conditions of 2005-2009, RWI in 2015-2019 decreased by 30 % in
Norway spruce, 13 % in Scots pine, 24 % in European beech, 22 % in sessile oak, and 24 % in
pedunculate oak (Fig. 17B). BAI indicated very similar decreasing trends, with Scots pine
showing the lowest growth reduction (-18% in BAI) (Fig. C3). These results were supported by
least square regression analyses (ANOVA) comparing individual dry years and the 5-yr mean
dry period with the reference period. In particular, the analyses revealed that all species
experienced distinct growth reductions, with Norway spruce being the least resistant species (i
=0.69 +/- 0.06) and Scots pine being the most resistant species (1= 0.86 +/- 0.08). No significant
differences were observed among angiosperms (Fig. 18A). A clear elevational pattern in drought
resistance was only found for European beech, which exhibited a lower drought resistance (=
0.72 +/- 0.04) at low elevations (Figs. 18B, C4). Impacts of the dry period or dry years on tree
growth evaluated with BAI showed identical results (see Fig. C5).
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Fig. 17. Growth trajectories during the period 1950-2019 (A) and mean growth reductions between
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medians of the mean RWI for the specified periods are displayed. Vertical black arrows and colored
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Fig. 18. Impacts of the dry period (2015-2019) and extremely dry years (2003, 2015, 2018) on tree
growth. Panels A and B represent linear modeled logarithmic transformed least-square means of the ratio
(drought resistance) between the average RWI of the 2015-2019 and 2005-2009 periods (plain squares,
back transformed to the original scale) and 95% confidence intervals. Results are shown (A) by species,
and (B) by elevation classes, for beech and spruce (i.e., the only two species distributed across the entire
elevation gradient). In (B), elevations higher than 650 m a.s.l were classified as “high elevation”, and
those at or below 650 m a.s.l. as “low elevation”. (C) Displays the logarithmic transformation least
squares models of the ratio between the growth rate during the individual drought year and the mean
growth rates for the two years immediately preceding the dry event. Different letters at the top of each
panel indicate significant differences in mean values (p<0.05). Black dashed lines denote a ratio of 1,

representing the RWI during the reference period.

4.3.2 Links between drought resistance, growth trend, and moisture

availability

Tree species that were less affected by drought (i.e., those with high drought resistance)
exhibited significantly higher RWI during the 1995-2019 dry period (Fig. 19A). The relationship
was similar for all species, as well as for low/high elevation populations (Fig. C6). Furthermore,
drought resistance and growth trends decreased linearly with increasing tree sensitivity to
variability of moisture levels (i.e., sensitivity to SPEI), indicating a higher probability of growth
suppression due to drought (Fig. 19B-C). Similar relationships of these three dimensions were
also evident in the analysis of BAI (Fig. C7).
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Fig. 19. Links between drought resistance, tree sensitivity to variability in moisture availability (i.e.,
sensitivity to SPEI, based on Spearman’s rank coefficient between RWI and SPEI12) and growth trends
(based on Sen’s slope of RWI) during the 1995-2019 period. Dots represent observed values and shading

indicates 95% confidence intervals. Spearman rho (‘r’) and p-values are also presented.

4.3.3 Drivers of drought resistance

The impact of individual drought events on drought resistance differed significantly among
species and drought years (Table 7; Fig. 20; Fig. C7). The GAMM model indicated that the
growth of all species decreased significantly (p < 0.05) in 2003 with Norway spruce and
European beech being the most affected species by drought (Fig. 20A). However, when
comparing the responses between the extreme years of 2003 and 2018, the two coniferous
species exhibited the largest drought resistance declines. In contrast, the three broadleaved
species displayed a reversed pattern with the highest drought resistances in 2018 (Fig. 20A). The
impacts of individual drought events were strongly related to the intensity of drought (Fig. 20B),
but this relationship also varied among species. Specifically, the drought resistance of the two
coniferous species and sessile oak declined almost linearly with increased drought intensity (i.e.,
more negative SPEI12 values). However, drought resistance of European beech and pedunculate
oak exhibited a U-shaped relationship with SPEI, especially in the case of pedunculate oak, for

which a SPEI12 threshold of approximately -1.5 was identified. Beyond this threshold, the
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response of drought resistance to SPEI reversed (Fig. 20B). Model predictions based on BAI
showed similar results (Fig. C8; Table C2).
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Fig. 20. Drivers of drought resistance based on RWI, displaying predicted mean values (dots) and their
95% confidence intervals (lines) in A. Functions (lines) and confidence bounds (shadings) presented in B
— F indicate resistance of trees to extreme dry years. The relationships involving drought resistance are
shown for (A) SPEI, year and species, and the functions are shown for SPEI and (B) species, (C) tree age,
(D) elevation, (E) tree size, and (F) SPEI for single species. Each panel represents relationships with
explanatory variables, fixed to their mean values except for the variable of interest. In panels B-F, results
are based on the year 2018, and in panels C-F, results are based on the tree species Norway spruce.
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(A) Parametric terms

Signif
Variable Estimate  Std. Error tvalue p-value
(Intercept) 0.88 0.01 65.38  0.0000 ***
Species Picea abies (vs Fagus sylvatica) 0.00 0.02 0.09 0.9255 NS
Species Pinus sylvestris (vs Fagus sylvatica) 0.10 0.02 5.43 0.0000 ***
Species Quercus petraea (vs Fagus sylvatica) 0.05 0.02 2.33 0.0197 =
Species Quercus robur (vs Fagus sylvatica) 0.06 0.03 2.03 0.0428 =*
Year 2015 (vs 2003) 0.14 0.01 9.97 0.0000 ***
Year 2018 (vs 2003) 0.22 0.02 12.07 0.0000 ***
Species Picea abies: year 2015 -0.21 0.02 -9.82 0.0000  ***
Species Pinus sylvestris: year 2015 -0.27 0.02 -11.76 0.0000 ***
Species Quercus petraea: year 2015 -0.10 0.02 -4.92 0.0000 ***
Species Quercus robur: year 2015 -0.07 0.03 -2.30 0.0216 *
Species Picea abies: year 2018 -0.27 0.02 -11.65 0.0000 ***
Species Pinus sylvestris: year 2018 -0.33 0.02 -13.13 0.0000 ***
Species Quercus petraea: year 2018 -0.04 0.02 -1.70 0.0892 NS
Species Quercus robur: year 2018 -0.04 0.03 -1.10 0.2705 NS

(B) Smooth terms

Signif
Variable edf Ref.df F p-value
S(SPEI): Species Fagus sylvatica 1.80 2.00 5.33 0.0024 **
S(SPEI): Species Picea abies 1.69 2.00 19.75 0.0000  ***
S(SPEI): Species Pinus sylvestris 1.77 2.00 19.19 0.0000 ***
S(SPEI): Species Quercus petraea 0.00 2.00 0.00 0.7066 NS
S(SPEI): Species Quercus robur 1.69 2.00 9.81 0.0000 ***
s(Elevation) 1.45 2.00 7.12 0.0001 ***
s(Age) 1.17 2.00 456  0.0016 **
s(Size) 1.62 2.00 10.38  0.0000 ***
ti(SPEI, Elevation) 3.46 4.00 844  0.0000 ***
ti(SPEI, Age) 2.03 4.00 2.84  0.0015 **

Table 7. Output from the GAMM final model based on RW1, showing estimated coefficients, standard
errors, and t-values for parametric terms, estimated degree of freedom (edf), reference degree of freedom
(Ref. df), F-value (F) for smooth terms. Significance levels (Signif.) are as follows: NS = non-significant;
* = p-value < 0.05, ** = p-value < 0.01, *** = p-value < 0.001. Non-significant variables have been
removed from the final model based on AIC scores. The outputs of the full model (equation 1) are shown
in Table S1.
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Age, size, and elevation played significant roles in determining drought resistance (Fig. 20).
Overall, older trees at higher elevations exhibited higher drought resistance, although drought
intensity significantly modulated this relationship (Fig. 20C-D). During low (SPEI= -1.5) and
moderate (SPEI= -2) intensity of droughts, the differences in drought resistance between young
and old trees were moderate. However, under high intensity of droughts (SPEI = -2.5), the
increase in drought resistance with age was prominent (Fig. 20C). Drought resistance also
increased with elevation (Fig. 20D) and this relationship was positively associated with SPEI12,
implying that the buffering effect of elevation against droughts was more pronounced when
droughts were more intense. Finally, larger trees exhibited lower drought resistance compared

to smaller trees, although this trend was quite moderate (Fig. 20E).
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5. DISCUSSION

5.1 IMPACT OF DISTURBANCE SIGNATURES ON TREE-
RING WIDTH AND BLUE INTENSITY CHRONOLOGY
STRUCTURE AND CLIMATIC SIGNALS IN CARPATHIAN
NORWAY SPRUCE

5.1.1 Spatiotemporal disturbance characteristics of tree-ring chronologies

Overall, the results indicate a varying degree of disturbance impact (in terms of magnitude and
timing) on RW chronologies across a range of sites, spatial scales, and sampling scenarios.
Whereas no apparent disturbance trends were found at the regional level (Fig. 4), the disturbance
trends were more apparent in RW chronologies on the site-level and subset scales (Figs. 5, 6,
A6), although only for a minority of sites (Fig. A5). The presence of disturbance signatures in
chronologies at each scale mainly was related to differences in series replication. Higher
replication results typically in the strengthening of the common climatic signal and the dilution
of more localized effects of disturbance in the mean chronology (Hughes, 2011). In contrast, the
presence of disturbance trends may become more apparent in chronologies with weaker
replication where the disturbance effects are superimposed over common climatic drivers. Series
replication can therefore determine whether a disturbance event of a given magnitude / severity
and spatial extent translates to an appreciable impact on chronology structure as this influence
is related to the proportion of investigated trees that record a particular event. Since replication
varied considerably (from dozens to thousands of series) at various scales and sampling subsets,
this interaction of replication with disturbance severity and spatial extent determined whether
disturbance events affected chronology structure. Chronologies developed from a larger number
of series sampled over larger areas were less likely to capture smaller-scale, more localized
events. In line with these concepts and our observations, Bjcrklund et al. (2019) demonstrated
that enhanced disturbance activity or radial growth response to disturbances at sites in northern

Romania had no dampening effect on the climate response at the large-scale ‘landscape’ level.

As the majority of Carpathian forests (except for Fagaras) are generally driven by low-to-
moderate disturbance severity (Cada et al. 2020), the “dilution” phenomenon observed in this
study can be attributed to the absence of major large-scale and high-severity disturbance events
which could synchronize disturbance responses throughout an entire landscape and temporarily
overshadow macroclimatic variability as the primary growth-determining driver. Therefore,
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although the magnitude and extent of disturbance events in the Carpathians may have been
sufficient to affect chronologies at some sites in specific periods, such events were unable to
affect chronologies at the landscape scale. Furthermore, the presence of disturbance trends may
not be eliminated even when ensuring that chronologies exceed the commonly applied EPS (>
0.85) threshold generally considered an indicator of chronology representativeness (Wigley et
al., 1984), as disturbance trends typically affect decadal to multi-decadal trends without
significantly affecting interannual variance (Rydval et al., 2015, 2018). Nonetheless, our
findings indicate that while disturbances do affect trends in RW chronologies from some
Carpathian sites, their impact on chronology structure for most high-elevation Norway spruce

sites throughout the Carpathian Mountains is negligible when chronologies are highly replicated.

In addition to the spatial-scale and replication-related controls on the modification of chronology
structure by disturbance trends, distinct temporal patterns were also identified. The timing and
magnitude of disturbance trends in RW chronologies, represented by the difference between
disturbance-affected (RW_dis) and disturbance-corrected (RW_dis_CID) chronologies, was
generally consistent with the disturbance history (represented by the percentage of series with a
release in a particular period), although these two datasets were not entirely synchronized. The
disturbance impact on tree growth can persist for years (Jacquet & Altermatt, 2020; Thom et al.,
2017; Trotsiuk et al., 2016) due to the longer-term changes in resource availability and
competitive changes, which can offset the recorded timing of the disturbance event (i.e., release
year) and the actual growth release trend in the series or chronology. Furthermore, differences
in the magnitude of disturbance trends varied among sites, with BEL, BY'S and URS displaying
more considerable differences in chronology structure compared to HLI and FA2 (Figs. 5, 6).
This observation reflects variations in the timing and proportion of trees that experienced
disturbance events at each location, which is most likely linked to the severity and spatial extent
of those events. In addition to the higher temporal concentration of disturbance events, such
differences could also partly be explained by a higher incidence of a disturbance at specific sites
(e.g., BEL and URS) which have a higher ratio of release events per series compared to other
sites (Table 5).

It should be noted that differences in the comparison between disturbed and undisturbed
chronologies (Fig. 6B, C) represent differences in chronology structure rather than purely
expressing disturbance trends, as these chronologies were composed of two groups of series
rather than the same series corrected for disturbance trends. Therefore, some differences
between these chronology versions could be attributed not only to disturbance, but to some
extent also potential differences in the structure of individual series that make up those

chronologies. Nevertheless, the high degree of overlapped agreement in the timing of identified
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disturbance trends with CID (Fig. 6A) and differences in the disturbance-affected vs.
undisturbed chronologies (Fig. 6B) suggests that these differences in structure also express
disturbance-related variations, and such comparisons may represent an alternative way of
identifying disturbance trends. This agreement further demonstrates that CID treatment of
disturbance-affected series can effectively identify and correct disturbance trends, resulting in

chronologies that are more similar to those developed from undisturbed series.

One particularly important finding of this study was that no clear differences were found when
comparing trends of the disturbed and undisturbed Bl chronologies in the periods when their
RW chronology counterparts contained release trends associated with disturbances (Fig. 6). The
results from this extensive network of sites agree with initial small-scale findings of Rydval et
al. (2018) from a single site in Romania and provide further evidence that the Bl parameter is
insensitive to disturbance events. However, while Bl series / chronologies appear insensitive to
disturbance events associated with a protracted increase in radial growth, Arbellay et al. (2018)
found that Bl responded to insect defoliation events similarly to RW with reduced BI values.
These differences in RW and Bl sensitivity to different types of events point to the potential
future utilization of multiple tree ring parameters to help identify specific disturbance agents and
their effects on tree growth, and so establish a better and more detailed understanding of past
ecological events overall. Further research is clearly still required to fully understand the various

ecological influences on Bl and tree ring density.

5.1.2 Temperature signals in the context of disturbance

The considerable spatial and temporal variability among sites in the strength of the RW
temperature signal (restricted to the June-July season), and its absence from the FA2 site
chronology (Fig. 7), was consistent with other regional studies (e.g., Schurman et al. 2019). In
contrast, the temperature signal of Bl chronologies, which represented a wider (April-September)
seasonal window, was much stronger, more spatially consistent, and more temporally stable
compared to RW across all sites throughout the Carpathians, including FA2. These response
characteristics suggest that it should be possible to obtain strong regional temperature signals
using Bl even when such signals are weak or absent in RW chronologies. Unlike latewood
density (and by extension BI), which mainly depends on photosynthate accumulation during the
growing season of the ring formation year, RW often also depends on photosynthates from
previous years (Wang et al., 2020). Therefore, the weaker sensitivity of RW to summer
temperature in the year of ring formation may possibly also be related to the stronger biological
persistence of RW data (Table 6).
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When examining the climate response of the three types of RW chronologies (RW._dis,
RW_dis_CID and RW_undis) from sites with clear disturbance trends, it appeared that the
detected disturbance trends did not have an apparent influence on the temperature signals in RW
data as differences in the strength of the optimal season temperature response of these RW
chronologies were mostly minor and mixed (Figs. 7, 8). These minimal differences in climate
sensitivity are likely related to the temporal misalignment of the detected disturbance periods
and available instrumental data, as most of the major disturbance trends were identified prior to
the 20" century (Fig. 6). Thus, any potential improvement of the climate signal by removing
disturbance trends was challenging to assess as the changes in chronology structure could not
be reflected in the climate response analysis. This finding is noteworthy as it suggests that even
when disturbance trends do not affect the correlation in the instrumental period and may
therefore be undetectable with climate response analysis, trends caused by disturbance can still

exist in the pre-instrumental period.

Unlike the weaker temperature response of RW_undis compared to RW_dis at URS between
1960 and 1980, which was likely related to differences in chronology composition, the decreased
correlation between all RW and BI chronologies at FA2 with summer temperature in the second
half of the 20" century (Fig. 8) may have been related to deposition of atmospheric pollutants in
that area during that period. Atmospheric pollution affected large areas of central and eastern
Europe in the second half of the 20" century (particularly the 1970s and 1980s) due to fossil fuel
burning associated with heavy industry and power generation (Grubler 2002; Mikulenka et al.,
2020). Whereas the period of greatest exposure to very high concentrations of atmospheric
pollutants has been reported to coincide with protracted periods of tree growth decline in
severely polluted areas (Rydval & Wilson, 2012; Sidor et al., 2021), weakening climatic
sensitivity of Norway spruce in response to lower levels of background pollution (instead of a
clear decline in tree ring index values) has also been documented (Wilson & Elling, 2004). In
any case, considering the timing, type of response, and the proximity of the Fagaras Mountains
to large urban areas and industrial facilities as well as other local point-sources of pollution
within the context of high regional background levels of atmospheric pollution around the 1970s,
this could represent a plausible cause (Akinyemi et al., 2013; Mylona, 1996). If this observation
was in fact responsible for the weakened response of both parameters around that period, it

would raise questions about the potential susceptibility of Bl to environmental pollution.

The higher correlations between BI_dis and April-September temperature compared with
B1_undis chronologies in most of the examined Bl sites (Fig. 7, 8; Table 6) raises an interesting
point about climate sensitivity of undisturbed trees compared to disturbance-affected trees as it

would suggest that Bl chronologies from trees affected by past disturbance may exhibit a higher
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sensitivity to temperature. Although this difference did not reach the threshold of statistical
significance considering the limited number of Bl datasets explored in this study, a possible
explanatory mechanism may nonetheless exist. In higher-density closed-canopy forests, trees
experience higher competition from neighboring individuals, but are also less exposed to
ambient conditions and may therefore be buffered from temperature extremes (Saulnier et al.,
2020). However, mortality of neighboring trees as a consequence of disturbance opens up the
canopy, potentially reducing competition as well as increasing exposure to ambient temperatures.
Greater exposure to ambient conditions could thus lead to higher temperature sensitivity in
disturbance-affected trees, as previously reported in Primicia et al. (2015). This observation may

therefore warrant further investigation to examine more extensive collections of Bl chronologies.

As a temperature-sensitive proxy, the Bl parameter has drawn considerable attention in recent
years and our findings further support the growing body of literature indicating that there is
considerable potential for Bl data in paleoclimatic applications. In addition to several clear
advantages over RW (incl., seasonally broader, spatially and temporally stronger and more
robust temperature signal), the insensitivity of Bl to disturbances that result in growth release
trends in the RW series represents a further asset. Nevertheless, RW still managed to detect
decent summer temperature (June-July) signals, especially considering sites BEL and HLI. This
is in line with the work of Tuovinen et al. (2009) in Fennoscandia, which proposed that RW-
based paleoclimate reconstructions should be restricted to temperature of midsummer (July),
whereas MXD (and by extension BI) is typically more suitable for reconstructing the
temperature of a broader seasonal window (June to August), as these two tree ring parameters
provide different but complementary paleoclimatic signals (Bj&klund et al., 2020; Tuovinen et
al., 2009). Utilization of both Bl and RW in paleoclimate reconstructions could therefore allow

the exploration of different seasonal signals.

5.1.3 Limitations of CID method

Although the CID procedure generally improves the climate response in RW chronologies,
particularly when they are affected by major disturbance trends, this treatment can also lead to
over-correction in some cases, which can then lead to minor reductions in climate response
correlations (Rydval et al., 2015, 2018). The mixed temperature response results of the
disturbance-corrected (RW_dis_CID) chronologies concerning the disturbance-affected
(RW_dis) versions could therefore partly be related to the effectiveness of CID correction over
the instrumental period. More specifically, this mixed performance was probably related to the
fairly small proportion of series with disturbance trends in a given period and their relatively

even dispersion over the 20" century in combination with some degree of over-correction in
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certain instances. It is also worth mentioning that the CID method is not capable of detecting
very brief responses to disturbances (ca. < 10 years) or any other short-term non-climatic impacts
that might affect individual series and potentially even chronologies as discussed by Bj&klund
et al. (2019). They also pointed out that the potential positive effects of disturbance detection
and removal on climate reconstructions might mainly affect the multi-decadal rather than inter-

annual periods.

5.1.4 Subsection conclusion

Our findings indicate that chronologies developed from subsets composed of a relatively small
number of samples are most susceptible to the effects of disturbance. In contrast, highly
replicated, spatially extensive RW datasets are unlikely (or less likely) to be affected by
disturbance. This observation represents a critical finding with potential consequences for long
RW-based chronologies and climate reconstructions which often tend to be relatively weakly
replicated back in time. In addition, the apparent relative insensitivity of Bl to disturbance in
periods when RW data are affected by pronounced growth release trends could be used to better
understand climatic and ecological influences on growth by examining both parameters in
tandem. The strong and spatiotemporally more stable representation of temperature signals in
BI chronologies indicates considerable potential for widespread application of the blue intensity

parameter in dendroclimatological research without considering ecological signals.

Limitations of this research include the CID method itself which, as an imperfect tool, may in
some instances falsely identify trends not related to disturbance or fail to capture small
magnitude or short duration responses to disturbance. Also, due to the limited temporal
availability of instrumental data, investigating of the influence of disturbance on growth-climate
responses was temporally limited to the post-1900 period. Despite efforts to ensure adequate
sample replication and only examine chronologies representative of the larger population,
comparison between disturbance-affected and undisturbed chronologies could be influenced by
additional factors (e.g., sample composition) which may complicate the interpretation of the
results. In addition, samples for this study were only collected from high-elevation primary
forests, which limits the generality of the results across the species’ broader natural distribution

range (e.g., Central-European low-elevation spruce forests).

In future research, the influence of other non-climatic factors (e.g., pollution) on tree radial
growth could also be examined. Though not explicitly considered here, an evaluation of
suppression trends, which were also present in some site chronologies, could be conducted.

Moreover, investigating the climatic sensitivity of different Bl parameters (e.g., earlywood RW
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and BI, latewood RW, and delta-BI) to other climatic variables (e.g., precipitation or moisture
availability) in connection with potential influences of disturbance may also be worthwhile. In
general, investigations using multiple tree ring parameters can help evaluate and better
understand non-climatic impacts such as disturbance on tree ring chronologies, which should
ultimately benefit the utilization of those chronologies in dendroclimatic studies and further

improve the overall reliability of reconstructions of past climatic conditions.

52 IMPACT OF POLLUTION ON THE CLIMATIC
SENSITIVITY OF MULTIPLE NORWAY SPRUCE TREE-
RING PARAMETERS IN CENTRAL EUROPE

5.2.1 Degree of growth trend synchronization and pollution status

Our results revealed high synchronization of growth trends and pollution loads, especially in the
case of RW chronologies. Prominent growth declines occurred in RW during the heavily
polluted period (1970s-1980s) and at heavily polluted sites (NB and CK), indicating the negative
impacts of pollution on tree growth, as well as the characteristic of RW as the most susceptible
parameter to pollution. Pollution-induced growth declines involving RW and tree mortality are
well-documented phenomena (Kandler & Innes, 1995; Kharuk et al., 2023; Mathias & Thomas,
2018; Sidor et al., 2021; S. Vacek et al., 2015; Z. Vacek et al., 2020). A variety of plant
physiological processes acting jointly lead to such an outcome. High levels of pollutants can
lead to a reduction in growth and productivity by causing injury to foliage and disrupting
physiological processes, such as enzyme activity or production, stomatal closure and carbon
allocation (Chappelka & Freer-Smith, 1995; Grill et al., 2005; Savard, 2010). Leaves exposed
to pollutants (e.g., SOz, NOy), are subject to faster water loss and increased transpiration rates
because of the accelerated cuticular loss or disruption of the leaf epidermis. These conditions
ultimately lead to stomatal closure to prevent water loss (Wright et al., 1987). While reduced
stomatal conductance may result in an increased water-use efficiency (Thomas et al., 2013),
achieving high growth rates is not possible in the presence of high SO, concentrations (Kwak et
al., 2016). Pollutants can also induce changes in photo-assimilate allocation, such as higher
allocation to shoots for defence and repair, which inevitably lead to reductions in root growth
and biomass production (Spence et al., 1990; Friend & Tomlinson, 1992; Chappelka & Chevone,
1992). Moreover, the increased soil acidification due to increasing acid deposition can result in
subsequent leaching of base cations from the soil-rooting zone, which manifests as the depletion
of the ion-exchange soil complex and the suppression of litter decomposition (Kolaf et al., 2015),

which represents an obstacle for soil nutrient acquisition and assimilation for tree growth as well.
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Although moderate chronology declines were also observed in Bl chronologies, neither the sites
(SLO and SMR) that experienced the most severe decline nor the timing of the decline (1978
and 1995-1996) seem to correspond with the degree and spatiotemporal patterns of pollution
impact which affected RW (Fig. 9B). It is worth considering that additional factors may exist,
which could have induced the declines observed in the Bl chronologies within the context of
high background pollution levels. For example, cold temperatures in specific years could help
explain the lower index values while maintaining high consistency between the Bl chronologies
and the temperature series (compared to RW), especially displayed by the site SLO in the period
around 1980, and SMR in the period around 1996 (Fig. 15), as both periods were marked by
years with low temperatures (Fig. B2A). Historically, an extremely cold and harsh winter with
a sudden drop in temperature (~ 25 °C in 24 h) was recorded on New Year’s Eve of 1978 / 1979
in the Czech Republic (Rein & Stekl, 1981). Furthermore, another extreme winter in 1995/ 1996
marked by a sudden temperature decrease in November 1995 was also observed and was
followed by heavy frosts and long-term inversion conditions (Samusevich et al., 2017). The
pointer year analysis conducted in the study by Cejkova et al (2009) also showed a severe winter
in 1995 and cold summer in 1996 in the Sumava Mts., which is consistent with our findings for
the SMR site (Fig. B4B; Table B1B). Harsh winter conditions were shown to create
environments more conducive to effective air pollutant accumulation (Lomskyzet al., 2013), with
freezing temperatures and high SO concentrations acting in tandem leading to forest decline
(Sheppard & Pfanz, 2001). Extreme climatic stress (e.g., drought, temperature changes) within
the context of high air pollutant concentrations (e.g., SO,, NOx, and Os) has also been linked
with more severe damage of conifer species (e.g., Norway spruce, Scots pine) (Vacek et al.,
2015, 2017). Moreover, as Bl is an excellent surrogate for X-ray density (Bj&rklund et al., 2013;
Campbell et al., 2007; McCarroll et al., 2002; Rydval et al., 2014), variations in Bl mostly reflect
density changes in tree rings. Though less attention has been paid to the impact of pollution on
density in recently years, decreased maximum density and latewood proportions in tree ring
datasets from locations affected by pollution have been reported (Kim & Fukazawa, 1997;
Sander et al., 1995; S. Ohta,1978).

In the case of QWA, latewood CWT of CK did not exhibit any pronounced growth reductions,
although a period of lower values occurred in SLO during the 1970s-1980s, coinciding with the
heavily polluted period. Although the sulphur deposition levels of both sites were similar, the
more pronounced CWT decline in S10 observed for SLO indicates that this location may have
faced an extra stress factor other than pollution, and the lower temperature at SLO compared to
CK around the late 1970s is likely responsible (Fig. 15C). This may also be related to the higher

temperature sensitivity of CWT, which is discussed further in the following subsection.
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5.2.2 Stability of climatic signals in different tree ring parameters from

polluted areas and their potential for climate reconstruction

Growing season temperature signals were captured by most of the tree ring parameters (except
for LA). However, the optimal seasonal length and signal intensity differed among different sites
and parameters, with stronger and longer seasonal temperature signals (Apr.-Sep.) captured by
Bl and CWT from most sites, which revealed the higher climatic (i.e., temperature) sensitivities
of these parameters. Previous studies have also found that the growing season temperature (Apr.-
Sep.) is a key climatic variable for the growth of high elevation conifer tree species in large parts
of Central and Eastern Europe (Bj&klund et al., 2019; Bintgen & Di Cosmo, 2016; Horodnic
& Roibu, 2020; Jiang et al., 2022; Putalov&et al., 2019; Schurman et al., 2019). Furthermore,
the temperature signal in ring width chronologies appeared to be more temporally restricted (i.e.,
Jun.-Jul.), whereas the signal in blue intensity is stronger and extends over a longer season (e.g.,
Apr.-Sep.) (Rydval et al., 2018; Seftigen et al., 2020).

However, one of the more noteworthy findings of this research was that the temperature signals
appeared to be temporally unstable (i.e., signal weakening) under severe pollution stress,
especially during the period with the most severe rates of pollutant deposition (Fig. 11; Fig. 12;
Fig. 13; Fig. 14). Such signal weakening was mainly revealed by the RW chronologies, which
indicates the increased susceptibility of this parameter to pollution, with the temperature signal
substantially reduced or even absent (i.e., non-significant) during (‘POL’) and after (‘post-POL’)
the high pollutant deposition period. In contrast, the temperature signals contained in Bl and
CWT were more stable and appeared to be less affected by pollution. However, some caution
may still be required when applying Bl or CWT in a dendroclimatic context to ensure climate
signal consistency over time in areas impacted by pollution. For certain sites, the temperature
signal in Bl and also the most climatically-sensitive segment (S10) of CWT did show some signs
of weakening, particularly during the severe pollution (POL) period. The latter finding supports
previous observations that the impact of pollution can extend to the wood anatomical level, as
reported by other researches (Lexa, 2021; Mulenga et al., 2022; Samusevich et al., 2017).
Despite some signs of minor weakening during the most severe pollution period, this did not
appear to impact the significance and signal strength considerably. This suggests that both the
Bl and CWT parameters may represent suitable options as climatic proxies, which are minimally
affected or unaffected by pollution, for dendroclimatological research or historical climate

reconstruction purposes in polluted areas.
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Historically, reduced temperature sensitivity of trees growing in certain high-elevation and high-
latitude areas around the Northern Hemisphere was identified (Briffa et al., 1998). Whereas tree
growth showed a consistent decline after 1940, reaching the lowest level in the late 1970s and
1980s, temperatures continued to increase in the latter part of the 20th century, leading to
divergence between tree growth and mean summer temperatures, becoming clearly recognisable
after 1960, especially in areas close to Central Europe. Although a single clear cause of such an
apparent and widespread phenomenon has not been identified, considering the overlap in timing
and location, there is a possibility that pollution may have represented at least a contributing
factor to some extent, which would align with the findings of our study and such a connection
has also been suggested previously (e.g., Rydval & Wilson 2012). However, it is also worth
noting that we observed a clear (though temporary) trend divergence only in RW at certain
locations. In contrast, the phenomenon identified by Briffa et al. (1998) also affected the trends
in density chronologies. Nonetheless, it should, however, also be pointed out that climate signal
weakening, another hallmark of the divergence phenomenon, was also detected in Bl and CWT
chronologies in addition to RW in our study. In another study, Franceschini et al. (2013) reported
that neither large sets of climatic predictors nor accounting for their non-linearities resolved the
divergence (declining relationship) in latewood density response of Norway spruce to
temperature during 1970 to 2000 in north-eastern France. In that study, the authors suggested
testing for pollution-driven growth impacts and avoidance of using relationships based only on

a single parameter for temperature reconstruction.

Additionally, lower correlations between ring width and temperature for sites located on slopes
with more effective acid fog deposition were previously reported, and greater distance from the
pollution source was associated with an increase in climatic sensitivity (Opata-Owczarek et al.,
2019). As mentioned above, exposure to pollutants can induce leaf stomata closure and
eventually affect productivity and growth, whereas elevated temperature tends to stimulate
stomatal opening (Driesen et al., 2020; Feller, 2006; Gommers, 2020) to ensure adequate gas
exchange, thus trees need to find a balance between increasing photosynthesis or reducing water
loss. It is possible that pollution stress (displayed as water stress) may overtake growing season
temperature and act as the main limiting factor determining tree growth when this impact is
sufficiently severe. Apart from the impact of pollution on the stability of temperature signals,
other climatic signals could also be influenced by pollution. For example, the precipitation signal
in silver fir (Abies alba Mill) was reported to have suffered from a weakening in the 1960s during
a period of heavy SO, emissions in the Lower Bavarian Forest region in southern Germany
(Wilson & Elling, 2004). Altogether, this evidence strongly indicates the existence of pollution
impacts on the climate sensitivity of tree ring datasets, which should be carefully considered in

research conducted in potentially affected locations.
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5.2.3 Avoidance of pollution interference for dendroclimatic research in

polluted areas

With the development of human society, industrial pollution became a worldwide concern which
has heavily influenced the health and development of forest ecosystems (Taylor et al., 1994).
These complications extend beyond Europe (Kandler et al., 1995; Katzensteiner et al., 1992) to
forests, for example in north American (Johnson & Taylor, 1989; McLaughlin, 1998) and east
Asia (lzuta, 2017; Takahashi et al., 2020). These findings highlight the importance of
considering the impact of pollution in dendroclimatological research, particularly in areas that
have experienced such impacts more recently or still experience high levels of pollution at the
present time. Furthermore, efforts to reduce or eliminate such impacts are crucial. The Curve
Intervention Detection method we adopted in this study represents a practical approach in
detecting pollution-related growth anomalies which can help to correct decadal climate signal
trends in tree ring width (Jiang et al., 2023; Rydval et al., 2015). Though not examined in this
study, other statistical methods, such as principal component analysis (PCA; Abdi, 2013) may
also be useful in assessing the homogeneity of inter-site chronologies and more effectively
extracting climatic signals when major differences associated with non-climatic (i.e., pollution)
influences exist among various sites. Moreover, it would be helpful to adopt the use of different
tree ring parameters, such as latewood blue intensity and cell wall thickness, which appear to be
more resilient and better able to resist pollution impacts as demonstrated by this study. Finally,
in the context of climate reconstruction, the parameter and period used for calibration should be
carefully chosen, taking into account the possible instability of the climate signal (especially in
tree ring width) in relation to variable pollution levels over time (Fig. 11, 12), in order to

minimize non-climatic impacts and retain reliable signals.

5.2.4 Subsection conclusion

Overall, our study revealed that the apparent growth declines observed in Norway spruce around
the 1970s-1980s in the Czech Republic and neighbouring regions were closely linked to the
widespread impact of pollution in Central Europe during the 1960s-1990s. We observed a strong
link in the long-term patterns between these growth declines and the pollution levels. The
prominence of this type of relationship (i.e., pollution impact on tree growth) differed
considerably among tree ring parameters, which indicated the varying degree of resilience of
these parameters to pollution. Ring width (RW) was generally more susceptible to pollution
impact, which manifested as either trend divergence or climate signal weakening. The CID
method can help mitigate these issues to some extent, particularly for more severely polluted
sites. The latewood blue intensity (Bl) parameter was less impacted by pollution and retained a
stronger and temporally more stable (Apr.-Sep.) temperature signal, and thus appears to
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represent a more suitable parameter for paleoclimatic reconstruction in areas affected by
pollution. Considering the quantitative wood anatomy (QWA) parameters, cell wall thickness
(CWT) of the outer section of latewood (especially the last segment - S10) contained strong,
significant, and temporally stable climate signals similar to Bl. Apart from pollution, cold
temperatures were likely responsible for the moderate growth declines observed in Bl and CWT,
considering the generally high degree of agreement between these parameters and the target
climatic variable. Nonetheless, the moderate temperature signal weakening observed for some
sites even in Bl and CWT is notable and worthy of further examination. In practice, our study
suggests that it would be prudent to take pollution impacts on tree ring datasets into account
when conducting dendroclimatological research in historically polluted areas, especially when
considering the utilization of the more traditional ring width parameter. Whenever possible, it is
worth adopting a more diverse range of tree ring parameters, such as latewood blue intensity
and cell wall thickness, to capture the stronger and more stable growing season temperature
signals more effectively. Furthermore, the adoption of certain statical approaches, such as CID,
could be applied for sites with more severe pollution impacts and help to reduce protracted
growth suppression trends.

5.3 DROUGHT RESISTANCE OF MAJOR TREE SPECIES IN
THE CZECH REPUBLIC

5.3.1 Impacts of drought on tree growth

Our results show that all major Central European tree species were negatively affected by the
extremely dry period 2015-2019, leading to pronounced tree growth reductions in the Czech
Republic compared to the previous decade (Fig. 17; Fig. C3). In fact, our observations might
underestimate the actual extent of the drought-related impacts, considering that only living trees
were sampled for our study and thus drought-induced mortality was not evaluated. Previous
research has demonstrated that declining growth in trees can represent an early-warning signal
which may indicate impending mortality (Gentilesca et al., 2017), and drought induced growth
declines have been widely reported among various tree species around the world in recent
decades (Sanchez-Salguero et al., 2012; Gentilesca et al., 2017; Venegas-Gonz&ez et al., 2018;
Jing et al., 2022). For example, studies have noted significant growth reductions of European
beech during the 2018 extreme drought year compared to average growth over the preceding
2010-2017 period (Rohner et al., 2021), while montane conifers also displayed reduced growth
corresponding to more intense drought (Bohner & Diez, 2021). Our study contributes to the
current body of knowledge on this topic by identifying recent drought impacts on the growth of

several tree species based on the quantitative assessment of tree ring data from the Czech
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Republic, which provides critical insights into the drought risks faced by Central European
forests (HI&ny et al., 2014).

5.3.2 Differences in drought resistance among tree species

Although drought-induced growth reductions were identified for all studied species, the severity
of the impacts varied considerably among them. Scots pine displayed the least susceptibility,
whereas Norway spruce appeared to be the most susceptible species to drought stress, indicating
species-specific differences in drought resistance. One study from an area close to the Czech
Republic in Bavaria, Germany, identified Norway spruce as the most drought-susceptible among
species commonly found in the region (Thom et al., 2023a). Additionally, Norway spruce has
also been found to be the least drought-tolerant compared to species such as silver fir (Abies
alba) and Douglas fir (Pseudotsuga menziesii) (Vitali et al., 2017). As a species adapted to colder
climates, Norway spruce has a naturally dominant presence in mountain forests. However, in
recent centuries, Norway spruce has been extensively planted outside of its natural distribution
areas in the Czech Republic. Historical estimates suggest that its past natural coverage
represented approximately 12% of the forested area, contrasting with its current coverage of 42%
(Cienciala et al., 2016). While past growth conditions were more favorable in many ways in the
areas where it was introduced than in its natural habitats (e.g., warmer temperatures, deeper and
more fertile soils). Due to ongoing climate changes, these areas are becoming increasingly dry
and therefore less suitable for Norway spruce, which is already demonstrating signs of

constrained growth due to limited moisture availability.

In contrast, the natural distribution of Scots pine covers a substantial proportion of the Czech
Republic (Durrant et al., 2016). Evolutionary selection has equipped Scots pine with specific
functional traits that enhance its adaptability to drier environmental conditions. These traits
include precise stomatal control, which limits transpiration when the soil moisture deficit
exceeds a certain threshold. This control mechanism, known as isohydric behavior, allows Scots
pine to close stomata earlier than other species and can help prevent excessive water 10ss
(Poyatos et al., 2008; Mart nez-Vilalta et al., 2009; Mart mez-Sancho et al., 2017). Thus, Scots
pine might be less impacted by recent global warming compared to Norway spruce, which is
characterized by weaker isohydric behavior. Differing site conditions might also contribute to
these variations, for instance, Thom et al (2023a) identified Scots pine as a less drought tolerant
species in Bavaria, Germany, whereas a different performance of this species was identified in
our study. The higher overall productivity exhibited by the investigated sites in that study

compared to sites in the Czech Republic might potentially reflect a preference for carbon
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allocation patterns that prioritize growth over investment in the reserve pool (Rezaie et al., 2023;

Merganicova et al., 2019).

Compared to the two coniferous species, the three broad-leaved species were comparably less
impacted by the two most recent droughts (2015, 2018; Fig. 20A). The species-specific drought
resistance results from a trade-off between hydraulic integrity and carbon acquisition,
constrained by species- and population-specific functional traits (Serra-Maluquer et al., 2022).
Some species, such as European beech, can respond to scarce water supplies by shedding leaves
(Leuschner 2020). Such morphological and physiological adjustments restrict atmospheric
carbon uptake, limiting resource availability for primary and secondary growth (Forner et al.,
2018; Manzoni, 2014). The trees less affected by drought were those that were not limited by
moisture availability, as indicated by the negative correlation between growth trends (drought
resistance) and SPEI (Fig. 19). The increase of functional trait diversity (e.g., budburst date,
radial growth onset, carbon allocation patterns, optimal photosynthesis temperature, etc.) in
broad-leaved and coniferous species can lead to complementary effects in mixed forest stands
compared to monospecific stands, which may help reduce drought stress, for example via
belowground partitioning and spatiotemporal niche separation, and the utilization of water
resources in different soil layers (Pardos et al., 2021).

5.3.3 Elevational gradient in drought resistance

Our results suggest that locations where trees are currently temperature-limited, such as montane
and subalpine forests, may act as climate refugia amid climate change. While Norway spruce
populations were similarly affected by drought at high and low elevations, high-elevation
populations of European beech were less impacted by droughts compared to their low-elevation
counterparts (Fig. 18B). Our findings are also supported by other studies as drought effects
usually tend to be less pronounced at high elevations where trees experience cooler temperatures
and high precipitation conditions (Viviroli et al., 2007; Fig. 3A). Historically, lower temperature
conditions have limited tree growth in high-elevation environments. However, as a consequence
of climate change, these limitations have been diminishing and this effect is expected to continue
in the future, potentially leading to increased tree growth (Doxa et al., 2022; Tumajer et al.,
2017). Other studies have also identified significant drought-induced growth reductions for
European beech at low elevations (Dulamsuren et al., 2017; Obladen et al., 2021). Conversely,
high-elevation conditions may buffer the impacts of drought on tree growth due to increased
cloud cover and higher air humidity, which can help maintain stable growth or even increase

growth rates as climatic conditions continue to change (Leuschner, 2020; Rozas et al., 2015).
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However, it is important to note that the elevational gradient of our study was limited to a range
of 209 to 1016 m a.s.l. and we were only able to test the influence of elevation for two species
due to data limitations. A more extensive elevational range covering multiple species could help
to improve the predictions of drought impact in relation to varying elevation. Additionally,
previous studies have reported the existence of genetic variations among Pinus hartwegii
populations along elevational gradients in relation to drought-induced cavitation resistance
(S&nz-Romero et al., 2013). This indicates the potential importance of genetic differentiation
among populations along distinct elevations and implies the need to consider such genotypes-
environment relationships to better understand and more precisely quantify elevational drought

resistance in future studies.

5.3.4 Effects of age, size, and drought intensity

Our findings highlight the potential for changes in drought resistance in relation to the
developmental state of the studied tree species, particularly during period of high-intensity
drought. Despite previous research suggesting that younger trees exhibit higher drought
resistance than older trees (Ding et al., 2017; Lloret et al., 2011), our study challenges those
findings by demonstrating that older trees are less impacted by high intensity droughts relative
to younger individuals. Greater vulnerability of younger trees to severe droughts compared to
older trees of similar size may be linked to less developed root systems that limits access to
deeper water resources when moisture in the upper soil layers is depleted (Bolte et al., 2016).
Our results also showed that, in general, smaller trees were more resistant to drought. Smaller
trees of the same age follow a slow growth strategy with trees investing more carbon into their
reserve pool and improving structural adaptations, such as osmolyte accumulation in leaves,
denser wood, and narrower conduits (Polle et al., 2019; Zhou et al., 2012). Favorable
microclimate conditions might also play a role, smaller trees can benefit from the protection of
larger trees through shading, which facilitates higher transpiration rates, increased latent heat
fluxes and reduced vapor pressure deficit (Thom et al., 2023b). The extent of drought resistance
among species is also influenced by varying drought intensity. For the two conifers, the
relationship between drought resistance and drought intensity was nearly linear, indicating that
higher drought intensity (low SPEI) resulted in lower drought resistance (Fig. 20B). Thus,
Norway spruce and Scots pine were more severely impacted by extreme droughts than by milder

water shortages, especially in the two most recent drought years (Fig. 20A-B).

5.3.5 Subsection conclusion

Our findings revealed significant growth reductions in five major Central European tree species
in the Czech Republic during the 2015-2019 drought period, as evident from both RWI and BAI
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records. However, the extent and magnitude of the drought impact varied among species when
considering either single extreme drought years or extended (5-yr) dry periods. Of the species
examined, Scots pine and Norway spruce were identified as the least and most affected species,
respectively. The drought resistance of the three broad-leaved species to the two most recent
extreme droughts was considerably higher than that of coniferous species. These differences in
drought resistance could be related to varying site conditions and species-specific functional
traits. Whereas the impact of age on drought resistance was regulated by drought intensity,
influence of size was more moderate compared to age. While we also observed an elevational
gradient in drought resistance of European beech, further research that would also consider

genetic variation is required to validate this finding.

Our study provides valuable insights into the responses of Central European tree species to
drought. In light of our findings and given the expected trajectory of future climatic conditions
in Central Europe, it appears improbable that Norway spruce could remain a viable option for
timber production in the lowlands of the Czech Republic, while other major European tree
species might have better adaptation potential. While sandy soils in lowland regions are
particularly associated with limited options for selecting suitable tree species, our study suggests
Scots pine may be one of the most resilient choices of species to safeguard against the impacts
of future drier conditions. Increasing species diversity could help reduce overall disturbance
risks and may also foster niche complimentary, supporting the survival of trees. Proactive
adaptive measures, including increasing species diversity, structural complexity, and promoting
genetic exchange, as recommended by previous research (Thom et al., 2023) will help to

safeguard the future supply of ecosystem services under intensified drought regimes.

5.4 COMPREHENSIVE DISCUSSION OF THE WHOLE
THESIS

This thesis aimed to develop a better understanding of climatic and non-climatic influences on
tree growth and their interplay. This included exploring the impact of climatic extremes on the
growth of different Central European tree species. A particular focus of this work was on
quantifying the impacts of non-climatic factors, such as disturbance and pollution, on tree
growth and climatic signals, with the goal of identifying whether some parameters are less
impacted by such factors and may thus be more suitable for dendroclimatological research and
paleoclimatic reconstruction in disturbance- / pollution-affected regions. Specifically, the
impacts of the investigated non-climatic factors on tree growth were detected and evaluated by

applying a novel statistical approach (CID) to ring width series, whereas the strength of climatic
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signals was compared by conducting growth-climate response analysis for chronologies of
different tree-ring parameters. In the following subsections, | further evaluate and provide a
synthesis of the presented results, considering the specific impacts of different factors. Moreover,
considering the findings of this thesis, potential new topics and direction of future research
related to this work are discussed.

5.4.1 Impacts of disturbance and pollution on tree-ring width, wood

density and anatomy trends

The impacts of non-climatic factors were most prominent and detectable in RW chronologies.
The impacts of disturbances on RW chronologies varied considerably across sites, spatial scales,
and sampling scenarios, and were linked with series replication differences and the
spatiotemporal differences in disturbance histories distinct for individual sites. Differences in
the magnitude of disturbance trends varied among sites, reflecting variations in the timing and
proportion of trees experiencing disturbances. Disturbance-induced canopy removal in natural
forests can lead to an abrupt and/or sustained increase in radial growth of neighboring surviving
trees (i.e., growth release; Lorimer and Frelich, 1989), whereas small-scale changes in horizontal
and vertical forest structure (i.e., gap dynamics) favor competition between neighboring trees,
which often lead to decreased radial growth when growing conditions are unfavorable (i.e.,
suppression; Canham 1985). These growth dynamics are captured as variations of RW. However,
in the context of RW chronologies, the extent to which chronology trends were affected by these
growth dynamics patterns was influenced considerably by sample depth, with disturbances
leaving a profound impact on RW chronology structure when replication was limited, and large-
scale highly-replicated chronologies demonstrating lower susceptibility to the effects of smaller-
scale disturbance events. Higher replication strengthens the common climatic signal and dilutes
localized disturbance effects in mean chronologies, whereas weaker replication makes
disturbance trends more apparent in individual site chronologies, superimposing them over
common climatic drivers. While disturbance magnitude and extent in the Carpathians clearly
affects site-specific RW chronologies, their impact at the landscape scale was negligible when
chronologies were highly replicated. This “dilution” phenomenon observed throughout the
Carpathian forests can be attributed to low-to-moderate disturbance severity events which, in
the absence of major large-scale disturbances that could synchronize responses throughout the

landscape, drive tree growth dynamics. (Fig. 4; Fig. 5).

In Central Europe, growth was highly synchronized with pollution trends, particularly in RW
chronologies. Strong RW declines during heavily polluted periods indicate a strong negative

impact of pollution on tree growth and emphasize the susceptibility of RW to pollution-induced
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decline which can further lead to mortality. The effects of pollutants on physiological processes,
foliage damage, and disruptions in enzymatic activity, likely contributed to the RW reductions.
Although the prevalence of pollution-induced suppression trends has not been explored for
scenarios with different sample depth, apparent declining trends were detected at the studied
Central European sites with sample sizes comparable to those selected for disturbance trend
detection (Fig. 9; Fig. 10). Pollution impacts on RW were mirrored by changes in anatomical
properties, specifically latewood cell wall thickness (CWT; Fig.9; Fig. B5). However, the degree
of CWT reductions in latewood during the heavy pollution period was obscured due to climatic
(e.g., low temperature) influences around the same time, making it more difficult to distinguish
which of the factors played a more prominent role on the cellular level (Chappelka & Freer-
Smith, 1995).

Overall, LWBI was less impacted (pollution) and non-significantly influenced (disturbance) by
non-climatic factors and although there were minor variations in the LWBI chronology structure,
this was minimal compared to those observed in RW chronologies ( Fig. 6). No clear differences
between disturbed and undisturbed LWBI chronologies were found during periods matching the
disturbance-related trends in RW chronologies. This aligns strongly with previous findings
suggesting that LWBI is insensitive to disturbance events associated with radial growth
increases (Rydval et al., 2018). However, differences in sensitivity between RW and LWBI to
different types of events suggests the potential utility of adopting a multiparameter approach for
identifying specific disturbance agents and understanding past ecological events. LWBI
chronologies did show moderate declines during the highest peak of pollution (1970s), but these
variations did not correspond with the spatiotemporal patterns of pollution impacts observed in
RW chronologies. Additional factors, such as extreme cold temperatures, likely contributed to
the observed LWBI patterns, highlighting the complexity of investigating pollution-related
impacts (Fig. 9). Moreover, compared to other parameters, LWBI showed a higher coherence

and stability during historical periods marked by high levels of disturbance or pollution.

Overall, this research has shown distinct capabilities of different tree-ring parameters in
capturing non-climatic impacts and how these factors influence the short and long-term
chronology properties. RW was found to be the most susceptible parameter showing the most
prominent growth variations during periods affected by non-climatic factors, with the degree of
the influence determined by either the sampling scale or the intensity of non-climatic influences.
LWBI and quantitative wood anatomy parameters appeared to be considerably less sensitive to
non-climatic factors compared to ring width, based on our studied sites. Therefore, it is necessary
to adopt different parameters for different research purposes based on their characteristics and

consider their applicability in practice. For instance, ring width could possibly be used as an
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indicator of pollution stress or disturbance impact in Norway Spruce forests (Tereza et al., 2019;
Rydval et al., 2018). In contrast, LWBI and cell wall thickness are more suitable for capturing
stable temperature signals (Fuentes et al., 2018; Heeter et al., 2019; Bjorklund et al., 2020).

Finally, one of the findings revealed by assessing various tree ring parameters and non-climatic
factors includes the advantages of using the CID method to detect and isolate non-climatic trends
in RW series, which proved to be a useful tool for identifying and correcting abnormal trends in
RW chronologies from disturbed or polluted sites. However, its usefulness varies and may
possibly be influenced by the extent and intensity of non-climatic impacts, with either over-
correction or under-correction of the trends occurring in some instances (Rydval et al., 2015,
2018). This limitation could be tested and to some extent minimized by adjusting the detection
threshold (i.e., sensitivity) of the CID method as was done here in the context of pollution trend

detection in Subsection 4.2,

5.4.2 Impact of non-climatic factors on the climatic signals in tree-rings

Tree rings are one of the main proxies used in paleoclimatic research. However, as demonstrated
by the results presented in the previous subsections, the impacts of non-climatic factors on the
climatic sensitivity of tree rings can be substantial, although such impacts differed among
various tree ring parameters when considering different non-climatic factors (Subsection 4.1,
4.2).

The temperature signal in RW chronologies was influenced the most of all the examined
parameters, with weakening caused by either disturbance (Fig. 7) or pollution (Fig. 11),
considering also that RW chronologies exhibited the most pronounced growth variations
associated with non-climatic factors. The most heavily polluted sites displayed the greatest
continuous drop in the temperature signal (Fig. 12), and the pollution-induced signal declines in
RW chronologies were considerably more apparent than those induced by disturbance,
especially at site FA2 (Fig. 8), which was located within a historically polluted region. During
the most severely polluted period (i.e., the ‘POL’ period), the climatic signals were observed to
reduce substantially or even become absent in RW chronologies (Fig. 11). In addition, the
assessment of the impact of disturbance on the climatic signals in RW was also influenced by
the temporal misalignment between the detected disturbance periods and available instrumental
data, which can lead to an underestimation of this impact. From a long-term perspective, the
instabilities of RW climatic signals displayed in the studied sites examined in this thesis,
revealed the impacts of traditionally less considered non-climatic factors on RW climatic signals,

indicating that a more considerate sampling or statistical approach is necessary in future studies.
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Unlike RW, LWBI performed quite well in capturing growing season temperature signals in
both disturbed and polluted areas, which highlights its advantages for conducting
dendroclimatological studies in these types of environments. The much stronger and more stable
temperature signals contained in LWBI chronologies that represent a broader growing season,
combined with its characteristic of being minimally impacted by non-climatic factors,
strengthens its utility as an efficient temperature-sensitive proxy parameter, as also indicated by
other studies (e.g., Wilson et al., 2016; Rydval et al., 2015, 2017a; Heeter et al., 2019; Wang et
al., 2020). Moreover, despite the non-climatic impacts on RW series, the difficulties of
attempting to extract climatic signals using this parameter can be avoided by developing LWBI
chronologies (Fig. 11). Latewood cell wall thickness appeared to display similar temperature
signals as those found in LWBI. Despite minor reductions in signal strength, the significance of
the detected signals for both LWBI and cell wall thickness was not influenced by either
disturbance (Fig. 8) or pollution (Fig. 14). With highly significant and temporally stable
temperature signals, cell wall thickness can also be considered a promising tree ring parameter

for temperature reconstruction in areas affected by non-climatic influences.

From the perspective of climate reconstruction, the temporally more stable temperature signals
contained in LWBI, as well as in latewood cell wall thickness, are crucial regarding the
stationarity assumption for climate reconstruction, as a stable linear relationship between the
tree-ring proxy and the target environmental driver is necessary. The unstable climatic signals
detected in RW chronologies due to various non-climatic factors (Fig. 8; Fig. 12) can
undoubtedly lead to reduced accuracy or reliability of reconstructions of certain climatic
variables (e.g., temperature), and potentially represent a contributing factor to the ‘divergence’
problem. The usefulness of the curve intervention detection method in improving the climatic
signals which may be influenced by non-climatic factors is mixed. In addition to being
susceptible to false positives/negatives to some extent, a further limitation of this method is that
it is not capable of detecting very short-term disturbance pulses (Bj&rklund et al., 2019). While
it is clear that non-climatic factors can impact climatic signals in tree ring datasets, the varying
degree of such impacts on the climatic signals of different tree-ring parameters could prove
useful in either informing the selection of suitable parameters for dendroclimatological purposes

or guiding efforts to reduce unfavorable non-climatic impacts on dendrochronological datasets.

5.4.3 Tree growth in central European Forests within the context of

climate change

Within the context of global warming, increases in extreme climate events such as drought,

along with an increased frequency of forest disturbances (e.g., wind, insect outbreaks, and forest
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fires, etc.), combined with historical environmental issues (e.g., pollution), trees and forests are
facing enormous developmental pressures (Seidl et al., 2014; King, 2017). In light of the global
impact of climate change, tree growth in Central European forests is inevitably influenced both
by climatic and non-climatic factors, which is supported by the findings of this thesis. In
particular, climatic factors (i.e., drought) appeared to play a prominent role in impacting tree
growth in the five studied species (Fig. 17), and the observed drought-induced growth reductions
have a profound impact on forest productivity in the studied region as demonstrated in Matula
et al. (2023) using dendrometer records. The increasing risk of drought faced by Central
European forests (Hl&ny et al., 2014), requires more attention. Species-specific drought
resistance provides valuable insights for increasing functional trait diversity in mixed forest
stands, which can help to strengthen the effectiveness of anti-drought measures (Pardos et al.,
2021). Additionally, afforestation initiatives should take into account the environmental
conditions of native habitats, for common species, such as for Norway spruce (Cienciala et al.,

2016), to ensure better adaptation of these species to new environments.

Though only a single species (Norway spruce) was investigated in relation to the impacts of
non-climatic factors, it provides a sufficient representation of the impacts of disturbance and
pollution on tree growth more generally. The findings indicate that Norway spruce will likely
become more vulnerable as a consequence of climate change. Due to its high ecological
plasticity and economic versatility (Schmidt-Vogt, 1977), Norway spruce is one of the most
important tree species in Central and Northern Europe. Its distribution has been significantly
expanded by the widespread cultivation of the species outside its natural range (Spiecker, 2003),
which has had both positive and negative effects (Spiecker, 2000), although secondary spruce
forests are especially vulnerable to changing climatic conditions (Hlasny et al., 2017). Both
forest managers and regional stakeholders should pay more attention to these considerations and
should try to reduce possible forest damage caused by either climatic or non-climatic factors in

order to stabilize forest production.

Furthermore, the elevational drought resistance results reveal the varying capacities of different
species to respond to climate change, and that even within the same species, the responses can
vary between high and low elevations (Fig. 18). As the analysis focused on evaluating the impact
of non-climatic factors only on high-elevation Norway spruce in relation to temperature
sensitivity, considerable uncertainties remain regarding the impacts on a broader range of
species over more extensive elevational gradients. Further investigations are therefore required
to explore these uncertainties, considering additional internal and/or external factors. Finally,
while the dynamics of tree growth impacted by various climatic and non-climatic factors were

mainly reflected in RW data, other tree-ring parameters, including Blue Intensity and
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guantitative wood anatomy parameters, were less affected. This indicates that the selection of
specific tree-ring parameters should reflect specific research objectives. For example, RW may
be more useful for monitoring tree growth dynamics, whereas Blue Intensity may be preferable
when attempting to capture temperature signals.

5.5 FUTURE RESEARCH PERSPECTIVES

The findings of this thesis indicated that both growth trends and climatic signals in tree rings
were influenced by non-climatic factors, with different tree ring parameters responding
differently to these impacts, and that the growth of trees in Central European forests is facing
challenges from both climatic extremes and non-climatic factors within the context of climate
change. There is a range of potential directions for future research related to the findings of this
thesis. This could involve further exploration to deepen the understanding of the current results
or expanding the research into broader areas. Firstly, considering that only a single species has
been investigated in the context of non-climatic impacts, it would be useful to extend the
research to include more species, since the responses of different species to the same non-
climatic factors could be either similar or differ considerably, as was observed in relation to
climatic factors by the differing reactions of various species to drought. Furthermore, as the
reaction of tree species with different phenological types is also unknown, whether broadleaves
and conifers respond similarly or differently to non-climatic factors could also be explored.
Secondly, variations of the investigated effects along different elevations could be investigated
considering the different micro-environmental conditions along an elevational gradient. Thirdly,
the effects of other non-climatic factors (e.g., soil type) could also be explored, especially for
the extension of the study on pollution impacts, since increased sulphur and nitrogen deposition
will accelerate soil acidification and affect soil chemistry, for example by depleting the ion-
exchange capacity of the soil complex and suppressing litter decomposition, ultimately
impacting tree radial growth (Kolaf et al., 2015; Oulehle et al., 2012). Furthermore, tree ring
parameters based on other techniques, such as wood density and especially wood anatomy,
should receive more attention. In the long run, the research presented in this thesis serves as a
valuable initial step in exploring the impacts of non-climatic factors on tree growth and the
climatic sensitivity of tree rings, which offers a solid foundation to improve future studies

involving climate reconstruction.
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6. CONCLUSION

In this thesis, | conducted extensive dendrochronological research involving Central and Eastern
European forests, covering a large geographical range including mountain areas across the entire
range of the Carpathian Mountains, as well as high and low elevation locations throughout the
Czech Republic. By exploring multiple tree-ring parameters and applying novel statistical
approaches, this work aimed to uncover the impacts of climatic and especially several non-
climatic factors on tree growth and tree-ring climatic sensitivity in an effort to examine forest
dynamics under climate change and explore options to improve the calibration of climate

reconstructions in areas affected by distinct non-climatic influences.

While the impacts of disturbance varied on different spatial and temporal scales, the disturbance
signature was particularly apparent in RW chronologies developed from smaller subsets of series
with lower replication, whereas this influence was diluted in large-scale regional chronologies
with abundant series replication. The susceptibility of different tree-ring parameters to
disturbance was also found to be quite variable, with LWBI representing the least influenced
parameter which contained stronger and more stable temperature signals. These characteristics
strongly indicate its greater suitability for dendroclimatic and climate reconstruction purposes
in areas affected by disturbance. In practice, either substantially increasing the sample depth and
the represented study area or adopting tree-ring parameters more resistant to the effects of
disturbance (such as LWBI) will help increase the utility of disturbance-impacted tree-ring
samples. Although some improvement could be achieved by applying the Curve Intervention
Detection method, its utility proved to be limited. Nonetheless, this thesis shows that it is
possible to use this method to detect pollution impacts, as distinct growth suppression trends
were identified for heavily polluted sites and periods. Such impacts were mainly observed in
RW chronologies in the forests of northern Bohemia within the range of the Black Triangle area.
Despite observing some limited improvements in RW chronologies after applying CID, the
stronger temperature signal and consistently better performance of LWBI with only minor
pollution impact once again demonstrated the advantages of utilizing this parameter in affected
areas. In addition, one of the quantitative wood anatomical parameters, i.e., cell wall thickness,
also showed higher resistance to pollution, indicating the dendroclimatic potential of QWA in

areas affected by pollution.

The primary climatic driver influencing both LWBI and CWT chronologies of high-elevation
Norway spruce within the studied area was found to be temperature over an extended growing

season (April to September) and these temperature signals appeared to be less affected by either
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disturbance or pollution. Although ring width chronologies were also able to retain a shorter (i.e.,
June to July) seasonal temperature signal, the temporal instability of this signal limited its utility,
particularly with the additional stressful influence of disturbance or pollution. Climatic factors
were undoubtedly the main environmental variables controlling tree growth. My detailed
evaluation of recent drought events on the growth of several major tree species throughout the
Czech Republic revealed widespread drought-related impacts. While all investigated species
suffered from severe growth reductions in response to extreme drought, the drought resistance
of different species was found to be variable, with Norway spruce being the most drought-

sensitive species, exhibiting higher vulnerability to the changing climate.

This thesis highlights the importance of considering the impacts of non-climatic factors on the
climatic sensitivity of tree ring datasets, especially the negative impacts of disturbance and
pollution on the widely used RW parameter. These findings are not only relevant for the studied
region, but also applicable throughout a broad geographical range where non-climatic factors
play a significant role. The varying sensitivity of different parameters to non-climatic impacts
and capability to represent robust climate signals can offer valuable guidance in selecting the
most suitable parameters for particular research purposes, especially for climate reconstruction
efforts. As Norway spruce is an ecologically and economically important tree species in Central
Europe, it is important to emphasize its vulnerability and relative inability to resist the impacts
of both non-climatic and climatic factors amid ongoing climate change. As a continuation of the
work presented in this thesis, further studies could explore either expanding the detection of
non-climatic impacts to additional species and consider other geographical or physiological
factors. Such efforts will contribute to further improving our understanding of the interplay

between climatic and non-climatic factors on the growth and climatic sensitivity of trees.
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APPENDIX A

APPENDIX A contains the additional supporting materials for Subsection 3.2/ 4.1/ 5.1.
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gridded monthly datasets covering 1901-2013 (available dataset when conducting this study) for
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Fig. A2. Residual series of disturbance-affected (RW_dis) and disturbance-corrected
(RW_dis_CID) chronologies. residual = RW_dis - RW_dis_CID; res_sum_10 = decadal
residual sum; res_sum_10y_abs = absolute decadal residual sum; res_sum_100y_abs = absolute

centennial residual sum. The period with the highest ‘res_sum 100y abs’ was defined as ‘severe

disturbance period’ (blue block) used in Fig. 3.
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comparison. ‘5 identified sites’ refer to the five severely disturbed sites identified by the curve
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Fig. A4. Release history for all studied sites. Release event (%) was calculated using the decadal
number of release events and replication [release event (%) = decadal number of release events
/ decadal averaged replication]. Calculation was based on release history of all series in each
site. Red stars mark sites classified as ‘severely disturbed’ and selected for RW / BI disturbance

trends assessment.
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affected (RW_dis) and disturbance-corrected (RW_dis_CID) chronologies. Chronologies were

developed only using disturbance-affected released series from each site. The majority of the

green curve (RW_dis) and black curve (RW_dis_CID) are overlapped representing the similar

growth trends. The non-overlapped parts (where the green curve overflowed from the

overlapped part) indicate the disturbance trends which have been detected by curve intervention

detection (CID) method. Red stars mark the selected detected severely disturbed sites for further

com

parison.
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Fig. A6. RW (RW) chronology structure comparison between disturbance-affected (RW_dis)
and disturbance-corrected (RW_dis_CID) chronologies composed only of series with release
events which occurred within the ‘severe disturbance’ period (indicated in Fig. 3) for five sites
classified as ‘severely disturbed’, highlighting the presence of disturbance trends (Subset B).
Green shading indicates disturbance trends identified by the CID method and represents the
difference between the RW_dis and RW_dis_CID chronologies. Release event (%) (red line)
was calculated using the decadal number of release events and replication [release event (%) =
decadal number of release events / decadal average replication]. Blue shading represents series

replication. All chronologies were truncated to the period with replication > 10 series.
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Fig. A7. Temporal release distribution for different sample subsets. The distributions represent
the start year of all release events within each site / region. Changes in the distribution timeline
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comparison of each subset) and the release event disturbance history in Figs. 2-4. The filled stars
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Fig. A9. Seasonal temperature (April - September) timeseries and site-level chronology structure
comparisons among three RW subgroups (RW_dis; RW_dis_CID; RW_undis) and two BI
subgroups (BI_dis; BI undis) for five sites classified as ‘severely disturbed’. Temperature data
correspond with the location of the respective site. HT, LT, FA and CAL represent High Tatras,
Low Tatras, Fagaras and Calimani mountains, separately. Correlation coefficients between

climate and chronologies are listed in Table. 3.
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Mean Mean Mean No. of No. of
Region Site name longitude latitude elevation . released release
code series
9 9 (mas.l) series events
Bielovodska dolina BEL 20.12 49.19 1343 373 162 351
Hlina HLI 19.90 49.19 1432 538 125 190
Koprova dolina KOP 19.98 49.17 1430 449 139 249
Osobita 0sOo 19.72 49.26 1363 389 127 252
Ticha dolina TIC 19.95 49.22 1413 534 119 188
Bystra BYS 19.47 49.17 1409 462 132 194
Slovakia DU
Dumbier M 19.66 48.95 1495 517 211 383
Janosikova Kolkaren  JAK 19.20 49.01 1308 672 210 363
Javorova JAV 20.16 49.22 1438 236 103 203
Zadne Medodoly MED 20.19 49.23 1499 216 80 120
Pilsko PIL 19.32 49.52 1328 335 117 216
Polana POL 19.49 48.64 1379 378 156 225
Smrekovica SMR 19.43 48.95 1386 299 106 184
Arpaselu FAO 24.63 45.64 1505 320 97 142
Sambata FAl 24.80 45.64 1496 332 126 200
Ucisoara FA2 24.72 45.64 1425 372 123 220
Vistea Mare FA3 24.74 45.64 1460 318 122 217
Ucea Mare FA4 24.70 45.64 1458 328 148 248
:)l:’r::lnia Arpasul FA5 24.67 45.63 1450 370 136 262
Doamnei FAG 24.59 45.63 1515 314 110 189
Boia Mica FA8 24.43 45.55 1464 379 137 236
Capra FA9 2461 45.57 1573 369 80 115
Belia Fgl 24.97 45.62 1476 370 151 252
Cerbului CER 25.28 47.14 1629 101 41 69
R,:r:::ia Cocos CcocC 25.23 47.07 1570 309 84 125
Dragus DRA 25.20 47.07 1586 124 42 70
Ursul URS 25.26 47.11 1577 889 441 794
Giumalau GIU 25.47 47.44 1428 2117 664 1157
Grophal GR1 23.93 48.60 1378 459 155 237
Ukraine Gropha2 GR2 23.90 48.61 1354 393 148 242
Gropha3 GR3 23.92 48.61 1320 390 143 264
Syvulyal Syl 24.09 48.56 1426 537 201 395
Syvulya2 SY2 24.16 48.54 1355 384 125 208
Syvulya3 SY3 2411 48.50 1298 388 117 235
Total 34 sites - - - - 14961 5178 8995

Table Al. General information for all studied sites. ‘No. of series’ refers to the number of

measured time series for each site / region. ‘No. of released series’ refers to the number of
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measured time series of all released cores in each site / region. ‘No. of release events’ refers to

the number of release events that occurred in each site / region calculated from all released cores.
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APPENDIX B

APPENDIX B contains the additional supporting materials for Subsection 3.3/ 4.2/

5.2.

Table B1. Positive (Pos) and negative (Neg) extreme years detected by pointer year analysis.

A.RW
Neg 1956 1979 1980 1981 1982
p-value 0.01011  0.01037 0.00013 0.00222 0.01818
NE Pos 1999 2001
p-value 097644  0.97519
Neg 1956 1974 1978 1980 1982 1983 1984 1986
cK p-value  0.00292 0.02222 0.00619  0.00054 0.01705 0.01505 0.02066  0.00256
Pos 2004 2007 2009 2012
p-value 099710 0.99341  0.99827  0.98361
Neg 1948 1974 1980 1984 1995 1996 2003
p-value  0.01032 0.00540 0.00112 0.00765 0.01455 0.02178  0.01464
SUO Pos 1934 1959 1963
p-value 098938  0.97797  0.99639
Neg 1948 1965 1971 1974 1980 1995 1996
SM p-value 0.00275  0.00571  0.01930 0.00290 0.00176  0.01855  0.00084
R Pos 2009 2012 2018
p-value 097690  0.99810  0.99576
Neg 1980 1984 1985
PIL p-value 0.00003  0.00151  0.02212
Pos 1946
p-value  0.98789
Neg 1971 1973 1974 1980 1984
p-value  0.02098 0.02151  0.01069  0.00470  0.02235
SO Pos 1946 1953 1954 1979
p-value 0.99596  0.97883  0.98492  0.98590
B. Bl
Neg 1962 1967 1976 1978 2001
p-value 0.0208 0.0213 0.0159  0.0000  0.0065
NB 5 4 7 1 1
Pos /
p-value /
CK Neg 1912 1972 1974 1976 1978 1983 1986 1988
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p-value 0.0028 0.0033 0.0154  0.0152 0.0009 0.0074  0.0000 0.0215
8 9 1 5 2 4 1 8
Pos /
p-value /
Neg 1924 1977 1978 1980 1982 1984 1987 1993 2003
p-value 0.0154 0.0216  0.0042 0.0051 0.0242 0.0007 0.0158 0.0148 0.0140
SUO 5 0 9 6 4 9 3 2 9
Pos 1934
p-value  0.9852
8
Neg 1948 1976 1978 1984 1995
p-value 0.0121 0.0196 0.0139 0.0074  0.0010
SM 6 7 5 5 1
R Pos 2012 2015 2016 2017 2018 2019
p-value 09883 0.9842 0.9910 0.9949 0.9976  0.9976
9 3 2 8 1 1
Neg 1978 1980 1984 1987 1988
p-value 0.0239 0.0000 0.0029 0.0136 0.0021
PIL 8 0 8 3 0
Pos /
p-value /
Neg 1940 1976 1978 1980
p-value 0.0049 0.0005 0.0000 0.0013
2 0 3 4
SLO
Pos 1963
p-value 0.9754
4
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Fig. B1. Long-term trends of the modelled total sulphur deposition for the four studied locations
during the 1900-2020 period. This dataset was extracted from the 1900-2050 EMEP MSC-W

model. Vertical dashed lines mark the year with the highest average deposition.
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Fig. B2. Variability and trends of two sets of temperature and precipitation datasets. CRU is the
Climate Research Unit TS 4.07 dataset, CHMU is the spatially interpolated meteorological
station dataset of the Czech Hydrometeorological Institute. The climatic series are shown for
individual sites (shades of grey) along with average conditions for all locations (AVE).
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Fig. B3. Detrending method comparison for RW / Bl tree ring data. For RW, three detrending
methods were compared, including ‘ModNegExp’ (a modified negative exponential curve),
‘AgeDepSpline’ (an age-dependent spline), and ‘Spline’ (a smoothing spline with a 50%
frequency response of 10 and 100 years). RW series were detrended using power-transformed
data and residuals were computed via subtraction. For BI, the method ‘Mean’ was also included,
representing a linear function through the mean with zero slope (B.(a)). Additionally, the ‘Spline’
method was used to compare smoothing splines with varying flexibility (incl. a 50% frequency
response of 10, 100, 500, and 1000 years) (B.(b)). Bl data were detrended using inverted BI
series and residual index values were computed via subtraction. ‘raw’ represents raw
measurement series without the application of any detrending method. The comparison shows
that there were no major differences between the ‘AgeDepSpline’ and ‘ModNegExp’ methods
for RW, while the smoothing spline flexibility influenced the retention of longer-term trends.
We decided to opt for the negative exponential curve to detrend RW series in this study. As there
were also no major difference between the various methods explored for detrending Bl series,
we opted for the method ‘spline’ with a very inflexible smoothing spline (with a 50% frequency

response of 500 years) intended to represent a negative linear trend.
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A.Ring width chronology

B.Blue intensity chronology
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Fig. B4. Positive (Pos) and negative (Neg) extreme years detected by pointer year analysis

performed for RW and BI chronologies.
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Fig. B5. Long-term trends of cell wall thickness (CWT) and lumen area (LA) of segments 1-10
(form earlywood to latewood) for site CK and SLO. Units of CWT and LA are um. Series are
truncated before 1900.
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Fig. B6. Growth climate correlations between different tree ring (RW and BI) chronologies and
CRU TS 4.07 monthly / seasonal temperature for different pollution periods. The FULL period
represents the common period for all sites from 1902-2012 (except for NB which starts in 1928).
Pre-POL, POL and post-POL represent the pre-pollution period (1911-1950), heavily polluted
period (1951-1990) and post-pollution period (1991-to variable end year for each site with the
temporal span based on replication with 10 or more series — see Table 2), respectively. Only
significant correlations are displayed with a significance level of 0.01. Lowercase letters along
the x-axis indicate months of the previous year relative to the growth year.
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Fig. B7. Growth climate correlations between original ring width (RW) and CID-treated
chronologies using standard (RW_cid_def; 3.29 st.dev.) and more sensitive (RW_cid_sen; 2.81
st.dev.) detection settings with monthly / seasonal CRU TS 4.07 temperatures for the period
1902-2012 (except for NB which starts in 1928). Only significant correlations are displayed with
significance level of 0.01. Lowercase letters along the x-axis indicate months of the previous

year relative to the growth year.

153



SMR

SUO A

CK -

NB -

RW_cid_def

SMR A

SUO A

CK A

NB -

Site

RW_cid_sen

SMR

SUO+

CK A

NB -

SMR -
SUO A
CK -

NB -

aug

sep

oct

nov

dec

- D
r o« > o 3 2
z @ 2 £ %2333 L 2 <
S L= € = 5 S g w5
< <«

Month/Season

Correlation

l 0.50

0.25

0.00

l -0.25

Fig. B8. Growth climate correlations between different tree ring chronologies and monthly /

seasonal instrumental temperature (dataset from the CHMU meteorological stations) for the

period 1962-2012. Only significant correlations are displayed with a significance level of 0.01.

Sites PIL and SLO are not included as the instrumental climate data from the CHMU dataset

were not available for those locations.
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chronologies using standard (RW_cid_std; 3.29 st.dev.) and more sensitive (RW _cid_sst; 2.81

st.dev.) detection settings, and optimal seasonal temperatures for each parameter (selected

according to seasonal correlation results in Fig. 4). The correlation periods were truncated before

1902 and replication for all sites over the entire period reached or exceeded 10 series.
Chronologies were correlated with Jun-Jul (for sites SMR, SUO, SLO and PIL) and Apr-Aug
(for sites NB and CK) seasonal CRU TS 4.07 temperatures. Horizontal bold dashed lines

represent the 0.01 significance level. Solid curves represent smoothed values using the ‘loess’

method (with the following parameter settings: n = 80, span = 0.4) in the R package ‘ggplot2’.
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Fig. B10. Growth climate correlations between lumen area (LA) and temperature for different

pollution periods of site CK and SLO, respectively. Only significant correlations are displayed

with significance level of 0.01.
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Fig. B11. Growth climate correlations between lumen area (LA) and SPEI for different pollution
periods of site CK and SLO, respectively. Only significant correlations are displayed with
significance level of 0.01.
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Fig. B12. Long-term trends of tree growth represented by different tree ring parameters and
pollution history of all studied sites (unsmoothed). (A) and (B) display the ring width (RW) and
blue intensity (BI) chronologies. (C) and (D) display the cell wall thickness (CWT) of segments 8-
10 for sites CK and SLO. (E) and (F) display the sulfur and nitrogen deposition for the period 1950
to 2013. RW and BI chronologies are truncated before the year 1900 and the replication of all sites
over the period 1900-2013 exceeds 10 series, except for the start year for CK and SLO are 1928 and

1917, respectively. Vertical dashed lines mark years with the highest average pollution levels (E, F)

and the lowest average growth values of different parameters (A-D). Horizontal dashed lines in C
and D represent the average CWT of segment 10 for site CK (for the 1900-2016 period) and SLO
(for the 1900-2008 period), respectively.

158



APPENDIX C

APPENDIX C contains the additional supporting materials for Subsection 3.4/ 4.3/ 5.3.

Equation C1. Final GAMM model
sqrt(Rt) ~ Species + Year + Species x Year + s(SPEI, Species) + s(Elevation)
lotid
+ s(Age) + s(Size) + ti(SPEI, Elevation) + ti(SPEI,Age) + (p )

treeid
+r (Equation.S1)
where Species is the species identity (factorial variable, 5 levels, ‘Fagus sylvatica’ as the

reference level), Year is the drought year (factorial variable, 3 levels, ‘2003’ as the reference
level), SPEI is the site-specific SPEI value during the drought (unitless), Elevation is the
elevation (inm a.s.l.), Age is the tree age during the drought year (based on ring count, in years),
Size refers to accumulated tree basal area (in cm?), plotid and treeid are unique identifiers for
plots and trees, respectively. ‘s’ indicates that a variable was fitted using a smoothing spline,

and ‘ti” stands for the tensor product fit of interaction terms, and ‘r’ is the residual error term.
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Fig. C1. DBH and age distribution of the five species. ‘dbh_mm’ is the diameter at breast height

in mm. ‘age’ is the lifespan of each tree. ‘count’ is the number of trees.
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Fig. C5. Impacts of the dry period (2015-2019) and extremely dry years (2003, 2015, 2018)
on tree growth (BAl-based). Panels A and B represent linear modeled logarithmic transformed
least-square means of the ratio (drought resistance) between the average BAI of the 2015-2019
and 2005-2009 periods (plain squares, back transformed to the original scale) and 95%
confidence intervals. Results are shown (A) by species, and (B) by elevation classes, for beech
and spruce (i.e., the only two species distributed across the entire elevation gradient). In (B),
elevation higher than 650 m a.s.l was defined as “high elevation”, and below or equal to 650 m
a.s.l. was defined as “low elevation”. (C) Displays the logarithmic transformation least squares
models of a ratio between growth rate during the individual drought year and the mean growth
rates for the two years immediately preceding the dry event. Different letters at the top of each
panel indicate significant differences in mean values (p<0.05). The black dashed lines denote a

ratio of 1, indicative of the BAI during the reference period.
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Fig. C6. Links between drought impact (Drought resistance), trees’ sensitivity to variability in
moisture availability (Sensitivity to SPEI, assessed by the Spearman’s rank between RWI and
SPEI12) and growth trends (Growth trends, Sen’s slope of RWI through the 1995-2019 time-
period) in high (> 650 m) and low (< = 650 m) elevations of two species (the only two species
distributed over the whole elevation gradient). Dots represent observed values, lines and
shadings indicate regression lines and 95% confidence intervals, respectively. Also shown are

the Spearman rho (‘r’) and p-values.
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Fig. C7. Links between drought resistance, tree sensitivity to variability in moisture availability
(i.e., sensitivity to SPEI, based on Spearman’s rank coefficient between BAI and SPEI12) and
growth trends (based on Sen’s slope of BAI) during the period of 1995-2019. Dots represent
observed values, and shadings indicate 95% confidence intervals. Spearman rho (‘r’) and p-

values are also presented.

166



Fig.

Histogram of residuals

o
o _
w
o
- (=]
g 8+
uJ -
3
o
8 _
(1
o
o -
uw
o - !
T T T T T 1
-1.0 -0.5 0.0 0.5 1.0 1.5
Residuals

C8. Model residual diagnostics (RWI based model).

167



species Fagus sylvatica Picea abies @ Pinus sylvestris @) Quercus petraea Quercus robur SPEl — 25 2 45

(A) ©)'= (B)
124 4
f 1.00
@
) g ‘5
@ % 7]
@ 1.0 K ez 2
2 Lo7s =
z £ 2 | R —
) \ S - g
3 <] 208
B a a
+ 0.50
0.6 . 03
' ' ' 025 T T T T
2003 2015 2018 0 100 200 0 1000 2000 3000
Year Tree Age (yrs) Tree Size (cm2)
2.5
(B) (D) (F) 125
1.0+
20
1.00
] 808+ ]
2 2 c
o] 5} ot
2 W a
= —/-/ £ Eors
5 —_— H06- 5
Ej S D
2 < 2
[T o a
0.50
0.4+
0.5
' . ' ! 0251+ T .
=25 0 -8 1.0 0.5 200 400 600 800 1000 -3 -2 -1
SPEI (unitless) Elevation (m) SPEI (unitless)

Fig. C9. Drivers of drought resistance (BAl based). Displayed are predicted mean values
(dots) and their 95% confidence intervals (lines) in A, as well as functions (lines) and confidence
bounds (shadings) in B - F, indicating the resistance of trees to extreme dry years. The
relationships are presented between (A) SPEI, year and species, as well as functions for SPEI
and (B) species, (C) tree age, (D) elevation, (E) tree size, and (F) SPEI for single species.
Predictions were made based on the generalized additive mixed model (Equation 1). For each
panel, explanatory variables other than the variable of interest were fixed to their mean values;
in panels B-F results are based on the year 2018, and in panels C-F, results are based on the tree

species Norway spruce.
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(A) Parametric terms

Variable Estimate  Std. Error tvalue p-value  Signif.
(Intercept) 0.87 0.01 62.07  0.0000 ***
Species Picea abies (vs Fagus sylvatica) 0.00 0.02 -0.13 0.8958 NS
Species Pinus sylvestris (vs Fagus sylvatica) 0.11 0.02 5.62 0.0000 ***
Species Quercus petraea (vs Fagus sylvatica) 0.05 0.02 211 0.0353 *
Species Quercus robur (vs Fagus sylvatica) 0.05 0.03 1.76 0.0792 NS
Year 2015 (vs 2003) 0.14 0.01 10.01 0.0000 ***
Year 2018 (vs 2003) 0.22 0.02 12.11 0.0000 ***
Species Picea abies: year 2015 -0.20 0.02 -9.45 0.0000 ***
Species Pinus sylvestris: year 2015 -0.27 0.02 -11.74 0.0000 ***
Species Quercus petraea: year 2015 -0.10 0.02 -4.90 0.0000 ***
Species Quercus robur: year 2015 -0.07 0.03 -2.19 0.0284 *
Species Picea abies: year 2018 -0.27 0.02 -11.29 0.0000 ***
Species Pinus sylvestris: year 2018 -0.32 0.02 -13.07 0.0000 ***
Species Quercus petraea: year 2018 -0.04 0.02 -1.73 0.0832 NS
Species Quercus robur: year 2018 -0.03 0.03 -0.98 0.3254 NS
(B) Smooth terms
Variable Estimate  Std. Error tvalue p-value  Signif.
S(SPEI): Species Fagus sylvatica 1.80 2.00 5.26 0.0026 **
S(SPEI): Species Picea abies 1.67 2.00 18.89 0.0000 ***
S(SPEI): Species Pinus sylvestris 1.78 2.00 19.78 0.0000 ***
S(SPEI): Species Quercus petraea 0.00 2.00 0.00 0.7651 NS
S(SPEI): Species Quercus robur 1.70 2.00 10.00 0.0000 ***
s(Elevation): Species Fagus sylvatica 1.02 2.00 3.55 0.0044 **
s(Elevation): Species Picea abies 1.17 2.00 6.41 0.0002 ***
s(Elevation): Species Pinus sylvestris 0.00 2.00 0.00 0.7393 NS
s(Elevation): Species Quercus petraea 0.00 2.00 0.00 0.4670 NS
s(Elevation): Species Quercus robur 0.00 2.00 0.00 0.3907 NS
s(Age): Species Fagus sylvatica 0.00 2.00 0.00 0.3374 NS
s(Age): Species Picea abies 0.76 2.00 1.37 0.0521 NS
S(Age): Species Pinus sylvestris 0.00 2.00 0.00 0.8056 NS
S(Age): Species Quercus petraea 0.76 2.00 1.34 0.0495 *
S(Age): Species Quercus robur 0.00 2.00 0.00 0.8643 NS
s(Size): Species Fagus sylvatica 0.00 2.00 0.00 0.3143 NS
s(Size): Species Picea abies 1.55 2.00 7.22 0.0001 ***
s(Size): Species Pinus sylvestris 0.00 2.00 0.00 0.2677 NS
s(Size): Species Quercus petraea 0.68 2.00 0.79 0.0976 NS
s(Size): Species Quercus robur 0.00 2.00 0.00 0.4319 NS
ti(SPEI, Elevation) 3.48 4.00 8.83 0.0000 ***
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ti(SPEI, Age)
ti(SPEI, Size)
ti(Elevation, Age)
ti(Elevation, Size)
ti (Age, Size)

1.99
0.00
0.00
0.89
0.00

4.00
4.00
4.00
4.00
4.00

2.69
0.00
0.00
0.62
0.00

0.0020
0.6168
0.7969
0.0586
0.3391

**

NS
NS
NS
NS

Table C1. Outputs from the GAMM global model (RWI based). Shown are estimated

coefficients, standard errors, and t-values for parametric terms, estimated degree of freedom

(edf), reference degree of freedom (Ref. df), F-value (F) for smooth terms. Significance levels

(Signif.) are as follows: NS = non-significant; * = p-value < 0.05, ** = p-value < 0.01, *** = p-

value < 0.001.
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(A) Parametric terms

Variable Estimate  Std. Error tvalue p-value Signif.
(Intercept) 0.88 0.01 65.91  0.0000 ***
Species Picea abies (vs Fagus sylvatica) 0.00 0.02 0.00 0.9968 NS
Species Pinus sylvestris (vs Fagus sylvatica) 0.10 0.02 5.34 0.0000 ***
Species Quercus petraea (vs Fagus sylvatica) 0.06 0.02 2.44 0.0147 **
Species Quercus robur (vs Fagus sylvatica) 0.06 0.03 1.94 0.0526 NS
Year 2015 (vs 2003) 0.14 0.01 9.80 0.0000 ***
Year 2018 (vs 2003) 0.22 0.02 11.71 0.0000 ***
Species Picea abies: year 2015 -0.21 0.02 -9.81 0.0000 ***
Species Pinus sylvestris: year 2015 -0.27 0.02 -11.69 0.0000 ***
Species Quercus petraea: year 2015 -0.10 0.02 -4.96 0.0000 ***
Species Quercus robur: year 2015 -0.08 0.03 -2.45 0.0144 **
Species Picea abies: year 2018 -0.27 0.02 -11.55 0.0000 ***
Species Pinus sylvestris: year 2018 -0.32 0.02 -12.90 0.0000 ***
Species Quercus petraea: year 2018 -0.04 0.02 -1.59 0.1128 NS
Species Quercus robur: year 2018 -0.04 0.03 -1.12 0.2636 NS
(B) Smooth terms

Variable edf Ref.df F p-value  Signif.
S(SPEI): Species Fagus sylvatica 1.82 2.00 6.18 0.0010 **
S(SPEI): Species Picea abies 1.68 2.00 19.61 0.0000  ***
S(SPEI): Species Pinus sylvestris 1.78 2.00 18.80 0.0000 ***
S(SPEI): Species Quercus petraea 0.00 2.00 0.00 0.7890 NS
S(SPEI): Species Quercus robur 1.66 2.00 9.29 0.0000 ***
s(Elevation) 1.54 2.00 8.59 0.0000 ***
s(Age) 1.13 2.00 3.78  0.0039 **
s(Size) 1.63 2.00 10.22 0.0000 ***
ti(SPEI, Elevation) 3.48 4.00 9.03  0.0000 ***
ti(SPEI, Age) 2.00 4.00 250 0.0031 **

Table C2. Outputs from the GAMM final model (BAI based). Shown are estimated
coefficients, standard errors, and t-values for parametric terms, estimated degree of freedom
(edf), reference degree of freedom (Ref. df), F-value (F) for smooth terms. Significance levels
(Signif.) are as follows: NS = non-significant; * = p-value < 0.05, ** = p-value < 0.01, *** = p-
value < 0.001. Non-significant variables have been removed from the final model based on AIC

scores.
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