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Abstract 

This study investigated the causes of forest dieback during the 1970s and 1980s in Central Europe, 

focusing on Norway spruce and European beech in three regions with differing pollution histories: the 

Swiss Central Plateau (SCP), the Black Forest (BF), and the Black Triangle (BT). Dendroecological 

analyses of tree-ring widths and stable carbon isotope (δ¹³C) data were used to assess tree responses to 

stress. The study analyzed sulfur oxides (SOₓ), nitrogen oxides (NOᵧ), and ammonia (NHₓ) deposition, 

alongside extreme drought events and climate variability. It is suggested that drought, along with bark 

beetle outbreaks, was the main cause of tree stress, tree mortality and forest dieback at the SCP and BF 

sites. The severe 1976 drought strongly reduced spruce growth, while the deeper-rooted beech showed 

greater resilience but also experienced stress during extreme drought events. At the BT site, high sulfur 

deposition combined with nitrogen deposition  led to severe soil acidification, nutrient imbalances, and 

physiological damage, making  pollution the main cause for stress on trees. Extreme frost events and 

cold summers exacerbated stress at BT, particularly for spruce, which is more sensitive to pollution and 

suffered prolonged growth stagnation. In contrast, beech, although more affected by frost and thus ini-

tially showing a faster decrease in growth, recovered more quickly. Droughts also put additional stress 

on the trees at BT but were not a major factor in the growth declines of the 1970s and 1980s. Nitrogen 

deposition initially stimulated growth at the SCP and BF sites but later heightened drought sensitivity, 

contributing to increased drought stress in recent years alongside the rising frequency of severe droughts. 

In recent years, drought has become a growing problem even at BT, where pollution previously over-

shadowed its effects. This study highlighted the interaction of climatic extremes, air pollution, site-spe-

cific factors, and species-specific traits in impacting forest health. Long-lasting legacy effects from pol-

lution remain important at BT, while increasing frequency of severe droughts endangers forest resilience 

across Central Europe. Understanding these dynamics is central for sustainable forest management and 

adapting to future environmental challenges. 
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1. Introduction 

1.1 Forest dieback in Central Europe 

During the last century several episodes of forest decline occurred in Central Europe. One of the most 

publicly discussed occurred in the 1970s and 1980s. It was characterized by widespread symptoms of 

tree damage and tree mortality across Central Europe. The phenomenon was impacting species like 

Norway spruce (Picea abies), European beech (Fagus sylvatica), and silver fir (Abies alba). Prior to the 

1970s some isolated observations of declining tree health, mainly yellowing of foliage and needle 

browning, were reported in areas close to industrial centers. At this time, forest decline was mostly 

observed near heavily polluted zones and was not yet recognized as a widespread issue or even a broader 

crisis. The scale of damage had not yet become a major public or scientific concern (Kolář et al. 2017). 

At the end of the 1970s a sharp decline of silver fir stands was observed in some parts of Germany, a 

phenomenon termed Tannensterben or "fir dieback" (Schütt 1977). It was also observed in large areas 

of Central Europe, including Switzerland, with an alarming dieback in the ‘Black Triangle’, a heavily 

industrialized region at the Czech-German-Polish border. This area was severely affected by local in-

dustrial pollution during the 1970s and 1980s, as well as in previous decades, due to coal mining and 

brown coal combustion in power plant stations (Kolář et al., 2017; Rydval and Wilson, 2012; 

Schweingruber et al., 1983). 

Later, during the 1980s, a more diffuse and widespread decline in both coniferous and broadleaved 

forests was observed across Central Europe. This broader phenomenon, termed Waldsterben or “forest 

dieback” impacted also key tree species like Norway spruce and European beech. Affected trees showed 

a variety of distinct symptoms including needle and leaf discoloration or loss, necrosis, crown thinning, 

dead or declining branches, reduced radial growth, altered sprout formation, fine root decay and resin 

bleeding. Also, symptoms already known from water-stress or nutrient deficiencies have been observed.  

Due to the diversity of these symptoms, it was assumed to be an unprecedented disease often leading to 

the death of affected trees which then results in forest dieback. Unlike earlier, localized damage near 

polluted industrial centers, this large-scale forest decline was characterized by complex and heterogene-

ous symptoms that scientists struggled to explain, leading to growing concern that Central Europe faced 

an ecological crisis (Schütt and Cowling 1985; Cherubini et al. 2021). 

As the area of affected forests rapidly expanded, mass media coverage heightened public concern over 

the widespread forest damage in Central Europe. Waldsterben became a widely recognized term, as 

media showed the severity of the dieback through powerful imagery and headlines, triggering public 

shock and panic reactions. The discourse was about an environmental crisis with serious implications 

for forest health and public well-being. The issue became an important political topic, highlighting the 

cultural and ecological importance of forests, particularly in Germany where forests are considered a 

symbol of national identity. Thus, it was elevated from an environmental problem to a crisis of national 
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heritage. Waldsterben became a symbol of the growing fear of the destructive potential of human activ-

ities on the environment, creating strong emotional responses from the public (Fig. 1 and 2). Environ-

mentalist movements emerged supported by poor or nonexistent science (Von Detten et al. 2012; Che-

rubini et al. 2021).  

Fig. 1: Poster from the group Aktion Waldsterben of Freiburg, Germany in 

the 1980s: power stations sulphurize, politicians waffle and the forest dies 

(source: Mitwelt Stiftung Oberrhein) 

Fig. 2: Demonstration against Waldsterben in front of the federal parlia-

ment building in Bern, Switzerland 1984 (source: ETH Library) 

 

 

The limited scientific understanding of Waldsterben in its early stages can be attributed to the assumed 

unprecedented scale and complexity of its symptoms. This made it challenging to study the phenomenon 

as there was no established framework or method for investigating it. Early signs of forest decline were 

limited to localized and small-scale occurrences, often attributed to specific environmental conditions. 

As a result, the issue did not gain notable scientific attention until it was assumed to be a widespread 

and large-scale phenomenon (Roberts 1983; Schütt and Cowling 1985). However, as research advanced, 

extensive dendroecological and dendroclimatological studies were conducted, more and more of these 

provided valuable insights into the forest decline associated with Waldsterben (Kandler and Innes 1995). 

Air pollution was identified as a key factor driving forest dieback in Central Europe, particularly in the 

heavily industrialized Black Triangle region. More recently studies highlighted that climate stressors 

also exacerbate the impact on already weakened forests (Bosela et al., 2019; Cienciala et al., 2018; Kolář 

et al., 2017; Rydval and Wilson, 2012; Vacek et al., 2020). 

In less polluted areas, various growth patterns and underlying reasons were identified during the 1970s 

and 1980s. In contrast to the observation of strongly declining fir, spruce and beech growth, maintained 

stable or even slightly increased at some sites during that period (Dulamsuren et al. 2017; Bosela et al. 

2018). Although contradicting observations were made, reduced growth trends for all three species have 

been noted at several sites in less polluted areas across Central Europe which were in many cases 
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suggested to be attributed to drought (Dulamsuren et al. 2017; Kolář et al. 2017; Krejza et al. 2021; 

Spiecker and Kahle 2023). Despite the general observation of negative effects of drought on growth of 

all three species, differing statements were made about their drought sensitivity (Dulamsuren et al. 2017; 

Bosela et al. 2018; Leuschner and Meier 2018). Thus, many findings are contradictory, as the complexity 

of factors influencing tree growth leads to various explanations. Since tree growth represents the com-

bined effects of numerous interacting factors across space and time throughout a tree's lifespan, forest 

decline emerges as a similarly complex phenomenon with multiple, interconnected causes. As a result, 

the general underlying causes of forest dieback during the 1970s and 1980s could not always be identi-

fied with certainty (Schweingruber 1996; Bosela et al. 2018; Cienciala et al. 2018; Bosela et al. 2019; 

Cherubini et al. 2021). 

1.2 Air pollution and acid rain  

The rapid industrialization of Central Europe, particularly after World War II, led to a dramatic increase 

in air pollution, primarily due to emissions of sulfur dioxide (SO₂), nitrogen oxides (NOₓ), and particu-

late matter from coal-fired industries, factories, and transportation. Additionally, agricultural intensifi-

cation contributed to an increase in reduced nitrogen compounds (NHₓ). Variations in sources, such as 

agriculture, industry, households, and traffic, combined with differing atmospheric deposition rates, 

have resulted in distinct spatial and temporal patterns of N deposition between reduced and oxidized 

compounds. NOₓ deposition is more prevalent in urban and industrial areas, while NHₓ deposition is 

predominantly found in agricultural and rural regions (Kopáček and Veselý 2005). N deposition can 

have both positive and negative effects on ecosystems. While it may enhance plant growth through fer-

tilization, high N inputs can also cause toxicity to above-ground plant parts, leading to growth reduc-

tions, leaf injury, and changes in plant physiology (Braun et al. 2017; Tresch et al. 2023). Industrial 

centers like the Ruhr region in Germany, Upper Silesia in Poland, and Bohemia in the Czech Republic, 

became hotspots of air pollution. Forests near these point-polluted areas, particularly in the Black Tri-

angle, showed classic symptoms of SO₂ toxicity, such as needle browning, crown thinning, and defoli-

ation (Keller 1984; Landolt and Keller 1985; Rydval and Wilson 2012; Kolář et al. 2017). By the 1970s, 

studies soon identified acid rain, formed when SO₂ and NOₓ combined with atmospheric moisture, as a 

significant driver of forest ecosystem degradation. Acid rain caused the acidification of forest soils, 

leading to the leaching of essential nutrients such as calcium and magnesium, as well as the mobilization 

of harmful metals such as aluminum. This combination weakened tree roots and limited their uptake of 

water and essential nutrients. The direct as well as the long-term effects of acid rain resulted in wide-

spread growth declines, reduced resilience, and increased tree mortality (Bosela et al., 2018; Kolář et 

al., 2015; Rydval and Wilson, 2012). 

The concept of critical loads emerged as an important tool for understanding and managing the impacts 

of air pollution on ecosystems. A critical load is defined as the threshold of deposition of a specific 

pollutant below which, according to current knowledge, no significant harmful effects occur on sensitive 
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elements of the environment (Nilsson and Grennfelt 1988; Grennfelt et al. 2020). In forest ecosystems, 

this threshold is particularly important in determining the deposition limits for sulfur (S) and nitrogen 

(N) compounds that ecosystems can tolerate without irreversible damage. When critical loads are ex-

ceeded, soil acidification, eutrophication, and vegetation stress occur, which, together with climatic 

stress, contribute to increased tree mortality. The distinction between acidification and eutrophication is 

central for understanding the impacts of S and N deposition. Acidification primarily results from SO₂ 

and NOₓ, while NHₓ also contributes indirectly through soil processes such as nitrification. These com-

pounds lower soil pH, deplete base cations, and increase the mobility of toxic metals, exerting stress on 

trees. In contrast, eutrophication is when ecosystems receive too many nutrients due to high N inputs, 

which can lead to nutrient imbalances, alter microbial communities in soils or cause fast-growing plants 

to take over, leading to shifts in plant communities respectively reduction of biodiversity. Furthermore, 

accumulated nitrates can leach into groundwater or run off into nearby water bodies, contributing to 

aquatic eutrophication. Both processes are suggested to have played a central role in the historical forest 

decline observed in Central Europe (Nilsson and Grennfelt 1988; De Vries et al. 2015; Bobbink et al. 

2022; Siegwolf et al. 2022). 

Although these effects were most severe in the Black Triangle, acid rain and pollution were generally 

recognized as a primary driver behind forest dieback in Central Europe and the Black Triangle became 

symbolic of forest decline. The pressure from environmental movements and the public discussion about 

Waldsterben forced governments to the adoption of measures to reduce pollution emissions and to invest 

public fund in forest health research and monitoring programs (Cherubini et al. 2021). Since the 1980s, 

significant efforts to reduce air pollution were implemented across Europe. The concept of critical loads 

has been instrumental in setting emission reduction targets under international agreements (De Vries et 

al. 2015). The 1979 Convention on Long-Range Transboundary Air Pollution (CLRTAP) and its subse-

quent protocols in the 1980s and 1990s set strict limits on S and N emissions and required countries to 

adopt cleaner technologies and emission controls in power plants and factories. These regulations led to 

a sharp decline in SO₂ and NOₓ emissions, resulting in reduced acid rain and improved air quality across 

Central Europe, particularly in the most affected regions. With reduced air pollution and acid deposition, 

most forests in affected areas began to show signs of recovery. However, the recovery has been uneven 

due to the long-lasting effects of soil acidification, which continue to impact nutrient availability and 

forest resilience (Bosela et al., 2018; Cherubini et al., 2021; Kolář et al., 2015; Rydval and Wilson, 

2012). 

1.3 Climate change and droughts 

In addition to the impacts of pollution, climatic stress such as droughts intensified the forest decline in 

Central Europe. A drought is a period of abnormally low precipitation that leads to a shortage of water, 

impacting soil moisture, groundwater, rivers, and lakes (Hänsel et al. 2022). It disturbs the water balance 

in ecosystems and imposes water stress on trees, also compounding the effects of pollution-weakened 
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roots and acidified soils (Vacek et al. 2020; Hájek et al. 2021). Since the 1976 drought, the 2003 and 

2018/2019 droughts are recognized as some of the most severe over the past 2100 years, drastically 

reducing tree growth and inducing widespread tree mortality (Schuldt et al. 2020; Büntgen et al. 2021; 

Spiecker and Kahle 2023). However, summer droughts in Europe are not exclusively a phenomenon of 

the 21st century. Severe drought events were already recorded during the 1940s and 1950 and in earlier 

centuries. In the second half of the twentieth century, a general declining trend toward drier conditions 

connected to climate change can be observed, combined with an increasing trend of temperatures fluc-

tuations in precipitation (Schuldt et al. 2020; Hänsel et al. 2022).  

Drought can be classified into three main types, each defined by its specific impacts. Meteorological 

drought, to which this study refers, occurs when a region experiences significantly less precipitation 

than usual over a specific period. It is the most fundamental form of drought, serving as the basis for 

other types. When this lack of rainfall reduces soil moisture to the point that crops and vegetation can 

no longer grow effectively, it leads to agricultural drought. If the water shortage persists, it can impact 

larger water systems, such as rivers, lakes, and groundwater reserves, resulting in hydrological drought. 

The impacts of a drought event can last much longer than the precipitation deficits itself. The increase 

of global surface temperature with an associated rise in vapor pressure deficit intensifies the severity of 

drought events, particularly during the hottest periods of the year. Recent droughts have frequently been 

accompanied by extremely high temperatures or heatwaves. Such events, often described as "global-

change-type droughts" or "hotter droughts", are notable for their more severe impacts compared to 

droughts occurring under more typical climatic conditions (Schuldt et al. 2020; Hänsel et al. 2022). 

Severe droughts have lasting impacts on forest health by affecting carbon (C) and water balance, im-

pairing plant functioning and reducing tree growth on the one hand but also by increasing susceptibility 

to pests and pathogens on the other hand. Despite varying drought-sensitivity of different tree species, 

drought affects both coniferous and broadleaved trees. It causes symptoms such as crown thinning, nee-

dle and leaf discoloration or loss, and, in extreme cases, tree mortality. However, not all tree species 

suffered to the same extent during past drought events (Zang et al. 2014; Bosela et al. 2018; Pretzsch et 

al. 2020; Schuldt et al. 2020; Bottero et al. 2021). Studies showed that the reaction of trees to drought 

can differ within the same site and even more so at different sites. While some trees suffered strongly 

from the extended water shortages and elevated temperatures, others maintained their health and showed 

just little to no signs of stress (Klesse et al. 2022; Neycken et al. 2024). The timing, intensity, and dura-

tion of a drought are critical factors in determining the extent of the stress experienced by trees (McDow-

ell et al. 2008; Wu et al. 2022). Depending on when seasonal droughts occur during the growth cycle of 

a tree, it can have different physiological and ecological consequences. Fir, spruce, and beech are all 

highly sensitive to drought, but they respond differently because their functional traits, like rooting 

depth, water-use efficiency, and wood anatomy, determine how vulnerable they are to specific aspects 

of drought stress (McDowell et al. 2008; Hartl-Meier et al. 2015b; Rukh et al. 2023). Beside temporal 
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there is also regional variability of drought impact. Forests in temperate regions experience greater vul-

nerability to drought, particularly in continental areas with lower precipitation and higher evaporation 

rates (Lindner et al. 2010). Trees at high elevation where growth is temperature-limited could even ben-

efit from drought as the growing season is extended or optimized due to the higher temperatures (Du-

lamsuren et al. 2017; Bottero et al. 2021). 

Dendroecological studies using tree-ring width (TRW) and stable carbon isotope ¹³C analysis confirm 

cumulative negative impacts of climatic extremes and pollution on tree growth, also intensifying forest 

dieback during the 1970s and 1980s (Bosela et al., 2019; Hájek et al., 2021; Putalová et al., 2019; Rydval 

and Wilson, 2012; Šimůnek et al., 2019; Vacek et al., 2020, 2019). Furthermore, the observation that 

trees weakened by one drought are more susceptible to subsequent stress has become a growing concern, 

particularly as climate change projections suggest that droughts will become more frequent and intense 

in the future. The relationship between drought and forest decline has become a focus of research on 

forest resilience under climate change (Allen et al. 2010; Boden et al. 2014; Bottero et al. 2021; Spiecker 

and Kahle 2023). The Waldsterben crisis of the late 20th century not only highlighted the fragility of 

forest ecosystems but also catalyzed the development of advanced methods to monitor and understand 

the complex dynamics of how forests respond to their environment. Among these, dendroecological 

research has played a key role in understanding interactions between pollutants, climate stress, and forest 

health, providing a fundamental basis for more detailed analyses of forest responses to environmental 

challenges (Cherubini et al., 2021). 

1.4 Dendrosciences 

Building on this foundation, dendrosciences have developed as an interdisciplinary field that focuses on 

tree rings to understand past environmental conditions, ecological processes, and forest dynamics. At 

the core of this field is dendrochronology, the study of annual tree-ring growth, which provides a precise 

timeline for analyzing environmental changes by crossdating and interpreting tree-ring patterns. This 

makes the reconstruction of past events and environmental conditions possible and thus provides in-

sights in forest dynamics. Within dendrochronology, dendroecology studies the relationships between 

tree-ring characteristics and ecological as well as environmental factors. It examines how factors such 

as light, soil conditions, stand dynamics, climate, and pollution influence tree growth. By analyzing ring 

widths and stable isotope compositions, dendroecology provides insights into both natural variability 

and anthropogenic influences, which both contribute to better understand forest health and the causes of 

forest dieback. As a subfield of dendroecology, dendroclimatology focuses on how climate influences 

tree growth over time and provides valuable information on past climate variability and trends. This 

knowledge is crucial for understanding how changing climate interacts with other stressors, such as 

pollution. All in all, dendrosciences offer a powerful framework for studying the complex interactions 

between trees, their environment, and long-term ecological processes, particularly useful in the context 

of analyzing forest dieback (Frank et al., 2022; Fritts, 1976; Schweingruber, 1988). 
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1.4.1 Tree growth and tree rings 

Tree growth is a complex process influenced by genetic factors, environmental conditions, and internal 

physiological functions. Trees grow in both height and radial dimensions. Height growth occurs through 

apical meristems at the tips of shoots and roots, while radial growth is driven by the vascular cambium, 

a thin layer of dividing cells located between the bark and the wood. The cambium produces new xylem 

cells (wood) on the inside and phloem cells (bark) on the outside. Over time, the accumulation of xylem 

cells forms the trunk, branches, and roots of the tree and enables water and nutrient transport while it 

also provides structural support. Annual growth rings are formed because of seasonal variations in cam-

bial activity. Tree growth takes place during the months of the growing season. In spring and early 

summer, when conditions are favorable, the cambium produces earlywood, which is characterized by 

large, thin-walled cells which are optimized for efficient water transport. As growth slows down in sum-

mer and fall, latewood is produced. It consists of smaller, thicker-walled cells that provide mechanical 

strength. This cyclical growth creates clear annual rings (Fig. 3) in temperate climates, such as those in 

Central Europe. These tree rings serve as chronological records of environmental conditions, and they 

are widely used in dendroecological and dendroclimatological studies (Speer 2009; Frank et al. 2022). 

Broadleaved trees and coniferous trees show different growth patterns and wood structures. Broadleaved 

species like beech produce wood 

with vessels for water transport and 

often have complex anatomical fea-

tures. In contrast, coniferous trees 

such as spruce have tracheids for 

both water conduction and mechan-

ical support, resulting in a wood 

structure that is simpler and more 

uniform. These structural differ-

ences influence how each tree type 

responds to environmental condi-

tions and how their growth rings re-

flect those influences (Rathgeber et 

al., 2022; Schwein-gruber, 1988; 

Speer, 2009).  

A range of internal and external factors influence tree growth. Internal factors include a tree's genetic 

composition which determines its growth potential, while physiological processes such as photosynthe-

sis, respiration, and nutrient storage regulate growth. External factors, including climate, particularly 

temperature, precipitation, and sunlight, but also site characteristics, such as slope position as well as 

soil properties like nutrient availability and moisture content are important external factors. Biotic 

Fig. 3: Tree-ring growth (source: Earth Science Australia) 
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factors, such as competition, herbivory, and fungal or insect attacks could also affect growth, as well as 

anthropogenic influences, including forest management, pollution, soil degradation, and fertilization 

(Schweingruber 1988; Schweingruber 1996; Hughes et al. 2011; Frank et al. 2022). Stressors, such as 

drought or high atmospheric pollution, often lead to reduced growth resulting in narrower rings. These 

stress factors can disrupt photosynthesis and other metabolic processes and thus directly impact tree 

growth (Dhir 2016; Putalová et al. 2019). However, because growth is influenced by many factors, it is 

often challenging to observe uniform reactions or to disentangle their individual causes. By integrating 

tree-ring analysis with complementary methods such as stable isotope analyses, it is possible to gain 

more detailed insights into how trees and forests respond to multiple stressors over time (Cherubini et 

al., 2021). 

1.4.2 Tree-ring stable isotope ¹³C 

Among these methods, the study of stable carbon isotopes (δ¹³C) in tree rings stands out as a particularly 

valuable tool for examining how trees react to environmental stressors, such as drought and air pollution. 

δ¹³C serves as a physiological indicator, capturing the relationship between the uptake of C through 

photosynthesis and its loss via the stomata. Combined with TRW δ¹³C provides insights into how stress-

ors impact both internal physiological processes and the overall vitality of trees (Cherubini et al. 2021; 

Cernusak et al. 2022; Siegwolf et al. 2022). Stable isotopes are forms of the same element with different 

numbers of neutrons, resulting in varying atomic masses. Carbon-12 (¹²C) is lighter and more abundant, 

and carbon-13 (¹³C) is heavier. For photosynthesis, plants preferentially absorb the lighter ¹²C isotope 

due to its faster diffusivity and favorable enzymatic reactions during C fixation. This process, known as 

isotopic fractionation, is influenced by environmental factors, thus the resulting ratio of ¹³C to ¹²C in 

plant material reflects physiological and environmental conditions. This ratio is expressed as δ¹³C, which 

is the relative deviation of the isotope ratio in the sample compared to an international reference stand-

ard. This standardization allows precise comparison of δ¹³C values across different samples and sites by 

linking isotopic composition to physiological and environmental processes (Andreu-Hayles et al. 2022; 

Brooks et al. 2022; Cernusak et al. 2022; Werner and Cormier 2022) When C is assimilated, it is trans-

ported as carbohydrates to the cambium, where it becomes part of the cellulose in tree rings. This process 

locks the δ¹³C signature of the surrounding environmental conditions at the time of growth into the wood 

of a tree. Analyzing this wood then allows for reconstruction of these conditions (Kagawa et al. 2022).  

TRW can vary widely due to the numerous factors influencing it, making it a less reliable measure of 

stress. In contrast, δ¹³C provides a more accurate reflection of physiological responses to environmental 

stressors. Conditions as they occur during a drought event have a strong influence on δ¹³C values. Re-

duced water availability causes stomatal closure which limits CO₂ uptake and lowers the internal CO₂ 

concentration (cᵢ) relative to atmospheric levels (cₐ). Because trees discriminate against the heavier iso-

topes ¹³C under normal conditions, plant δ¹³C values are more negative than atmospheric δ¹³C. Under 

stress conditions, such as water shortage, the discrimination declines which results in less negative 
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respectively higher δ¹³C values in tree rings. Additional extreme climatic events, such as prolonged 

heatwaves, amplify these effects. High temperatures exacerbate water-stress, reduce photosynthetic ef-

ficiency, and increase δ¹³C enrichment in tree rings. These mechanisms provide a clear physiological 

signal of stress in the wood from the respective year. In contrast, tree rings are not always narrow during 

stress periods because trees may use stored C reserves or prioritize growth in certain tissues. This makes 

δ¹³C a particularly robust indicator of stress, even when growth rates don’t show clear changes (Andreu-

Hayles et al. 2022; Cernusak et al. 2022). Furthermore, air pollutants also strongly influence δ¹³C by 

disrupting photosynthesis and stomatal function. SO₂ damages leaf tissues, reduces chlorophyll content 

and impairs C assimilation. NOₓ and NHₓ compounds stress trees by altering nutrient availability, sto-

matal behavior, and photosynthetic efficiency. These disruptions also reduce the discrimination against 

¹³C, resulting in higher δ¹³C values, which serve as reliable indicators of pollution-related stress (Sieg-

wolf et al. 2022). Chronic stress conditions, such as prolonged drought and persistent pollution, can 

exceed physiological thresholds and cause large-scale tree mortality and contribute to forest dieback. 

δ¹³C offers a method to detect tipping points and understand the shift from stress to mortality, providing 

critical insights into forest decline under changing environmental conditions (Cherubini et al. 2021).  

1.5 Aim of this study, research questions and hypotheses 

Even though many studies have been conducted, the causes of forest decline during the 1970s and 1980s 

remain controversial. Interestingly, symptoms such as foliage reductions and discoloration, observed 

during the forest dieback in the late 1970s, have also been noted following later droughts, particularly 

during the 2000s and in recent years. Notably, 1976 was a year of severe summer drought in Central 

Europe (Sousa-Silva et al. 2018; Cherubini et al. 2021; Hänsel et al. 2022). Combined with drought 

sensitivity of fir, spruce, and beech trees, this raises the question of whether drought events, rather than 

air pollution, were the primary drivers of the observed forest dieback in diffusely polluted regions during 

the 1970s and 1980s. Although air pollution was said to be the main reason for past episodes of forest 

dieback in Central Europe, not all tree species suffered equally or recovered since the improvement of 

air quality in the 1990s. This is often difficult to comprehend for the roused public and governments that 

have invested considerable resources in relevant research, monitoring programs and adopted measures 

(Skelly and Innes 1994; Kandler and Innes 1995; Cherubini et al. 2021). Thus, the aim of this Master’s 

thesis is to investigate the causes of forest dieback episodes during the 1970s and 1980s, focusing on 

Norway spruce and European beech in three regions with varying historical pollution loads. Both species 

were impacted by forest dieback and are among the most important tree species in Central Europe, due 

to their wide distribution and central role in timber production (Leuschner 2020). 

To address this, TRW and δ¹³C are analyzed as more reliable indicators for tree vitality and forest health 

compared to crown foliage transparency, which has been criticized for its subjectivity and lack of spec-

ificity (Cherubini et al., 2021). The hypothesis of this thesis is that droughts were the primary drivers of 

forest dieback episodes in areas with low or diffuse air pollution levels in Central Europe during the 
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1970s and 1980s. Additionally, it is assumed that in areas with heavy air pollution during this period, 

forest dieback was predominantly caused by air pollutants, with drought acting as an amplifying factor. 

In recent decades, however, even in heavily polluted areas, forest decline is hypothesized to have been 

primarily drought-induced. For both spruce and beech at all three study sites, I expect a decline in tree-

ring growth and an increase in δ¹³C values during drought years. In the heavily polluted area, I anticipate 

reduced tree-ring growth and elevated δ¹³C values for both species during the peak pollution period. In 

contrast, in the lightly or moderately polluted areas, I expect minimal or no significant changes during 

the same period, except during the drought year of 1976. For the moderately polluted area, I anticipate 

at least slight changes due to its slightly higher pollution levels compared to the low polluted area. 

Different approaches and indices are used to evaluate the intensity, frequency, and duration of drought 

conditions, leading to varying suggestions for the most severe drought years in Central Europe since the 

1970s. These definitions and rankings are typically based on meteorological data and reflect a climatic 

perspective. In this study, I will analyze tree responses to past droughts to investigate differences among 

these events. By doing so, I aim to quantify drought impacts and propose a corresponding ranking from 

the perspective of tree responses. The results will also be contextualized using species indicator values, 

which suggests that spruce is more drought-sensitive than beech (Leuschner and Meier 2018). Therefore, 

I would expect narrower tree rings and higher δ¹³C increases for spruce than for beech during drought 

years. Additionally, since beech is known to be more tolerant of pollution than spruce (Křeček and 

Hořická 2006; Kuneš et al. 2024), I anticipate narrower tree rings and higher δ¹³C increase in spruce tree 

rings during periods of extremely high pollution. 

2. Material and methods 

2.1 Study sites 

The study sites were chosen to represent varying levels of historical air pollution. The three selected 

areas are the Swiss Central Plateau (SCPA+B) with low and diffuse pollution, the Black Forest (BF) 

with moderate and diffuse pollution, and the Black Triangle (BT) with heavy pollution mainly from 

point pollution sources (Fig. 4 and 5). At each site spruce and beech are growing in mixed beech forests 

which enables direct comparisons of their responses to environmental stress. Silver fir is known for its 

sensitivity to pollution. Therefore it would have been an ideal species for this study, but due to historical 

forest management practices it is rare in the Black Triangle. This fact required to focus on spruce and 

beech (Rydval and Wilson 2012). Despite efforts to select sites with comparable ecological conditions, 

differences in elevation, soil properties, and climate could not be completely eliminated.  
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 Fig. 5: Pollution at the study sites with marked peak pollution (grey) (based on data from Engardt et al., 2017)  

Study areas  

Fig.  4: Study areas (source: Google Maps, own photos) 
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2.1.1 Swiss Central Plateau 

The first study site, named SCPA+B, is in the Irchel region, part of the Swiss Central Plateau, in the 

canton of Zürich, Switzerland. It lies in the countryside about 15 km northeast of Zurich, respectively 5 

km northwest of Winterthur at 8°35'55" E and 47°32'46" N. This area is characterized by rolling hills, 

temperate forests, and agricultural landscapes. The Irchel is a prominent small hill range with a length 

of about 6 km and a width of about 2 km which directly borders the Rhine on the northwestern side. On 

600–700 m.a.s.l there is a plateau with an elevation called Buechemer-Irchel at 694 m (swisstopo, 2024). 

The Irchel region has a temperate climate with four distinct seasons and moderate annual temperature  

fluctuations (Fig. 6). Warm summers, with average temperatures above 15°C peaking in July and August 

together with cold winters around 0°C define the region with an annual mean temperature of 8.0°C. The 

annual precipitation averages 1032 mm and is distributed relatively evenly throughout the year, often as 

snow in winter. Precipitation patterns are influenced by the region's plateau location and remain con-

sistent, with the highest rainfall occurring in late spring to early summer. According to Köppen-Geiger 

classification this region is placed in the Temperate Oceanic Climate (Cfb) category (ClimateDT, 2024; 

Köppen, 1918). 

In this area, two sampling locations (Fig. 7 and 8) were selected at an elevation of approximately 

660 m.a.s.l. on the plateau. The vegetation map of the area, combined with knowledge from local for-

esters, did not identify any slopes comparable to the two other study areas in terms of soil and plant 

communities. Therefore, the plateau was chosen as it matched these criteria. Efforts were made in ad-

vance to find a suitable study area in various other parts of the Swiss Central Plateau, but without suc-

cess, as in most cases, one of the tree species was either absent or far too young at the required elevation. 

During fieldwork on Irchel, it became apparent that the spruces at the first sampling site were too young 

for this study, which required to include another sampling site. SCPA, the first site, contains younger 

trees and has been managed by forestry in recent years, while SCPB is located approximately 700 m to 

the north, in an area with older trees that has not experienced forestry interventions in recent decades. 

Irchel, which is Celtic for oak, was originally covered with oak forests, but these were removed in the 

Fig. 6: Climate diagram SCPA+B (based on data from Marchi et al., 2024) 
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past due to human activity. According to the local forester, the area was reforested with spruce in many 

places after World War II. The forests in the Irchel region are part of the temperate broadleaf and mixed 

forest biome. The vegetation at the sampling locations is dominated by species such as European beech, 

Norway spruce and silver fir, with a mix of deciduous and coniferous trees. 

The soil at the sampling locations is predominantly acidic brown earth and parabrown earth (luvisol), 

partially very weakly pseudogleyed, with a high clay content and fine soil texture, classified as clayey 

loam. They are moderately fertile, slightly water-logging and thus provide good water retention, result-

ing in a balanced water regime that benefits forest ecosystems due to reduced risk of drought stress. The 

geological composition is influenced by calcareous molasse deposits, and the area was not glaciated 

during the last ice age. These soils are derived from gravel deposits of the Mindel glaciation period and 

are characterized by normal permeability, moderate aeration, with plant-available rooting depth ranging 

from moderately deep to deep (Geoportal Kanton Zürich, 2024). 

At the Irchel, historical pollution was low and diffuse with a slight increase of SOₓ since the 1960s 

peaking around the 1970s followed by its gradual decline thereafter. NHₓ and NOᵧ deposition also in-

creased, but to a lesser extent and reached their peak a bit later, during the 1980s. NOᵧ then declined 

while NHₓ only decreased minimally and remained at an almost unchanged level (Engardt et al. 2017). 

These trends reflect industrial growth, agricultural intensification, and subsequent pollution controls. 

While the Irchel region did not experience the severe industrial pollution pressures of areas like the 

Black Triangle, research in the 1980s attributed forest damage in this area to emissions (Wandeler 1982). 

Today, the forest faces N deposition from agriculture and climate variability. Rising temperatures and 

shifting precipitation patterns have increased droughts, stressing the ecosystem. The local forester iden-

tifies storms, droughts and bark beetle outbreaks as main causes for tree stress at this site. 

Fig. 7: Managed site with younger trees on the 

Irchel plateau, SCPA (own photo) 

Fig. 8: Unmanaged site with older trees on the 

Irchel plateau, SCPB (own photo) 
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2.1.2 Black Forest 

The second study site, named BF, is located at the western slope of the Schauinsland mountain in South-

ern Black Forest, in Baden-Württemberg, Germany. It lies around 6 km south of Freiburg im Breisgau 

in its city district Günterstal at 7°52'21.7"E and 47°55'36.0"N. The BF is a large, dense forested moun-

tain range in southwestern Germany, bordered by the Rhine Valley to the west and south. It covers an 

area of approximately 6000 km² and stretches for about 160 km from the south to the north with a width 

of 35–50 km. Some of the peaks are rising above 1000 m.a.s.l, such as Feldberg (1493 m) or Schauins-

land (1284 m) . Geologically, the southern Black Forest is primarily composed of granite and gneiss. 

Glaciation during the Würm Ice Age shaped the region which resulted in geomorphological forms, such 

as U-shaped valleys, cirques, and moraines with periglacial solifluction deposits composing the under-

lying geology (Google Maps, 2024; LGRB, 2024). 

The study site lies at an elevation around 750 m.a.s.l in the montane zone, where cooler temperatures 

and higher precipitation are prevailing compared to lowland areas. Its position is at right angles to the 

prevailing westerly winds that bring precipitation. It is characterized by moderate temperatures peaking 

in July and August, consistent precipitation, and distinct seasonal variations (Fig. 9). It experiences four 

clear seasons, with an annual average temperature of 7.2°C. Summers are warm with average tempera-

tures above 15°C, while winters are cold and below 0°C, often snowy. The average yearly precipitation 

in the region is around 1668 mm (ClimateDT, 2024). According to Köppen-Geiger classification, BF is 

located within the temperate oceanic climate zone (Cfb) (Köppen 1918). 

The BF derives its name from its dense, dark forests, though the dominance of conifers that can be seen 

today was less pronounced in the early Middle Ages when the name originated. Human activity has 

influenced the forest's composition over time. Extensive deforestation occurred by the mid-19th century 

due to high demand for fuel and timber, combined with grazing which often prevented natural regener-

ation. The introduction of regulated forestry in the 19th century resulted in widespread afforestation 

which led to the forests which are typical for the region today. At the study site, the forest is a mixed 

stand dominated by European beech, silver fir, and Norway spruce (LGRB, 2024).  

Fig. 9: Climate diagram BF (based on data from Marchi et al., 2024) 
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The BF sampling location (Fig. 10) is situated at a winter slope and thus receives less direct sunlight 

during the winter months, tending to retain snow longer. The soil at the site developed from gneiss and 

is classified as brown earth, a common soil type in temperate forests with low acid buffer capacity and 

moderate fertility. Management practices at the site include recommendations for lime application to 

address potential pH imbalances and calcium deficiencies in the soil (Chair of Forest Growth and Den-

droecology UFR, 2024; Hruška et al., 2023; LGRB, 2024). The slope reduces soil depth, affecting water 

runoff and microclimatic conditions (Leuschner 2020). The substrate is loamy-gravelly, which ensures 

good drainage and aeration, resulting in a balanced water regime which is neither excessively dry nor 

waterlogged (Brady and Weil, 2017; Chair of Forest Growth and Dendroecology UFR, 2024). 

At the BF site, historical pollution was low to moderate and diffuse, as no coal mining or power plants 

are located in the immediate vicinity. Despite this, SOₓ slightly increased since the 1960s peaking around 

the 1970s followed by its gradual decline thereafter. Also, NHₓ and NOᵧ deposition increased, but to a 

lesser extent and reached their peak a bit later, during the 1980s. NOᵧ then declined while NHₓ only 

decreased minimally and remained at an almost unchanged level (Engardt et al. 2017). The decline in 

air pollution is attributed to air improvement measures introduced since the 1980s. NHₓ emissions have 

decreased less as they mainly originate from livestock farming and agricultural fertilization which still 

continues (LUBW 2010).  

In the late 1970s, a regional decline in forest growth and dieback of silver fir and Norway spruce was 

observed in the BF. Research proposed various hypotheses to explain the dieback, with air pollution and 

acid rain often cited as primary causes. While BF did not experience the severe pollution levels seen in 

areas near point sources, the diffuse nature of pollution still posed challenges to the region’s forest eco-

systems. However, various controversies also arose in relation to these reasons and questions about the 

lack of precedence (Kahle and Spiecker 1996). Recent research has shown that probably droughts caus-

ing reduced water availability have been closely associated with increased tree mortality and decreased 

growth. Successive hot and dry summers intensified these effects, causing prolonged drought impacts 

that persisted for several years. Additionally, droughts not only weakened trees directly but also pro-

moted bark beetle outbreaks, which further increased mortality rates (Spiecker and Kahle 2023). 

Fig. 10: Site at hillslope of the Schauinsland mountain, BF (photo: Hans-Peter Kahle) 
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2.1.3 Black Triangle 

The third sampling location, named BT, lies in the Jizera Mountains (Jizerské hory) which are in north-

ern Bohemia, Czech Republic near the Polish border and are part of the Western Sudetes at 15°08'04.4"E 

and 50°51'26.4"N. This mountainous area, spanning approximately 565 km², is characterized by a plat-

eau between 700 and 900 m.a.s.l with peaks rising above 1000 m.a.s.l, such as Smrk (1124 m) and Jizera 

(1123 m) (Google Maps, 2024). The Jizera Mountains have a temperate climate with distinct four sea-

sons (Fig. 11). Winters are cold with average temperatures below 0°C, and summers are mild above 

10°C, with an annual mean temperature of 4.9°C, representing a predominantly cool climate. Precipita-

tion is evenly distributed throughout the year, averaging 1373 mm annually (ClimateDT 2024). Accord-

ing to the Köppen-Geiger climate classification system, the BT region falls under the humid continental 

Dfb class. This classification is typical for regions in higher elevations, including parts of Central and 

Eastern Europe or mountainous areas (Köppen 1918). The climate is very humid because the Jizera 

Mountains are the first transcontinental barrier of the humid oceanic flow from the North Sea. Westerly 

winds bring moist oceanic air, resulting in frequent precipitation and substantial snowfall. In general, 

the precipitation sums in the Jizera Mts are typically 50% higher than in the surrounding lowlands 

(Lábusová et al. 2019; Kuneš et al. 2024). Recent climate trends, including rising temperatures and 

changing precipitation patterns, have increased the frequency and intensity of droughts. Historical 

droughts of the last decades have caused significant reductions in soil moisture and exacerbated stress 

on forests. Anticyclonic weather patterns, such as the Azores High during summer, are key drivers of 

these droughts, blocking moist air inflow and leading to prolonged dry periods (Brázdil et al. 2009).  

 

The BT site lies within the already mentioned Black Triangle, historically known for its extreme air 

pollution during the 20th century and its severely impacted environment and frequent winter smog epi-

sodes. In the 1970s and 1980s, the Jizera Mountains, like other mountain ranges in the region, experi-

enced widespread forest decline due to heavy air pollution stress followed by outbreaks of insect pests. 

The most severe damage occurred in wind-exposed areas at elevations above 750 m. The most heavily 

affected stands have been removed through salvage logging (Akselsson et al. 2004; Kuneš et al. 2024). 

The main sources of pollution affecting the Jizera Mountains were power plant complexes located in 

Fig. 11:Climate diagram BT (based on data from Marchi et al., 2024) 
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Turów, Hirschfelde, Hagenwerder, and Boxberg in Poland and Germany, due to the dominant air cur-

rents in the region. SO₂ emissions in the area increased more than tenfold between the 1950s and 1980s. 

The Turów Coal Mine (Fig 12 and 13), located near Bogatynia, Poland, directly borders the Jizera 

Mountains and has been a major contributor to the region's environmental degradation. It is active since 

1904 and significantly expanded during the mid-20th century, Turów remains one of the largest open-

pit lignite (brown coal) mines in Europe. The mine fuels the Turów Power Plant (Fig. 14), a coal-fired 

facility operational since 1962, which was a major emitter of SO₂, NOₓ, and particulate matter during 

the 20th century. The emissions of the power plant peaked in the 1970s and 1980s which heavily con-

tributed to soil acidification and forest dieback across the Jizera Mountains. Combined with harsh me-

teorological conditions and nutrient-poor soils, these emissions created severe stress for the local forests, 

particularly for Norway spruce. Although modernization efforts during the 1990s, including the instal-

lation of flue-gas desulfurization systems, drastically reduced SO₂ emissions, the mine and plant's legacy 

effects continue to influence the region. Soil acidification, magnesium depletion, and other nutrient im-

balances persist, exacerbating the vulnerability of forests to climatic stress (Lomský et al. 2012; Rydval 

and Wilson 2012). Additionally, the ongoing expansion of the Turów Mine poses new challenges. The 

extension of mining activities closer to the Czech border has raised concerns about groundwater deple-

tion, which could further reduce water availability in the Jizera Mountains and intensify the impacts of 

drought (Brázdil et al. 2009). The Turów Power Plant is situated about 16 km northwest of the sampling 

location, which allows an examination of the regional impacts of point-source pollution on forest eco-

systems. The BT site was heavily exposed to S and N deposition during the 1960–1990s period. SOₓ 

deposition peaked in the 1970s and then gradually declined. NOᵧ and NHₓ deposition peaked later, in 

the 1980s, and both decreased afterward, with NOᵧ declining slightly more than NHₓ (Hůnová et al. 

2014; Engardt et al. 2017). 

 
Fig. 12: Turów coal mine and power plant (own photo) 
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The Jizera Mountains were originally covered by diverse mixed forests, predominantly composed of 

Norway spruce, European beech, and silver fir. During the period of forest dieback, Norway spruce was 

particularly affected (Fig. 15). Huge areas were clear-cut as a result, and reforestation efforts prioritized 

fast-growing spruce monocultures. However, these monocultures are highly susceptible to drought, 

pests, and other ecological pressures (Lomský et al. 2012). Current restoration initiatives aim to increase 

species diversity, with a particular focus on reintroducing European beech which is known for its supe-

rior resilience to both drought and pollution (Křeček and Hořická 2006; Kuneš et al. 2024). The BT 

sampling location (Fig. 16) is situated at a western slope at the border to the Jizerskohorské Bučiny, an 

UNESCO World Heritage Site and one of Central Europe's oldest and most extensive natural beech 

forests. These forests are characterized by their exceptional biodiversity. The natural vegetation in the 

study area includes mainly mountain acidic beech-dominated forests and small areas of high-elevation 

spruce forests. The area also reflects the challenges associated with soil acidification, historical air pol-

lution, and climatic extremes (Lomský et al. 2012; Rydval and Wilson 2012; Lábusová et al. 2019). The 

soils of the sampling location are predominantly acidic brown earths and Podzols, derived from granitic 

Fig.  15: Jizera Mountains in the early 1990s. Most of the 

upper plateau was covered by the clear-cut tracts and died 

forests (photo: Kuneš et al., 2024) 

 

Fig. 16: Study site at the Jizera Mountains, BT (own photo) 

Fig. 14: Turów power plant 

 (photo: Wikimedia Commons/Werni1)  

 

Fig. 13: Turów coal mine 

 (photo: Wikimedia Commons/Anna Uciechowska) 
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and granodioritic parent materials. These soils are naturally nutrient-poor and have low buffering capac-

ity, making them highly sensitive to both drought and pollution. Despite all the complications, most of 

the clear-cut tracts in the Jizera Mountains were replanted successively between 1990 and 2010 and soil 

and water chemistry improved (Lomský et al. 2012; Kuneš et al. 2024).  

2.2 Environmental data 

2.2.1 Climate data 

Because there were no climate stations near the sampling sites, climate data covering 1901 to 2023 came 

from the ClimateDT portal. This is a global tool that provides high-resolution monthly temperature and 

precipitation data, making it especially useful for regions with complex landscapes. It combines data 

from multiple sources, including the CHELSA 1981–2010 climatology, CRU-TS historical climate data, 

and future climate projections from CMIP5 and CMIP6 models. The system uses a method called dy-

namic downscaling, which adjusts climate data for local conditions. This includes bilinear interpolation 

and corrections for temperature changes with elevation, known as lapse rates. Unlike the standard lapse 

rate (6.5°C per 1000 meters), ClimateDT accounts for the actual temperature changes in a specific area. 

These adjustments ensure more accurate temperature and precipitation estimates, especially in areas 

with significant elevation differences. A major benefit of ClimateDT is its ability to connect historical 

and future climate data. For historical data (1901 to the present), the system applies anomalies based on 

the 1981–2010 baseline to CRU-TS datasets. For future scenarios, consistent baselines are used to re-

duce biases. This makes ClimateDT a reliable alternative when direct climate measurements are not 

available (Marchi et al. 2024).  

In this study, mean monthly temperature and total monthly precipitation data were used as primary cli-

mate variables. Monthly average temperatures for each year were calculated using the minimum and 

maximum temperatures provided for each month by ClimateDT. To do this, monthly minimum and 

maximum values were summed and then averaged by dividing the sum by two. These data then were 

used to calculate the Standardized Precipitation-Evapotranspiration Index (SPEI), a drought index that 

combines precipitation and potential evapotranspiration (PET) to assess moisture balance anomalies. 

SPEI is well suited for evaluating short- and long-term droughts. Its calculation followed the methodol-

ogy outlined by Vicente-Serrano et al. (2010), using the R package "SPEI". The process involved several 

key steps to analyze drought conditions. First, PET was calculated using monthly temperature data and 

the site latitude, applying the Thornthwaite method. This ensured that temperature-driven evapotranspi-

ration was accurately represented for each site. Next, the water balance was determined by subtracting 

PET from monthly precipitation, providing a measure of water surplus or deficit for each time step. The 

water balance data was then analyzed over various time scales, ranging from 1 to 12 months, to compute 

SPEI. This step captured cumulative drought or wet conditions over short to long periods, and any infi-

nite or anomalous values from computation errors were replaced with plausible minimum values to 

maintain data quality. Significant drought years were identified by filtering SPEI values at a five-month 
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scale for those less than or equal to -1.5, which indicates severe drought conditions (Mckee et al. 1993). 

For all three sites, data from 1970 to 2023 were used to extract drought years based on this threshold, 

which revealed key periods of climate extremes during the study period. 

This methodology was applied uniformly across all three study sites to ensure consistent calculations 

and facilitate comparison. By using temperature and precipitation data to calculate PET and water bal-

ance, SPEI provided a robust measure of drought intensity and duration for each sampling location. 

SPEI was selected instead of other drought indices, such as the Standardized Precipitation Index (SPI) 

or Palmer Drought Severity Index (PDSI), because it incorporates both precipitation and temperature 

data. This allows SPEI to account for evapotranspiration dynamics, making it more sensitive to the ef-

fects of climate change and variations in moisture balance. Its flexibility across multiple time scales also 

makes it suitable for analyzing both short-term and long-term drought impacts on ecosystems (Vicente-

Serrano et al. 2010). 

2.2.2 Pollution data 

Due to the lack of uniformly collected or generally consistent air pollution data going back far enough 

in time, modelled data were obtained from the European Monitoring and Evaluation Programme 

(EMEP). This is an internationally coordinated program that monitors and models air quality and depo-

sition across Europe. The EMEP network exists since the 1970s and provides high-quality, regionally 

representative data on major air pollutants, including SOₓ, NOᵧ, and NHₓ. It plays an important role in 

understanding transboundary air pollution and supports policy development under the UNECE Conven-

tion on Long-range Transboundary Air Pollution (CLRTAP). This framework was instrumental in driv-

ing air pollution legislation in the 1990s, leading to significant reductions in emissions of air pollutants 

across Europe. The EMEP database includes gridded atmospheric deposition data based on chemical 

transport models and observations from a network of measurement stations (Engardt et al. 2017).  

For this study, SOₓ, NOᵧ, and NHₓ deposition were used instead of airborne compounds to better under-

stand the total deposition affecting ecosystems. They represent not only direct gaseous inputs but also 

contributions from particulate and aqueous phases, which are important to understand nutrient cycling 

and soil acidification. Additionally, the deposition of these compounds is often separated into wet dep-

osition and dry deposition, however for this study total deposition rates including both were used. The 

data were provided on a rotated latitude-longitude grid of approximately 50x50 km² (0.44° x 0.44°) as 

used by the RCA3 climate model and associated chemical transport models (CTMs). Each grid cell 

contains information on specific deposition values of the represented area (Engardt et al. 2017). To get 

the data for the sampling locations, first the grid cell was defined by means of closest proximity to the 

specified grid points of the EMEP data set. If the coordinate of the sampling location was between two 

grid points, then the average of the corresponding pollution values was calculated and used for further 

analyses. Then modelled pollution data based on model emep_rv4p4 were extracted for the years 1900 

to 2023.  
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To ensure the reliability of the modeled air pollution data, correlations were conducted with measure-

ments from local air quality monitoring stations near the study area, which began operation in the late 

1980s or mid-1990s. These local station datasets included yearly pollutant concentrations, which were 

compared to the EMEP data. Pearson's correlation was used for the comparison to assess the consistency 

between the two datasets and to identify any potential biases. This step ensured that the air quality data 

used in the analysis accurately represented local conditions and minimized discrepancies that could af-

fect further analysis. Local SO₂ and NOₓ data for SCPA+B from the Lägern station was provided by the 

National Air Pollution Monitoring Network (NABEL), while NHₓ deposition data for the nearby Level 

II monitoring plot Lägern was obtained from the Swiss Federal Institute for Forest, Snow and Landscape 

Research (WSL). For BF, SO₂ and NOₓ data from the Schwarzwald-Süd station was sourced from the 

Landesanstalt für Umwelt Baden-Württemberg (LUBW), and NHₓ deposition data from the nearby 

Level II monitoring plot Conventwald was obtained from the Forest Research Institute Baden-Württem-

berg (FVA). For BT, SO₂ and NOₓ data from the Frydlant-Udoli station was supplied by the Czech 

Hydrometeorological Institute (CHMI), though no local NHₓ deposition data was available. 

Critical load values for S and N in this study were provided by the Swiss Federal Office for the Envi-

ronment (FOEN), the German Environment Agency (UBA), and the Czech Geological Survey (CGS). 

These values were calculated based on the methodologies outlined by CLRTAP (Hettelingh et al. 2017; 

Geupel et al. 2022; UBA 2024). Using data calculated with the same methods ensured consistency and 

comparability of the critical loads. They are derived from site-specific assessments that include soil 

properties, vegetation types, and climatic conditions. The maximum critical load for S (CLmaxS) defines 

the highest S deposition that an ecosystem can tolerate without harmful acidification effects. It ensures 

that the soil's ability to neutralize acids (ANC) is strong enough to counteract incoming acid inputs, 

thereby avoiding long-term harmful impacts on the ecosystem's health and functionality. CLmaxS de-

pends on factors like soil buffering capacity, the availability of base cations, and weathering rates. This 

makes it a key measure for assessing how well forest soils can withstand S deposition, particularly in 

regions with soils that are highly sensitive to acidification (Augustin et al. 2005; UBA 2024).  

Maximum critical loads for N (CLmaxN) are calculated with the Simple Mass Balance (SMB) model, 

which compares N inputs (deposition) to outputs such as plant uptake and leaching. This ensures that N 

leaching stays within safe limits to protect ecosystem health. The model also considers processes like N 

retention in the soil and its ability to store N without harming water quality or disrupting ecosystem 

balance. In some ecosystems, such as forests, the combined effects of S and N deposition must be con-

sidered. Conditional critical loads address how these pollutants interact, ensuring that the deposition of 

one does not worsen the impact of the other. The critical load function (CLF) integrates both S and N to 

establish safe deposition limits that maintain ecosystem health. This approach is particularly important 

in regions where both pollutants significantly contribute to acidification and nutrient disturbances 

(FOEN 2016; UBA 2024).  
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In practice, critical loads are mapped across ecosystems which are classified according to the classifica-

tion of the European Nature Information System (EUNIS). Harmonized land-cover databases and spatial 

deposition models are used for the calculations. Then they are validated and compiled into a European 

database under the framework of CLRTAP. The Coordination Centre for Effects (CCE) Status Reports 

regularly deliver detailed data on critical loads, maps showing where these loads are exceeded, and 

updates on methodologies. These reports form the scientific basis for evaluating pollutant impacts, guid-

ing emission reduction strategies, and protecting sensitive ecosystems (Thomas Daphne et al. 2021; 

Bobbink et al. 2022; UBA 2024). Because critical load assessments require detailed site-specific data, 

this study used the critical load values calculated from the above-mentioned institutions and provided 

by the CCE Status Reports rather than calculating these values for each study site (Hettelingh et al. 2017; 

Geupel et al. 2022). The deposition values were then compared with the critical loads. Values available 

in eq/ha/year were multiplied by 32 g(S)/mol and divided by 2 (valence of S) or multiplied by 

14  g(N)/mol and divided by 1 (valence of N) and then adjusted by dividing by 10 to convert to 

mg/m²/year. For nitrogen, NOᵧ and NHₓ are summed to obtain the total N deposition. 

2.3 Sampling 

For this study, increment cores were collected from the two tree species Norway spruce and European 

beech. The sampling took place at four sites. At each site, five trees of each species were selected, re-

sulting in a total of ten trees per site. From each selected tree, two cores were extracted at breast height 

(approximately 1.3 m) using an increment borer (Haglöf, Sweden) with a 0.5 cm diameter (Fig. 17 

and 18). The cores were taken from the two opposite sides of the stem at an angle between 120° and 

180°, ensuring that a representative portion of the tree's growth was sampled. On slopes, they were taken 

parallel to the slope to avoid compression or tension wood which trees can produce because of mechan-

ical stress due to gravitational forces.  

The field sampling was conducted during different months. At BF, the sampling was carried out in De-

cember 2023, at SCPA+B in February 2024, and BT in May 2024. Each tree was carefully chosen to 

meet specific criteria: mature trees of (co-)dominant crown class showing no visible signs of illness or 

injuries. Additionally, the trees were located similarly within the micro-topography, ensuring minimal 

ecological variability. They were not situated near forest clearings or traffic roads to avoid the influence 

of external disturbances. Except for the slightly younger spruces from SCPA, the trees selected for sam-

pling had a minimum age of approximately 100 years.  
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2.4 Sample preparation for tree-ring width analysis 

After collecting, the increment cores were stored in paper tubes and labeled properly, maintaining clear 

identification of the species and sampling location before being transported to the laboratory. During the 

preparation process, each core was carefully cleaned to remove any dirt or contaminants, then air-dried 

and weighed down to avoid warping. Unlike the usual practice of mounting cores on core holders, these 

cores were processed directly to avoid potential contamination from glue or other materials that might 

interfere with the results. This approach ensured the integrity of the data and preserved the natural state 

of the samples for accurate isotope analysis. 

2.4.1 Microtome 

Following the initial preparation, the cores underwent further preparation using a core-microtome. This 

is a specialized tool designed for cutting entire increment cores with precision. It creates plane surfaces 

while preserving the open cell lumina, which makes the wood cells clearly visible. The core-microtome 

consists of two main components: a core holder and a rigid sledge guidance with a pivot holder for 

microtome knives (Fig 19). The core holder stabilizes the core during the cutting process, while the 

adjustable positioning table allows precise control over the depth of the cut. The microtome knife was 

positioned to ensure smooth, incremental cuts. Some moisture was applied to the core’s surface before 

cutting, which prevented damage to the cell walls because the cores had been dried. The cutting proce-

dure was performed in stages, typically in increments of 10–20 mm, to maintain an even surface and 

prevent cell damage (Gärtner and Nievergelt 2010).  

  

Fig. 17: Coring tree with borer (own photo) Fig. 18: Borer with core (own photo) 
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After the cores were cut using the microtome, they were further processed by sanding. While the core-

microtome produced smooth and precise surfaces, sanding provided additional refinement as it enhanced 

the contrast between the annual rings. This step ensured that the year boundaries were clearer and more 

distinct, which was important for accurate ring-width measurements, the related dating, as well as iso-

topic analysis. Sanding was conducted with extremely fine sandpaper to avoid roughening the surface 

or damaging the wood structure. This final step in preparation made it easier to detect and measure the 

ring boundaries afterwards, which ensured that the data obtained from the cores were of the highest 

quality for subsequent dendroecological analyses.  

2.4.2 Digitalizing  

After the cores were prepared using the core-microtome and sanding, high-quality digital images were 

created for further analysis using Skippy, a high-resolution image-capturing system developed at WSL 

(Fig. 20). For this the cores were separately placed on a computer-controlled platform that moved in 

predefined steps of 5 mm. At each step, a 61 MP camera (Sony Alpha 7R IV) with a Sony FE 90 mm 

f/2.8 Macro lens captured a high-resolution image. The autofocus of the camera resulted in clear, sharp 

photos with a resolution of 6500 dpi, which allowed precise visualization of individual cells and ring 

boundaries. To ensure accurate scaling, a calibration marker with millimeter measurements was placed 

next to the core during the imaging process. Once all photos from a core were captured, they were 

stitched into a single panoramic image for each core using PTGui (New House Internet Services BV). 

Blurry areas or photos were excluded during this process to ensure the final panorama was clear and 

sharp. The finished panorama was saved as a high-resolution TIF file to retain fine details for future 

applications. The digitization process captured even the faintest or narrowest rings that would have been 

difficult to discern with the naked eye. This sharpness ensured highly accurate data for the following 

dendrochronological and isotopic analyses. Additionally, these images served as a permanent digital 

archive of the core surfaces, allowing for future reanalysis and safeguarding (Gärtner et al., 2024).   

Fig. 19: Core-microtome (source: Gärtner and Nievergelt, 2010) 



 

 

25 

 

2.5 Tree-ring width analyses 

TRW analyses were conducted following the sampling preparation. This process includes measuring the 

TRW, crossdating the tree-ring series to ensure chronological accuracy, and examining relationships 

between tree growth, climate variations, and pollution levels. 

2.5.1 Tree-ring width measurement  

The TRW measurements were conducted using CooRecorder software (Cybis Elektronik & Data AB). 

This software is designed to accurately measure TRW from high-resolution images (Maxwell and Lars-

son 2021). The images used in this analysis are the stitched panoramas obtained in the previous step 

using Skippy. These images are loaded into CooRecorder for the measurement process. First, calibrating 

the photo was necessary by using the millimeter scale that was included in the photograph. This calibra-

tion step ensured that the image resolution was correctly interpreted by the software. When the image 

was calibrated, measurement points were placed along the boundaries of the tree rings, starting from the 

outermost ring and working inward. These points defined the width of each ring. The software can au-

tomatically detect ring boundaries, but it also allows manual adjustments if the boundaries are not clear 

or if there are anomalies in the sample, such as gaps or damage. This worked better for the spruce cores 

(Fig. 21) than for beech (Fig. 22), as the ring boundaries were more clearly recognizable due to the 

higher contrast. Thus, for beech the points had to be set all manually. After the measurements were 

complete, the data was saved in .pos files which contain coordinate data from TRW measurements and 

thus provides numerical data about TRW. The measured data from CooRecorder were organized in 

Cdendro (Cybis Elektronik & Data AB), where a collection of the samples from each species per site 

was created. These collections were saved as .fh files, which store TRW data for each sample. This type 

of file contains ring-width values arranged as a time series, along with metadata such as sample ID, 

species, and location. These files were used for further dendrochronological processing and analysis.  

Fig. 20: High-resolution image-capturing system Skippy (source: Gärtner et al., 2024) 



 

 

26 

 

2.5.2 Crossdating 

After measuring the TRW, the next step was crossdating. This is the process of making sure that the tree-

ring data from different samples or trees match the same years, which helped to create an accurate time-

line of tree growth. The concept of crossdating, first developed by A.E. Douglass in the early 20th cen-

tury, is fundamental to dendrochronology. It allows to establish exact calendar years for tree-ring for-

mation, using patterns of ring growth that reflect environmental factors like climate. It is grounded in 

the principle of synchrony: trees in the same region show similar responses to environmental conditions. 

Years with extreme events, such as severe droughts, late frosts, unusually cold summers, or other cli-

matic anomalies, leave clear and distinctive signals in the tree rings, making those years particularly 

useful for alignment. Crossdating also helps to identify irregularities such as missing rings (years when 

radial growth did not occur) or false rings (unusual growth interruptions that look like annual rings). By 

resolving these issues, crossdating ensures that the tree-ring sequences are precisely dated and aligned 

(Fritts and Swetnam 1989; Speer 2009). 

For the procedure, first, the two cores (A & B) from the same tree were compared to ensure consistency 

in tree-ring counting and dating accuracy. Once the dating matched between the two cores, their ring-

width measurements were averaged to represent the tree's growth pattern. In the next step, each core 

from another tree was crossdated with this initial average to check for matching patterns and ensure 

proper alignment. If a ring seemed to be missing in one sample while comparing the cores, the sample 

was brought back into CooRecorder. If a mistake was found in the measurement, then it was corrected 

or a missing ring was added manually. After successful crossdating, the two cores from the second tree 

were averaged with the initial average from the first tree. This iterative process was repeated for all 

sampled trees of the same species at one study site, resulting in a combined, crossdated timeline repre-

senting the species at the site. Finally, the average derived from the combined timeline was compared to 

a reference chronology of the same species growing at the same or a nearby site, as documented in 

Fig. 22: Beech core (own photo) 

Fig. 21: Spruce core (own photo) 
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previous studies. These reference chronologies were kindly provided by Dr. Hans-Peter Kahle (Univer-

sity of Freiburg), Dr. Miloš Rydval (Czech University of Life Sciences Prague), and Daniel Nievergelt 

(WSL). This comparison allowed for an additional validation of the dating accuracy. The process was 

done using TSAP-WIN software (Rinntech Inc), which is made for crossdating tree-ring data. The soft-

ware allowed to visually compare the tree-ring patterns from different samples and to make sure they 

align correctly. The software automatically calculates the distance between the measurement points and 

can save it in various file formats, including .rwd files. These .rwd files store TRW data and associated 

metadata, making them central for managing and processing measurements in dendrochronological 

studies. Crossdating is essential for creating reliable tree-ring chronologies, which form the foundation 

for further analyses. Without accurate crossdating, errors in ring alignment could lead to misleading 

conclusions, undermining the entire analysis. 

2.5.3 Detrending of tree-ring width data  

Detrending is a central step in dendroclimatology to separate climate signals from TRWdata. It removes 

long-term growth trends caused by tree age, size, or competition, and thus reduces "biological noise" 

and ensures that the data mainly reflect external factors like climate (Speer, 2009). Spline functions, 

especially cubic splines, are commonly used for this. They are flexible and can handle different growth 

patterns, preserving short-term variability which are essential for environmental reconstructions (Frank 

et al., 2022). The spline's length matters: shorter splines (e.g., 10 years) highlight fine-scale changes, 

while longer ones (e.g., 100 years) show broader trends. A 30-year spline often represents a good balance 

by keeping decadal and annual variations while removing long-term trends (Hughes et al., 2011). Stand-

ardization further processes the data by converting raw TRW into a Tree-Ring Width Index (RWI). This 

normalizes growth measurements by adjusting for the expected growth trend, ensuring that the resulting 

values reflect environmental influences rather than tree growth dynamics (Fritts & Swetnam, 1989). The 

RWI allows comparisons across different sites, species, and time periods, improving climate reconstruc-

tions and environmental analyses (Speer 2009). 

The workflow for detrending was implemented in R using the dplR package, which is commonly used 

for dendrochronological analyses, and included the following steps: 

1. Data import and visualization: 

TRW data were imported using the read.rwl() function for each site and species. First the raw 

data was visualized using ts.plot() to assess growth trends and identify any anomalies or patterns 

in the data. 

2. Building of undetrended chronologies: 

Undetrended TRW chronologies were created by averaging the ring widths for each year, using 

the chron() function. The biweight robust mean was applied to minimize the impact of outliers. 

They were plotted as time series and served as a reference for subsequent detrending. 
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3. Cubic spline detrending: 

To remove long-term growth trends, splines with lengths of 10, 30, and 100 years were applied 

to the data using the detrend() function. The different splines were chosen to examine how short-

term environmental variability can be retained while smoothing longer trends. With the 

detrended data, final RWI chronologies were built with the chron() function. 

4. Comparison of spline lengths and final selection: 

The detrended chronologies for 10-, 30-, and 100-year splines for each species and site were 

plotted together with the undetrended chronology to evaluate their performance in order to select 

the most suitable spline for the following analyses. The 100-year spline, which is the least flex-

ible, failed to capture short-term variations as it was too stiff. Thus, prolonged over- or under-

estimations of growth trends resulted. This limitation was particularly visible in the BT spruce 

data, where growth reductions during the 1970s and 1980s could not be smoothed effectively 

(Fig. 23). Similarly, abrupt changes in the BT beech data could not be addressed by the 100-

year spline. In contrast, the 10-year spline closely followed year-to-year variations, smoothed 

management-related effects but the representation of long-term trends was reduced. The 30-year 

spline balanced long-term growth trends and short-term variability and stayed consistent across 

datasets. While differences from the 10-year spline were generally minor, the 30-year spline was 

selected for its ability to reflect broader growth patterns while retaining sensitivity to short-term 

changes and thus ensured that important environmental signals were accurately captured.  

  

Fig. 23: BT spruce: undetrended chronology (black) with detrended chronologies 

for 10-year (green), 30-year (blue), and 100-year (red) splines  
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5. Climate correlation analysis: 

After building the final chronologies, year-to-year climate correlations, which are explained in 

more detail in a following section, were performed using the 10-, 30-, and 100-year detrended 

chronologies to examine possible differences. Although the overall patterns were consistent 

across all spline lengths, the correlation strength varied. The 30-year spline showed intermediate 

correlation strength and consistent patterns, which confirmed again the 30-year spline as the 

appropriate method choice for further analyses. 

This approach ensured that the resulting chronologies were robust and suitable for analyzing the impacts 

of climate on tree growth in subsequent steps. RWI chronologies for beech and spruce were plotted 

together by site and species, with events such as years of highest pollution, recovery of air quality, and 

severe droughts previously identified using SPEI marked on the plots. These visualizations enabled 

qualitative assessments to identify potential relationships between these environmental stressors and 

observed growth reactions.  

2.5.4 Statistical assessment of tree-ring chronology quality 

Assessing the quality of TRW chronologies is a fundamental step in dendrochronology. This process 

ensures that the environmental signals captured in the dataset are robust and reliable for further analysis. 

Descriptive statistics such as the Expressed Population Signal (EPS), the average correlation between 

series (Rbar), and the Signal-to-Noise Ratio (SNR) are central tools in this evaluation. These metrics 

provide insights into the coherence and representativeness of the chronologies and thus facilitate the 

interpretation of environmental influences on tree growth (Cook et al. 1990; Speer 2009). Replication 

and statistical evaluation are important to ensure that chronologies accurately represent the environmen-

tal factors influencing tree growth. Metrics like Rbar, EPS, and SNR quantify the extent to which indi-

vidual series share common environmental signals. EPS value ≥ 0.85 is considered a strong signal, in-

dicating that a chronology reliably represents the broader population signal, while Rbar values above 

0.5 highlight strong inter-sample coherence (Speer, 2009). High SNR values indicate a very strong com-

mon signal among tree-ring series and thus confirm the dominance of environmental signals over ran-

dom noise, which makes a chronology suitable for ecological and climatic interpretations (Cook et al. 

1990). In addition to these metrics, complementary descriptive statistics such as age range, mean age, 

and mean TRW were included to provide a more comprehensive understanding of tree growth dynamics. 

Also, mean TRW for 1970–1999 and 2000–2023 was calculated to assess changes in growth rates.  

The quality of the TRW chronologies from this study was assessed using undetrended data in R. To 

create tree-level series, the treeMean() function was applied to aggregate core-level data for each tree. 

This ensured that each tree was equally represented in the analysis and minimized overlap from using 

multiple cores from the same tree. Tree-level means were calculated for all datasets. This aggregation 

ensured a robust representation of individual trees in the overall analysis. The aggregated tree-level 

means were converted into time series using the ts() function and visualized using ts.plot(). This step 



 

 

30 

 

provided a first overview of the growth patterns of the individual trees, helping to identify trends and 

potential anomalies in the data. Time series plots were created for all datasets to examine differences in 

growth patterns across sites and species. Descriptive statistics were computed using the rwi.stats() func-

tion. This provided values for Rbar, EPS, and SNR which validated the datasets for subsequent dendroe-

cological analysis. Complementary metrics such as age range, mean age, and mean TRW were also 

derived from this function. Moving windows of 20 years with 10-year overlap were applied to assess 

how signal coherence and reliability changed over time. These analyses provided insights into periods 

of stronger or weaker signal consistency, which could reflect environmental influences or sampling var-

iability. 

2.5.5 Cumulative radial growth analysis 

To investigate long-term growth trends and assess site-level dynamics, cumulative radial growth (CRG) 

was calculated for each tree and averaged across sites. The cumulative sums from the raw data were 

computed in R using the cumsum() function, which repeated adding the growth value of each year to 

the total of all previous years. As the pith is not always included or available in the sampled cores, the 

first year of the dataset does not necessarily correspond to the first year of growth of the tree. This 

method incorporated annual growth into a long-term trend, revealing patterns and changes over time. 

The CRG data were then converted into time series for visualizing growth trajectories of individual 

trees, site-level averages, and species-specific trends. Vertical lines were added to the plots to mark years 

associated with severe drought events and peak pollution. Like this, growth patterns in relation to envi-

ronmental stressors could be visually interpreted.  

Analyzing CRG provides valuable insights into the stand conditions affecting tree growth, reflecting 

ecological factors like competition, resource availability, and disturbance history. Differences in CRG 

curve levels can reveal site productivity or competition intensity, with higher levels indicating better 

growing conditions or reduced competition and lower levels suggesting greater competition, nutrient 

limitations, or stress. The shape of the curves indicates growth dynamics over time. Steeper curves sug-

gest periods of accelerated growth due to favorable conditions, reduced competition, or suppression 

release, while flatter curves may point to stagnation caused by increased competition, poor climate con-

ditions, pollution, or age-related constraints (Schwarz et al. 2020).  

2.5.6 Climate and tree-ring width 

The relationships between RWI and drought were further analyzed using Superposed Epoch Analysis 

(SEA) with standard errors. SEA is a statistical technique designed to identify the relationship between 

events, such as drought years, and time series data like RWI. It evaluates the average response of the 

time series during pre-defined time windows before, during, and after the drought events. Averaging 

across multiple drought events in SEA increases the SNR, making it easier to identify meaningful pat-

terns against background variability. A double-bootstrap SEA approach was used in this study to address 
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uncertainties in event response relationships. This method repeatedly selected event years and calculated 

bootstrapped confidence intervals to address potential biases in selecting key years and account for the 

temporal structure of the data. It ensured accurate significance testing and captured the variability in 

growth responses to drought events (Rao et al., 2019). 

For the analysis the R-script provided by Rao et al. (2019) was used. The input data consisted of RWI 

chronologies for beech and spruce, with selected drought years identified based on previously calculated 

SPEI values. However, only drought events with available data for at least three years before and after 

the event were included in the analysis. The SEA analysis was conducted using the sea_dbl() function. 

The SEA was performed separately for each species and region. Pre-event and post-event windows were 

defined as three years before and three years after each drought event, allowing for the examination of 

short-term growth responses and recovery patterns. Parameters such as the number of bootstrap samples 

(nboot = 1000), double-bootstrapping enablement (dbl = TRUE), and event-specific bootstrapped repe-

titions (nboot_event = 500) were applied to ensure robust significance testing. The calculations quanti-

fied the mean growth response and provided 99% confidence intervals for each year relative to the 

drought events. For each region and species, SEA provided average growth responses for each year 

relative to the drought events. These results were visualized with time series plots illustrating changes 

in RWI around drought years. The plots also included ribbons representing confidence intervals, which 

highlighted the reliability of the observed responses. The results provided insights into the sensitivity 

and resilience of tree growth to drought, and thus revealing species- and region-specific patterns of 

drought influence on tree growth.  

For further data exploration, the relationship between RWI and climatic factors was investigated. High-

frequency climate correlation analysis was conducted to explore the short-term relationships between 

climate variability and tree growth. This analytical approach specifically examines the influence of sea-

sonal or monthly climate factors on RWI. The goal of this analysis was to pinpoint critical periods when 

these climate variables exert the strongest influence on tree growth. Identifying these relationships pro-

vided insights into the dynamic responses of beech and spruce to varying environmental conditions. The 

correlation analysis was conducted using the R-script “dplR and beyond_basic climate growth analysis” 

containing some useful functions developed by Dr. Stefan Klesse from WSL. 

For this analysis, climate datasets for temperature, precipitation, and the previously calculated SPEI 

were used alongside RWI chronologies for beech and spruce. The time period starting in 1956 was cho-

sen to ensure that all sites were represented by chronologies derived from data from five trees to ensure 

consistency and reliability across the dataset. To explore seasonal influences on tree growth, the monthly 

climate data were aggregated into larger seasonal windows using the function runningclimate_new(). 

This function enabled the creation of time series for varying seasonal lengths, ranging from individual 

months to twelve-month periods. Aggregation methods varied depending on the variable, with mean 

values calculated for temperature and sums for precipitation. To ensure the analysis captured high-
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frequency variability, detrending was also applied to the climate data. The function spline.det() removed 

long-term trends by applying spline smoothing with a defined smoothing parameter, consistent with the 

30-year spline used in tree-ring detrending. This step eliminated gradual changes over time while the 

interannual variability, which is central for identifying seasonal climate-growth relationships, was re-

tained. The outputs included smoothed series, residuals, and ratios of the detrended data, all important 

for reliable correlation analysis. The central element of the analysis was the Climateplot_new() function, 

which was developed to compute correlations between RWI and aggregated climate datasets. This func-

tion analyzed RWI chronologies together with climate data as time-series, focusing on short-term cli-

mate impacts on tree growth. By using detrended data, it highlighted high-frequency variability and 

isolated the effects of climate on growth patterns. Using the Pearson correlation method, it measured the 

strength and direction of relationships between climate variables and tree growth, producing a matrix of 

correlation values. The rows of the matrix corresponded to seasonal lengths and the columns represented 

the end months of each aggregation period. 

2.5.7 Air pollution and tree-ring width 

Next, the relationship between air pollution and RWI was examined to understand its impact on tree 

growth over time. Scatterplots were used as the primary method to visualize the relationships between 

RWI and air pollutants for different species and regions. Separate scatterplots were generated for SOₓ, 

NOᵧ, and NHₓ, each including regression lines to highlight trends in the data. These plots provided an 

initial visual assessment of how air pollution levels influenced tree growth during the analysis period. 

To further quantify these relationships, linear regression models were applied. These models analyzed 

how changes in air pollutant concentrations influenced RWI. They provided important statistical metrics 

for analysis and interpretation. The regression slope coefficient (β₁) was calculated to indicate the direc-

tion of the relationship, with positive values suggesting an increase in RWI with higher pollutant levels 

and negative values indicating a decrease. The coefficient of determination (R²) was used to measure 

the proportion of variance in RWI that could be explained by changes in pollutant levels, highlighting 

the explanatory power of the regression model. Additionally, p-values were calculated to assess the sta-

tistical significance of these relationships, with smaller p-values (<0.05) suggesting a meaningful asso-

ciation between pollution levels and tree growth respectively with values above this threshold indicating 

that the observed relationships are likely due to random variation and are not statistically significant. By 

integrating regression models into the analysis, the study aimed to reveal differences in the sensitivity 

of beech and spruce to various pollutants and to identify regional variations in growth responses. 

2.6 Carbon isotope analysis 

After the TRW analysis, δ¹³C analysis was carried out on BF and BT samples to further explore the 

physiological responses of trees to environmental factors. The study focused on δ¹³C in tree rings as a 

marker for understanding the interaction between climatic and anthropogenic influences. This analysis 

built on previous findings from TRW, providing complementary insights (Andreu-Hayles et al. 2022). 
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2.6.1 Sample preparation for δ¹³C analysis 

To ensure accurate and reliable δ¹³C measurements, precise sample preparation was critical. This in-

volved the extraction of cellulose from tree-ring samples using a standardized protocol developed at 

WSL to ensure consistency and reliability. These following preparation steps ensured that the cellulose 

samples were of high purity and suitable for δ¹³C analysis: 

1. Cutting and pooling: 

Each annual ring from the year 1970 on was carefully separated under a microscope using a 

scalpel to ensure precision (Fig. 24). The material from the two cores of the same tree was then 

pooled prior to cellulose extraction. Pooling reduced the influence of individual core anomalies 

and thus reduced potential biases due to intra-tree variability. This improved the reliability and 

representativeness of the signal and enhanced comparability between samples from differ-

ent species. Because some cores lacked sufficient material for δ¹³C analysis in certain years, the 

tree rings were grouped into 5-year blocks from 1978–1997. This method was applied across all 

species and sites to ensure better comparability. Then, Teflon bags were prepared by cutting 

them in half and resealing the lower part to form smaller pockets. The wood samples were 

weighed into the Teflon bags (Fig. 25) and the weights were recorded on the extraction 

datasheets. The bags were then sealed with a heat sealer and labeled with binary codes for iden-

tification (Fig. 26). 

2. Cellulose extraction: 

The next step was cellulose extraction (Fig. 27), which involved chemically removing non-cel-

lulosic components such as hemicellulose and lignin. This step ensured that only chemically 

stable material was analyzed which reduced the variability and improved the comparability 

across species and samples. Precision during ring separation and cellulose extraction ensured 

consistent and comparable results across samples (Helle et al. 2022). 

Fig. 26: Teflon bags with binary codes 

(own photo) 

 

 

 

 

Fig. 25: Weighing into Teflon bags  

(own photo) 

 

Fig. 24: Cutting the cores (own photo) 
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Step 1: sodium hydroxide (NaOH) wash: A 5% NaOH solution (50 g NaOH per 1 L deionized 

water) was prepared. Up to 50 Teflon bags were placed in a 250 mL Erlenmeyer flask and cov-

ered with 500 mL of NaOH solution. The flask was heated in a water bath at 60°C for 2 hours. 

After 2 hours, the solution was poured out, and the bags were rinsed with boiling deionized 

water. This process was repeated to ensure thorough removal of non-cellulosic components.  

Step 2: sodium chlorite (NaClO₂) treatment: A 7% NaClO₂ solution (87.5 g NaClO₂ per 1 L 

deionized water) was prepared, with the pH adjusted to 4–5 using 2–4 mL of glacial acetic acid. 

The Teflon bags were placed in the solution and heated at 60°C in a water bath. The solution 

was replaced every 10 hours, with a total extraction time of 30 hours to ensure complete delig-

nification. Following this step, the samples were rinsed three times with boiling deionized water 

to remove any residual chemicals.  

3. Drying, homogenization, freeze-drying and folding 

After the washing steps, the Teflon bags were pre-dried to reduce moisture and placed in a drying 

oven at 60°C for ca. 6 hours. Once dried, the Teflon bags were opened, and the extracted cellu-

lose was transferred to Eppendorf tubes. The yield of extracted cellulose was around 50% of the 

original sample weight. Then, 1 mL of deionized water was added to each tube, allowing the 

sample to soak for several hours. The samples then were homogenized using an ultrasonic trans-

ducer to ensure uniform consistency (Fig. 28). Following homogenization, the samples were 

frozen and subsequently freeze-dried for 3 days to prepare them for isotopic analysis. Finally, 

the freeze-dried cellulose was carefully folded into tin capsules for further isotopic measure-

ments, ensuring compatibility with the analysis equipment. To avoid contamination, workspace 

and instruments were regularly disinfected, and all materials were handled only with gloves or 

tweezers. The cellulose was weighed before folding, targeting 1 mg ± 10% in each capsule to 

ensure consistent sample sizes.  

Fig. 27: Cellulose extraction (own photo) Fig. 28: Homogenization of cellulose 

with ultrasonic transducer (own photo) 
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2.6.2 Measuring δ¹³C  

The isotopic composition of δ¹³C in cellulose samples was measured using an Isotope Ratio Mass Spec-

trometer (IRMS), specifically the Sercon HS2022, coupled with the Sercon Iso-EA system. This setup 

enabled precise δ¹³C measurements by combining an elemental analyzer with a mass spectrometer. The 

Sercon Iso-EA elemental analyzer combusted the cellulose samples into CO₂ gas. Each sample was 

automatically loaded into the combustion chamber, and the resulting gases processed through a chroma-

tographic column to ensure purity before analysis. The purified gas then was transferred to the HS2022 

IRMS for isotope analysis. The IRMS measured the ratio of ¹³C/¹²C in the CO₂ gas with high precision, 

separating isotopes based on their mass-to-charge ratio and thus quantified δ¹³C for each sample (Sercon 

Ltd 2019b; Sercon Ltd 2019a). The IRMS generates raw δ¹³C values which are expressed in per mil (‰) 

relative to the Vienna Pee Dee Belemnite (VPDB) standard, determined by analysis of a set of reference 

materials with known isotopic ratios. The precision of the analysis is ca. 0.1‰ (Saurer et al., 2024). 

2.6.3 Correction and detrending of δ¹³C 

To address the impact of declining atmospheric δ¹³C values caused by fossil fuel emissions, an atmos-

pheric correction was applied to the δ¹³C data. This decline, known as the Suess effect, results from the 

release of CO₂ depleted in ¹³C during fossil fuel combustion. Over time, this process has led to a gradual 

reduction in atmospheric δ¹³C, which subsequently affects δ¹³C values in tree rings. As trees absorb CO₂ 

during photosynthesis, the decreasing δ¹³C in atmospheric CO₂ is reflected in the δ¹³C of tree-ring cel-

lulose. To account for this, δ¹³C values were adjusted using historical atmospheric δ¹³C records obtained 

from ice core data and direct atmospheric measurements (Francey et al. 1999). This adjustment ensured 

that the corrected values reflected physiological responses of trees rather than shifts in atmospheric 

composition. After the atmospheric correction, δ¹³C detrending was conducted in R. The same method 

used for TRW data was applied here, using a cubic smoothing 30-year spline. Furthermore, δ¹³C chro-

nologies and time series were generated and plotted for both corrected raw and detrended data, providing 

the basis for visual interpretation and analysis. 

2.6.4 Statistical analysis of δ¹³C responses to climate and pollution 

This section extends TRW methods to δ¹³C, calculating EPS, Rbar, SNR, and mean values for reliability, 

coherence, and comparison. Chronologies with corrected raw data as well as indexed chronologies were 

examined. The relationship between δ¹³C and drought was analyzed through SEA to identify responses 

to extreme climatic events, as well as Pearson correlation matrices to investigate correlation with climate 

variability. Scatterplots were used to visualize relationships, and linear regression was applied to un-

detrended δ¹³C data to analyze the impact of air pollution. Both detrended and undetrended δ¹³C data 

were used for climate correlations. The detrended data focused on isolating short-term climatic effects 

by removing long-term trends, such as those based on air pollution, while the undetrended data captured 

the combined effects of climate and longer trends. 
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To examine the combined effects of air pollution and climate on δ¹³C, multiple linear regression models 

were applied. This approach enabled the simultaneous evaluation of multiple independent variables, 

providing a more detailed understanding of their joint influence on δ¹³C. The models used δ¹³C as the 

dependent variable, with SOₓ and the climate variable showing the strongest correlations as independent 

variables. The analyses were conducted using the dyn package in R, which supports the incorporation 

of time-series data into regression models. The general structure of the models followed the format 

lm(δ¹³C ~ SOx + climate), quantifying both individual and combined impacts of pollution and climate. 

This analysis offered insights into the strength and direction of these relationships and their interactions. 

To align with the δ¹³C data, which were analyzed in 5-year blocks due to material constraints, corre-

sponding blocks were constructed for air pollution and climate variables. Block averages were calcu-

lated for SOₓ, NOᵧ, NHₓ, and climate variables including temperature, precipitation, and SPEI. These 

blocks were aligned with the time periods showing the strongest correlations between δ¹³C and climate 

variables, as identified in previous Pearson correlation analyses.  

3. Results 

3.1 Environmental conditions 

3.1.1 Droughts 

Calculating the SPEI from climate data obtained from the ClimateDT portal, aggregated over five 

months and filtered with a threshold of -1.5, identified the following years with severe drought condi-

tions: 

• Swiss Central Plateau: 2003, 2018, 2020, and 2022 

• Black Forest: 1976, 2003, 2018, 2020, and 2022 

• Black Triangle: 1976, 1990, 2003, 2018, 2019, 2020, and 2022 

The five-month aggregation was selected as it aligned most closely with the most severe drought years 

documented in the literature (Schuldt et al. 2020; Hänsel et al. 2022; Spiecker and Kahle 2023). Focusing 

on two- or three-month aggregations during the growing season did not align with the known extreme 

drought years. Aggregations of five and six months produced better results, with the five-month aggre-

gation providing the best match. However, comparisons showed that the classification of drought years 

also depended on the method used or the publication date of the studies. Older studies often emphasize 

droughts that, after the severe events of the past two decades, are no longer considered among the most 

extreme. Consequently, older studies identified more drought years in certain regions compared to the 

findings of this study (Brázdil et al. 2009). Furthermore, the years 2006, 2011, and 2015, often men-

tioned as drought years, were identified in this study only when using lower SPEI thresholds of -1 or 

-1.25 (Brunner et al. 2019; Klesse et al. 2022). The 2018/2019 period represents a prolonged two-year 

drought across all three regions, but 2019 is only identified as a drought year in the BT according to this 
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study’s calculations. This suggests that the drought was particularly severe in the BT during the second 

year, potentially extending its effects and contributing to the 2020 drought. Finally, this study focused 

on the years 1976, 2003, 2018/2019, 2020, and 2022, as these are widely recognized as the most severe 

drought years in most studies and largely correspond with the SPEI calculations and are common across 

all three regions. The year 1976, although filtered with a threshold of -1.35 and not strictly meeting the 

-1.5 threshold for SCPA+B, was included as it falls within the 1970s, which belongs to the focus period 

of this study, and its SPEI value was very close to the threshold. It is also worth mentioning that when 

applying the lower thresholds of -1 and -1.25, moderate drought years during the 1980s, such as 1982 

and 1989, as well as the more severe 1990, were identified for BT. When aggregating six months and 

using a threshold of -1 moderate droughts in the 1990s, specifically in 1991, 1993, and 1998 resulted 

for BF.  

3.1.2 Pollution 

Roughly calculated CLmaxS generally ranges from 800 to 1600 mg(S)/m²/year, with coniferous wood-

lands tolerating lower levels of 800–1200 mg(S)/m²/year, while broadleaved woodlands can withstand 

higher deposition levels of 1200–1600 mg(S)/m²/year. CLmaxN is estimated to range from 1400 to 

2800  mg(N)/m²/year (Hettelingh et al. 2017; Geupel et al. 2022). In addition to these roughly estimated 

values, specific calculations have been performed for individual areas. The decades in which exceed-

ances of these values occurred are summarized in Tab. 1 and further illuminated in the following sec-

tions. 

Specifically calculated values for the Irchel area at SCPA+B are notable higher: CLmaxS is 

4781 mg(S)/m²/year, and CLmaxN is 7435 mg(N)/m²/year (FOEN 2017). These elevated thresholds 

might be attributed to specific soil characteristics in the region. At SCPA+B, SOₓ deposition peaked at 

2854 mg(S)/m²/year in 1971, with the highest values occurring during the 1970s. By 2023, SOₓ deposi-

tion had declined by 90%. NOᵧ deposition peaked at 838 mg(N)/m²/year in 1988, while NHₓ deposition 

reached 1202 mg(N)/m²/year in the same year. Combined N deposition at its peak totaled 

2040 mg(N)/m²/year but never exceeded critical loads for N or S. By 2023, NOᵧ deposition had de-

creased by 70%, and NHₓ deposition declined slightly by 16%. 

CLmaxS for the BF area were calculated to be 3200–4000 mg(S)/m²/year and are thus higher than the 

roughly calculated values from above (Augustin et al., 2005). CLmaxN derived from CCE status report 

2017 are consistent with the roughly calculated values from above (Hettelingh et al. 2017). At BF, SOₓ 

deposition peaked at 3626 mg(S)/m²/year in 1971. Critical loads for S exceeded the lower threshold 

during a few individual years in the 1970s; however, the upper threshold was never exceeded. By 2023, 

SOₓ deposition had declined by 91%. NOᵧ deposition peaked at 1001 mg(N)/m²/year in 1988, and NHₓ 

deposition reached 1089 mg(N)/m²/year in the same year. Combined N deposition peaked at 

2090 mg(N)/m²/year, exceeding lower critical loads from the 1970s to the 2000s but remaining below 

upper thresholds. By 2023, NOᵧ deposition had decreased by 70%, and NHₓ deposition declined by 21%. 
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For the Jizera Mountains, critical loads align with these roughly calculated values. CLmaxS ranges from 

1154–1326 mg(S)/m²/year, and CLmaxN ranges from 2355 to 2568 mg(N)/m²/year, reflecting typical 

tolerance levels consistent with the estimated range above. At BT, SOₓ deposition peaked at 

6871 mg(S)/m²/year in 1975, exceeding upper and lower CLmaxS from the 1900s to the 2000s. By 2023, 

SOₓ deposition had declined by 91%. NOᵧ deposition peaked at 1169 mg(N)/m²/year in 1980, and NHₓ 

deposition reached its maximum at 1221 mg(N)/m²/year in the same year. Combined N deposition 

peaked at 2390 mg(N)/m²/year in 1980, exceeded critical lower CLmaxN just during this year. By 2023, 

NOᵧ deposition had decreased by 67% and NHₓ deposition declined by 32%.  

 SOₓ  

exceeded  

lower 

CLmaxS  

SOₓ  

exceeded  

upper 

CLmaxS  

NOᵧ+NHₓ  

exceeded  

lower  

CLmaxN 

NOᵧ+NHₓ  

exceeded  

upper  

CLmaxN 

SCPA+B x x x x 

BF 1970s (few years) x 1970s–2000s x 

BT 1900s–2000s 1900s–2000s 1980 x 

Tab. 1: Exceedance of CLmaxS and CLmaxN 

3.2 Tree-ring widths  

3.2.1 Descriptive statistics of tree-ring width 

Because five trees were available for each species from 1956 onward, descriptive statistical metrics were 

calculated for the entire dataset and for the period beginning in 1956. The values summarized in Tab. 2 

highlight differences in growth patterns, environmental responses, and sensitivities across species and 

locations, as well as when comparing species within and across sites. The EPS of 0.85 was not achieved 

in all cases, but the values always exceeded 0.8, either for the entire dataset or for the period starting 

from 1956. Since these values are close to the reliability threshold, the chronologies still reliably repre-

sent the hypothetical "true" population signal of the sampled trees from each site. 

Tab. 2: Descriptive statistics of TRW for the entire dataset and 1956 onward 

 

age range 

(years) 

mean 

age 

(years) 

mean 

TRW 

(mm) 

Rbar 

(all) 

EPS 

(all) 

SNR 

(all) 

Rbar 

(1956) 

EPS 

(1956) 

SNR 

(1956) 

SCPAB 81–86 84 2.786 0.451 0.804 4.104 0.428 0.789 3.739 

SCPAS 53–80 61 3.983 0.368 0.745 2.916 0.559 0.864 6.33 

SCPBB 94–121 110 2.529 0.459 0.809 4.239 0.596 0.881 7.382 

SCPBS 90–116 100 2.981 0.363 0.74 2.853 0.739 0.934 14.191 

BFB 82–92 87 2.926 0.491 0.828 4.814 0.457 0.808 4.216 

BFS 68–93 86 2.987 0.574 0.871 6.733 0.368 0.745 2.916 

BTB 175–197 183 1.395 0.422 0.785 3.645 0.455 0.807 4.174 

BTS 75–95 84 2.456 0.712 0.925 12.389 0.339 0.719 2.561 
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Beech generally showed lower growth rates and reduced sensitivity to year-to-year environmental vari-

ability compared to spruce, reflecting a more conservative growth strategy. This was evident in its lower 

Rbar, SNR, and EPS values in some cases. For example, at the SCPA site, where younger trees were 

growing, the EPS value for beech (SCPAB) decreased from 0.804 for the entire dataset to 0.789 for the 

post-1956 period. However, the corresponding Rbar values indicated moderate coherence in beech 

growth patterns, while the high SNR of 7.382 for SCPB beech (SCPBB) after 1956 demonstrated strong 

alignment with shared environmental signals. Spruce, in contrast, demonstrated higher growth rates and 

greater sensitivity to interannual environmental changes, which was reflected in its higher Rbar and EPS 

values across most sites. At the SCPA site, spruce (SCPAS) improved its EPS from 0.745 for the entire 

dataset to 0.864 after 1956. It is important to note that these are younger trees, which may have had less 

alignment with shared signals during the first years of growth. The corresponding increase in Rbar val-

ues further confirmed enhanced coherence in spruce growth after 1956. The exceptionally high SNR of 

14.191 for the older spruces at SCPB (SCPBS) after 1956 highlighted its strong synchronization with 

shared environmental signals. At the BF site, spruce (BFS) showed higher Rbar (0.574) and EPS (0.871) 

for the entire dataset compared to beech (BFB) (Rbar 0.491 and EPS 0.828). However, from 1956 on-

wards, the differences between species became more pronounced at BF, as EPS of spruce declined to 

0.745 while beech achieved a more stable EPS of 0.808. Spruce's continued sensitivity was reflected in 

its lower Rbar of 0.368, while the relative stability of beech was supported by its higher Rbar of 0.457. 

At the BT site, spruce (BTS) demonstrated the highest SNR of 12.389 for the entire dataset and an EPS 

of 0.925, reflecting robust environmental coherence. However, after 1956, its EPS decreased to 0.719, 

indicating some loss of shared signal. The corresponding Rbar of 0.339 confirmed reduced coherence, 

suggesting that intrinsic factors and external stressors during this period may have contributed to this 

decline. In contrast, beech (BTB) maintained an EPS of 0.807 with a Rbar of 0.455, indicating moderate 

alignment with shared environmental signals. Despite a slightly lower SNR of 4.174, beech showed 

stable growth patterns. The mean annual growth rates for both spruce and beech at BT were the only 

ones that increased during 2000–2023 compared to 1970–1999. At all other sites, mean growth rates 

declined over the same periods. 

3.2.2 Cumulative radial growth  

The CRG analysis showed differences between the sites and between the species. Except for BT, spruce 

indicated higher growth rates than beech, which suggested species-related differences in growth rate. 

Beech showed smoother CRG curves than spruce at all sites, indicating more stable growth compared 

to spruce. For instance, at BF and SCPA+B, spruce showed more pronounced dips during drought years 

than beech. At BF, recovery after droughts was slower for spruce than for beech. Differences between 

the species were further highlighted by the severe, long-lasting growth stagnation of BTS during periods 

of high pollution loads from the 1960s to 2000, followed by a fast recovery (Fig. 29). This could also be 

clearly seen as a long-term reduction in the plotted time series of the raw data (Fig. 30). In contrast, BTB 

showed only a small plateau from the late 1970s to the mid-1980s, coinciding with peak pollution of 
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SO₂, before it recovered to stable growth, which was also visible as a short-term dip in the raw data. 

Notably,  there is no such plateau in the CRG curve at any of the other sites. For additional CRG plots 

and raw data, see Appendix A and B. 

At SCPA, beech and spruce showed growth divergence beginning in the 1990s, with spruce exhibiting 

increased levels. This could indicate changes in conditions, such as reduced competition, suppression 

release, or superior growing conditions for some trees, possibly resulting from intervention, as this was 

a managed site. It should also be noted that the youngest trees of this study were growing at this site. 

Growth differences can also be attributed to age, with older trees showing slower growth trends com-

pared to younger trees. This age effect was particularly visible in the beech curves, where older trees 

exhibited smoother curves, while younger trees had higher growth rates. Higher levels were observed 

for BTB, SCPBB, and SCPBS, which represented the oldest trees of this study. However, these differ-

ences may also reflect better growing conditions, varying site productivity, or competition levels, as the 

sites where the oldest trees were growing were unmanaged. For the younger trees at the managed sites, 

such as SCPA and BF, denser competition, nutrient limitations, or site-specific stressors could have 

played a role. When comparing CRG of the individual trees, beech showed relatively consistent levels 

across all sites until the 1990s, after which divergence became visible (Fig. 31). This change aligned 

with the increased occurrence and intensity of droughts during that time. In contrast, spruce showed 

greater variability in CRG levels across sites throughout the whole study period (Fig. 32). This was 

particularly visible at SCPA+B, where spruce showed site-dependent growth patterns, reflecting its sen-

sitivity to local conditions.  

Fig. 31: BF beech CRG of the individual trees with marked 

droughts (grey), peak pollution plateau (red) and recovery of 

air quality (blue) 

Fig. 32: SCPB spruce CRG of the individual trees with 

marked droughts (grey), peak pollution plateau (red) and 

recovery of air quality (blue) 

Fig. 29: BT spruce and beech mean CRG with marked 

droughts (grey), peak pollution plateau (red) and recovery of 

air quality (blue) 

Fig. 30: BT spruce TRW raw data with average (red) 
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3.2.3 Tree-ring width and drought events 

The RWI analysis for spruce and beech during severe drought years highlighted site- and species-spe-

cific differences in growth response. During the 1976 drought, both spruce and beech experienced the 

most pronounced growth reductions at SCPB and BF, showing equally strong responses to the drought. 

In comparison, the growth reduction at BT was less pronounced. The SCPA site was excluded from this 

year’s study because the trees were still in their juvenile age at that time. During the 2003 drought, 

spruce experienced the strongest growth reduction at SCPA+B, while beech was most affected at BT. 

During the prolonged drought of 2018–2019, spruce at BF and SCPA+B experienced the highest reduced 

growth in 2018, while spruce at BT showed the strongest growth reduction in 2019, the second year of 

the drought. Also, beech at BT exhibited a delayed response in 2019, with growth decreasing further in 

2020. In contrast, beech at SCPA+B, and BF showed no growth reaction to the droughts of 2018 to 2020. 

Similarly, neither spruce nor beech at any site reacted to the drought of 2022. Tab. 3 summarizes the 

species-specific growth reductions during drought years at each site, complemented by RWI plots for 

all sites and species (Fig. 33 and 34) that illustrate the timing and magnitude of these reductions. Beyond 

the drought-related growth responses, a sustained period of growth decline was observed at the BT site 

for both beech and spruce. This decline began in 1978 for beech and in 1980 for spruce, lasting until 

1983. Additionally, some spruce trees at BT exhibited missing rings in 1980 and 1981, and a notable 

growth reduction occurred in 1986/87. These declines aligned with episodes of harsh winters, frost 

events, cool summers, and heightened SOₓ pollution. At the BF site, alongside the notable impact of the 

1976 drought, a significant reduction in RWI was documented in 1986, coinciding with a cold winter 

and severe frost. At the SCPA+B site, beech exhibited its lowest relative growth values during the late 

frost event of 2017.  

Tab. 3: Comparison of growth reactions of spruce (s) and beech (b) at different sites during drought years. Symbols indicate 

whether spruce or beech exhibited lower growth (s<b or b<s), equal growth (s=b), or no reaction (x). The sites with the highest 

growth reduction for each species are also noted. 

 

 1976 2003 2018/2019 2020 2022 

SCPA - s<b s<b (2018) s<b x 

SCPB s=b s<b s<b (2018) s<b x 

BF s=b s<b s<b (2018) s<b x 

BT s<b b<s s<b (2019) b<s x 

spruce SCPB & BF SCPA+B 
SCPA+B & BF (2018) 

BT (2019) 
SCPA+B x 

beech SCPB & BF BT x BT x 
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Fig. 35: RWI chronologies by species from BF, BT, and SCPB with marked droughts (grey), peak 

pollution plateau (red) and recovery of air quality (blue) 

 

Fig. 33: RWI chronologies from each site with marked droughts (grey), peak pollution plateau (red) and  

recovery of air quality (blue) 

 

Fig. 34: RWI chronologies of spruce and beech with marked droughts (grey), peak pollution plateau (red) 

and recovery of air quality (blue) 

 



 

 

43 

 

The SEA analysis confirmed the findings obtained by comparing RWI chronologies. The average growth 

response during the selected drought years was exceptionally strong for spruce in BF and SCPA+B, with 

average TRW which were statistically significantly smaller during the drought events compared to all 

other years (Fig. 35). While an average growth decline of spruce at BT and beech at SCPA, BF, and BT 

during the drought events was observed, these reductions were not statistically significant and did not 

stand out as unique to the selected event years. Overall, beech showed a much smaller decline in growth 

during drought events, which indicated greater drought resistance compared to spruce. SCPA and BF 

exhibited the most pronounced growth reductions for spruce, which reflected higher sensitivity to 

drought conditions. In contrast, BT spruce showed minimal response to drought, differing from the 

trends observed at the other sites, which indicated less drought sensitivity of BT spruce compared to the 

other sites. Average RWI values for SCPA+B beech were notably lower in the year before the drought 

event, potentially indicating a pre-drought stress event, such as a prior drought or frost.  

Fig. 35: SEA results, showing growth responses of spruce (salmon, pink, red) and beech (turquoise, grey, green) with ribbons 

representing 99% confidence intervals 
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3.2.4 Tree-ring width and climate variability 

TRW sensitivity to climate varied by species and site. Tab. 4 summarizes species- and site-specific re-

sponses during peak growth, while Appendix C contains detailed δ¹³C-climate correlation matrices. At 

SCPA+B beech growth was most sensitive to June–July temperatures, indicating sensitivity to summer 

heat stress. Also previous year summer temperatures of July–August correlated negatively. Positive win-

ter correlations at SCPA+B highlighted the benefits of mild winters. Negative correlations with July–

August precipitation were observed, suggesting precipitation-related stress in late summer. Similar pat-

terns were found for previous year rainfall during spring and early summer, with the older trees from 

SCPB additionally showing negative correlations with precipitation from previous autumn. For drought 

sensitivity (Fig. 36), weak positive correlations in May–June and the previous summer and autumn sug-

gest that early summer and prior-year drought stress negatively affect tree-ring growth. However, nega-

tive correlations with SPEI for July–August suggested that beech growth was less adversely affected by 

drier conditions in late summer. Spruce growth at SCPA+B was sensitive to April–July temperatures, 

particularly in June–August, with positive winter and early spring correlations. Prior-year temperatures 

also influenced growth. Regarding precipitation, positive correlations with spring and summer precipi-

tation, mainly June–July, indicated that water availability supported growth during the growing period. 

For drought sensitivity (Fig. 36), positive correlations with SPEI during spring and summer months, 

mainly June–July, showed that water balance strongly influenced spruce growth then. 

Tree-ring growth of beech at BF showed negative correlations with temperature from March–July, with 

strongest in June–July. Regarding precipitation, beech showed the strongest positive response in June. 

In terms of drought sensitivity (Fig.37), positive correlations with SPEI in June indicated that beech 

suffered from drought during this critical period. Spruce growth in the Black Forest was strongly corre-

lated with April–July temperatures. Precipitation had the strongest positive correlations with June–July 

precipitation, which highlighted the importance of sufficient water supply during summer. Thus, for 

drought sensitivity (Fig.37), also strong positive correlations with SPEI in June–July were observed. 

At BT (Fig. 38), for beech was a weak negative correlation with RWI apparent in April and June, indi-

cating that warm spring and early-summer temperatures may not favor growth. However, in July–Au-

gust a positive correlation with temperature was visible, suggesting that warmer temperatures in late 

summer promote growth. A distinct pattern also emerged for precipitation, differing from the other sites, 

as beech seemed not to be precipitation sensitive. Similarly, no meaningful correlations with SPEI were 

found, indicating that TRW of beech was not sensitive to drought at this site. Spruce growth at BT 

(Fig. 38) also exhibited a very weak correlation pattern for temperature, with weak positive correlations 

for spring and summer temperatures and weak negative correlations only for June. Also, precipitation 

correlation patterns were very weak, showing positive correlation for August. Moreover, no meaningful 

correlations with SPEI were observed in the growing period just weak positive correlations for June and 

August–September were visible. 
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 temperature precipitation SPEI 

RWI - SCPA+B s>b (-) s>b (+) s>b (+) 

RWI - BF s >b (-) s>b (+) s>b (+) 

RWI - BT b>s (+) b>s (-) x 

Tab. 4: Comparison of TRW climate sensitivity of spruce (s) and beech (b) at different sites. Symbols indicate which species 

reacted more (s>b or b>s), or if there were no clear results visible (x) and the direction of the correlation (+/-) 

Fig. 36: Correlation matrices of RWI and SPEI for SCP beech and spruce 

Fig. 37: correlation matrices of RWI and SPEI for BF beech and spruce 

Fig. 38: Correlation matrices of RWI and temperature / RWI and SPEI for BT beech and spruce 
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3.2.5 Tree-ring width and air pollution 

Single linear regression models across SCPB, BF, and BT showed weak relationships between air pol-

lutants (SOₓ, NOᵧ, NHₓ) and the RWI of beech and spruce. Beech generally exhibited positive coeffi-

cients for NHₓ and SOₓ, while spruce displayed negative coefficients for SOₓ and NOᵧ and positive 

coefficients for NHₓ. However, the R² values were all very low, not exceeding 0.02, and none of the 

coefficients were statistically significant. Residual errors ranged from 0.16 to 0.23 at SCPB, 0.14 to 0.19 

at BF, and 0.21 to 0.31 at BT, indicating considerable unexplained variability across sites. Beech showed 

less consistent growth patterns compared to spruce, as reflected in slightly higher residual errors, par-

ticularly at SCPB and BT. At BF, both species showed similarly weak and inconclusive relationships 

with pollutants. Overall, the models suggested that air pollutants had little to no measurable impact on 

the growth of beech and spruce, with growth variability probably driven by other ecological or climatic 

factors. Scatterplots of linear regression with corresponding metrics are provided in Appendix D. 

3.3 Carbon isotope 

3.3.1 Descriptive statistics of δ¹³C 

 The δ¹³C analysis showed that BFB (Fig. 39) had overall weak metrics, with a Rbar of 0.152, an EPS 

of 0.472, and an SNR of 0.895, indicating poor coherence, low reliability, and a signal dominated by 

noise. A detailed temporal analysis using 20-year running windows with a 10-year overlap highlighted 

variability over time. The periods 1974–1993 and 2004–2023 showed moderate signal quality, with Rbar 

values around 0.36–0.38, EPS values around 0.74–0.76, and SNR values exceeding 2.8, which reflected 

improved coherence and reliability. In contrast, the period 1994–2013 showed a sharp decline, with a 

Rbar of 0.130, an EPS of 0.429, and an SNR of 0.750, causing the weak overall performance. During 

the study’s focus period, the 1970s and 1980s, the metrics were considered sufficient for further analyses 

as they fluctuated around the minimum acceptable values. In contrast, all other datasets consistently 

demonstrated strong metrics, with Rbar values exceeding 0.62, EPS values above 0.85, and SNR values 

greater than 8 for the entire dataset (Tab. 5). Furthermore, the mean δ¹³C values from both species were 

higher at the BT site, and at both sites they were also higher during 1970–1999 compared to 2000–2023. 

δ¹³C series, chronologies and mean values are provided in Appendix E. 

 

 

 

 

 

 

 

 

 

 Rbar EPS SNR 

δ¹³C BFB  0.152 0.472 0.895 

δ¹³C BFS 0.627 0.894 8.41 

δ¹³C BTB 0.774 0.945 17.094 

δ¹³C BTS 0.746 0.936 14.651 

Tab. 5: Descriptive statistics for δ¹³C  

Fig. 39: δ¹³C of individual beech trees at BF 
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3.3.2 δ¹³C and drought 

 The δ¹³C raw chronologies from spruce and beech at BF and BT, corrected for atmospheric ¹³C of CO₂ 

(Fig. 40), showed that δ¹³C values increased during drought events for both species at both sites. At BF, 

they decreased immediately after the 1976 drought event, indicating a fast recovery. In contrast, at BT, 

δ¹³C values remained elevated for nearly two decades post-drought, with spruce even exhibiting a further 

increase during the 1980s while beech remained at a similarly elevated level. Unlike after the 2003 and 

2019 droughts when both species at BT seemed to recover directly after the event. The hump in δ¹³C 

values observed at BT during the 1970s and 1980s aligned well with the peak pollution levels recorded 

during that period. Also at BF, elevated values were visible then, but however, the increase was delayed 

compared to BT and was neither as strong nor as consistently high. The values at BF were also falling 

earlier and more gradually, compared to BT, where they fell abruptly at the end of the 1990s, along with 

the rapid reduction of air pollution. Beech at BF seemed to be more affected in the past few years than 

during the 1970s and 1980s. Similarly, at BT, δ¹³C values of beech have been increasing again in recent 

years, indicating that beech has been experiencing greater stress from recent droughts. When comparing 

the detrended δ¹³C index chronologies of the two species and sites (Fig. 41), differences in δ¹³C increases 

during drought years became visible. The pooled year blocks could not be detrended, thus only values 

before and after were used to assess changes. In 1976, δ¹³C values for both spruce and beech at BF were 

higher than at BT, with beech responding more strongly than spruce. In 2003, beech at BF also showed 

a greater increase, while at BT spruce exhibited higher δ¹³C. Spruce at BF fluctuated at higher levels 

after 2003, coinciding with milder droughts and heatwaves (2004, 2006, 2011, 2015), before peaking in 

2020. Beech δ¹³C at BF fluctuated at even higher levels than spruce after 2015, indicating it may have 

suffered more during this period, and peaked during the 2018/2019 drought. However, except for the 

period with higher fluctuating values in recent years, beech δ¹³C values decreased more sharply after a 

drought event than spruce. At BT, 

both species showed their strongest 

increases in 2019 and responded more 

to the 2018/2019 drought than at BF, 

followed by sharp declines. During 

the 2020 drought spruce showed 

higher values at BF, and both species 

showed similar elevated values at BT. 

Unlike TRW, both species showed 

higher δ¹³C values at BF during the 

2022 drought, with the highest values 

in beech. Which species reacted more 

during which drought event is sum-

marized in Tab. 6.  

Fig. 40: Raw δ¹³C chronologies with atmospheric correction for 

beech and spruce at BF and BT 
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Fig. 41: δ¹³C index chronologies for spruce and beech at BF (bottom left) and BT (bottom right) 

 

 1976 2003 2018/2019 2020 2022 

BF b>s b>s b>s (2018) s>b b>s 

BT b>s s>b b>s (2019) s=b x 

spruce BF BT BT (2019) BF BF 

beech BF BF BT (2019) BT BF 

Tab. 6: Comparison of δ¹³C  response of spruce (s) and beech (b) at BF and BT during drought years. Symbols indicate whether 

spruce or beech exhibited higher increases (s>b or b>s), equal increase (s=b), or no response (x). The sites with the highest 

δ¹³C increases for each species are also noted. 

 

The SEA analysis (Fig. 42) was conducted using the drought years 2003, 2019, and 2020. The year 1976 

could not be included because from 1978 on the years were pooled, and thus no average post-drought 

response would have been available for the analysis. Similarly, 2022 could not be included due to the 

lack of post-drought years for evaluation. The year 2019 was selected from this prolonged drought be-

cause the δ¹³C response was highest then. Both sites exhibited strong δ¹³C increases during the drought 

year, but the magnitude of the response differed between species and sites. 

At BF, both beech and spruce δ¹³C showed a strong positive average response during the drought event, 

with spruce displaying a higher and statistically significant increase compared to beech. Post-drought, 

beech exhibited a steeper decline, indicating a faster recovery or reduced stress compared to spruce. In 

contrast, spruce maintained more consistently elevated δ¹³C levels, suggesting prolonged stress or 

slower recovery. Three years after the drought event, both species showed another pronounced increase 

in δ¹³C, probably reflecting the onset of the next drought. At the BT site, both species exhibited a sharp 

average increase in δ¹³C during the drought event, with beech reaching a slightly higher peak than 

spruce. However, only the increase observed in spruce was statistically significant. After the drought, 

spruce showed a steep decline in δ¹³C immediately following the drought year, followed by a gradual 
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recovery in subsequent years. In contrast, beech displayed a slower and more gradual decrease in δ¹³C 

values post-drought, reflecting a less abrupt response compared to spruce. The peak δ¹³C response at BT 

was stronger for both species compared to BF, suggesting that drought conditions at BT may have been 

more severe or that additional stressors amplified the response. Both species already showed elevated 

δ¹³C values in the year before the drought event, which can be attributed to the two-year drought of 

2018/2019, during which higher δ¹³C values were already evident in the first year of the drought. 

 

 

Fig. 42: SEA results, showing growth responses of spruce and beech with ribbons representing 99% confidence intervals 

 

3.3.3 δ¹³C and climate variability 

The correlations between δ¹³C and climate variables showed distinct patterns for temperature, precipi-

tation, and SPEI across the two study sites and species, which are summarized in Tab. 7. Detailed cor-

relation matrices of δ¹³C and climate variables can be found in Appendix F. At the BT site, δ¹³C showed 

strong positive correlations with temperature, precipitation, and SPEI, reflecting a clear response to cli-

mate variability. Beech exhibited strong correlations with temperature during late spring and early sum-

mer, particularly in May–July, while spruce responded most in June–August. Precipitation also showed 

strong negative correlations for both species during the growing season, especially June–July. SPEI 

(Fig. 43) also correlated negatively, mainly in May–July. Undetrended δ¹³C data showed weaker 
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correlations overall, highlighting the importance of short-term variability in creating these responses. 

Overall, the Black Forest δ¹³C patterns highlighted a strong response to climate variables, with beech 

and spruce showing similar trends but varying in the timing and strength of their responses. 

At BT, δ¹³C correlations were overall weaker than at BF. Beech δ¹³C correlated positively with temper-

ature during summer, mainly Jun–August and showed additional strong sensitivity to the previous spring 

and summer. Spruce also exhibited strong temperature correlations in summer, particularly June–Au-

gust. However, when undetrended δ¹³C values were considered, correlations for both beech and spruce 

exhibited strong negative trends, which seemed to contradict the patterns seen in the detrended data 

(Fig. 44). Precipitation and SPEI influenced δ¹³C for both species during February–July, with summer 

peaks in June–July. Despite these weaker overall signals, δ¹³C at the BT site still captured some drought-

related impacts, with beech showing a stronger response during the summer months than spruce 

(Fig. 43). However, undetrended δ¹³C data showed weaker, altered, and less consistent correlations, with 

beech also showing a response to precipitation from the previous year.  

 

 temperature precipitation SPEI 

δ¹³C - BF b>s (+) b>s (-) b>s (-) 

δ¹³C - BT s>b (+) b>s (-) b>s (-) 

Tab. 7: Comparison of δ¹³C climate sensitivity of spruce (s) and beech (b) at different sites during periods of maximum  

growth activity. Symbols indicate whether spruce or beech reacted more (s>or b>s) and the direction of the correlation (+/-) 

 

 

Fig. 43: Correlation matrices for δ¹³C and SPEI for BF and BT beech and spruce 
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Fig. 44: Correlation matrices for δ¹³C and temperature for BT beech and spruce detrended and undetrended 

 

3.3.4 δ¹³C and air pollution 

Single linear regression models across BF and BT revealed positive relationships between air pollutants 

(SOₓ, NOᵧ, NHₓ) and the δ¹³C of beech and spruce (Fig. 45), with stronger trends observed at BT com-

pared to BF. Generally, δ¹³C of beech at BF exhibited weak relationships with pollutants. SOₓ was mod-

erately significant, NOᵧ showed a non-significant influence, and NHₓ showed a significant effect. Re-

sidual standard errors for beech ranged from 0.45 to 0.48, highlighting considerable unexplained varia-

bility. Spruce at BF showed moderate relationships, which were all highly significant. Residual errors 

for spruce were smaller compared to beech, ranging from 0.37 to 0.44, suggesting more stable δ¹³C 

responses to pollutants. 

At BT, the δ¹³C of beech showed strong and highly significant relationships with all pollutants, with SOₓ 

showing the strongest relationship. Residual errors for beech at BT are around 0.5, indicating robust 

model fits. For spruce at BT, NHₓ and SOₓ exhibited moderate positive relationships, whereas the rela-

tionship with NOᵧ was strong. All three correlations were highly significant. Residual errors for spruce 

at BT ranged from 0.48 to 0.62, suggesting slightly greater unexplained variability compared to beech. 

Overall, pollutants had a greater impact on δ¹³C at BT compared to BF, with beech showing stronger 

responses than spruce. NHₓ was the most influential factor at both locations, particularly for beech at 

BT. However, the unexplained variability, especially at BF, indicates that other factors also affected δ¹³C. 
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Fig. 45: Linear regression with δ¹³C and pollutants at BF and BT 

As previously noted, Pearson correlation analysis for BT revealed a strong negative relationship between 

undetrended δ¹³C and temperature. This result was unexpected, as δ¹³C is generally anticipated to show 

a positive relationship with temperature (Gagen et al. 2022), a pattern also confirmed in this study by 

the analysis using detrended δ¹³C data. To investigate the cause of this discrepancy and identify potential 

driving factors affecting undetrended but atmospherically corrected δ¹³C data, a multiple linear regres-

sion was performed. In this analysis, δ¹³C was used as the dependent variable, while SOₓ and June–July 

temperature, where the strongest positive correlations were observed, were included as independent var-

iables. SOₓ was included because CLmaxS was exceeded throughout the entire 20th century, while 

CLmaxN remained below critical levels during the same period. For beech, the combined effect of SOₓ 

and temperature showed a moderate positive correlation (r = +0.377), while for spruce, the relationship 

was similarly positive but slightly stronger (r = +0.473). Although these findings were not statistically 
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significant, they suggest that the earlier negative correlation may have been influenced by the presence 

of SOₓ. When both factors were considered together, the relationship between δ¹³C and temperature 

shifted to align with expectations, returning to a positive correlation. 

4. Discussion 

4.1 Tree-ring widths 

4.1.1 Contrasting growth strategies of spruce and beech 

The analysis of growth metrics and CRG highlighted distinct responses of spruce and beech to environ-

mental stressors, reflecting their contrasting growth strategies. Spruce exhibited higher sensitivity to 

environmental changes, as indicated by elevated SNR, EPS, and Rbar values. This high sensitivity al-

lowed it to benefit from favorable conditions but also increased its susceptibility to stress, such as cli-

matic extremes and pollution. Beech, on the other hand, displayed stable growth patterns, with moderate 

metrics and smoother CRG curves, reflecting its resilience under various environmental conditions 

(Kolář et al. 2017; Vacek et al. 2019). Although beech maintained consistent CRG levels within the same 

site until the 1980s, the increasing frequency and intensity of droughts in recent decades have caused 

greater physiological stress (Leuschner 2020). This likely led to a divergence in CRG trends among 

individual trees, as variability in microhabitats, soil conditions, and competition within the site probably 

also amplified differences in their growth responses to drought (Schmied et al. 2023). Still, its overall 

stability enabled faster recovery compared to spruce, which exhibited more variability throughout the 

study period. Site-specific CRG analyses revealed different growth responses for both species under 

varying environmental conditions and management practices.  

At BT, spruce experienced prolonged growth stagnation during the 1970s and 1980s, coinciding with 

high pollution levels. It recovered only after pollution decreased, indicating that spruce might have suf-

fered from pollution. Beech, in contrast, showed only a brief plateau during the same period and quickly 

returned to stable growth, demonstrating greater tolerance to pollution-related stress (Oulehle et al. 

2024). However, linear regression models suggested that air pollutants had little to no measurable impact 

on the growth of both beech and spruce overall, indicating that their growth variability is probably also 

driven by other factors. At SCPA, young spruce trees exhibited improved growth over time, likely due 

to their adaptation to local conditions upon maturity and benefits from reduced competition and man-

agement practices (Popa et al. 2024). Meanwhile, beech at SCPA, growing within the same area, main-

tained steady growth with minimal responses to site-specific changes. At BF, beech demonstrated resil-

ience to drought through stable growth and quicker recovery in CRG patterns, while spruce struggled 

with reduced coherence and slightly slower recovery from drought events, which might be explained by 

its higher drought sensitivity (Leuschner and Meier, 2018). Also, tree age probably influenced growth 

dynamics. Older trees, particularly beech, displayed smoother CRG curves and stable growth, 



 

 

54 

 

suggesting that they could better withstand stress. Younger trees showed faster but more variable growth. 

While age-related growth responses are subject to debate, this discrepancy may be explained by the 

advanced root systems of older trees, especially beech, which can provide better access to soil water 

reserves during drought. This enhanced water uptake likely reduced the impact of water deficits, con-

tributing to the stability observed in older trees (Fung Au et al. 2022). 

4.1.2 Drought sensitivity and site-specific growth patterns 

The SEA analysis validated the patterns observed in the statistical metrics and CRG analyses, empha-

sizing the contrasting drought responses of spruce and beech (Fig. 35). Spruce exhibited the most pro-

nounced growth reductions during drought events at BF and SCPA+B, with average TRW statistically 

significantly smaller during drought years compared to non-drought years. This finding aligns with its 

high sensitivity to environmental stressors, as reflected in elevated SNR, EPS, and Rbar values, as well 

as sharper declines and slower recovery observed in CRG patterns. Conversely, beech showed smaller 

and statistically insignificant average growth reductions during drought events across all sites, under-

scoring its greater resilience to drought stress. The higher drought sensitivity of Norway spruce com-

pared to European beech can be attributed to differences in their root systems and the site-specific soil 

conditions. Whereas European beech has a deep-reaching heart root, Norway spruce has a shallower and 

only occasionally deeper-reaching tap root system (Ellenberg and Leuschner 2010). Deep rooting allows 

beech to access deeper water reserves, contributing to its higher drought resistance and resilience. This 

advantage is particularly beneficial in areas with soils that have a water-storing layer. The prevailing 

soils at BT and BF are acidic brown earth and para-brown earth with a potentially water-storing layer, 

probably providing better water availability during drought periods (Weber et al. 2013). However, the 

plateau location at SCPA+B reduces drainage and increases soil depth and soil water availability, and 

thus is more favorable for beech during droughts. By contrast, the BF and BT sampling locations lie on 

a slope, thus the steep terrain reduces soil depth and increases water runoff, limiting the water availabil-

ity during extended droughts (Leuschner 2020; Klesse et al. 2022). Furthermore, the soil at BF is poor 

in carbonate compared to SCPA+B, which further increases the drought sensitivity of beech as this spe-

cies reaches its drought limit more rapidly on base-poor soils compared to base-rich soils (Schmied et 

al. 2023). 

However, neither spruce nor beech showed statistically significant growth decreases during drought 

events at BT (Fig. 35), suggesting a lower drought sensitivity of spruce at BT compared to SCPA+B and 

BF. This reduced sensitivity can likely be attributed to the cold and wet continental climate of the region, 

which helps mitigate the effects of drought. Additionally, the shorter growing season at BT, influenced 

by the site’s elevation and continentality, further limits the period during which drought could negatively 

affect spruce growth. Positive correlations between spruce growth and July–August temperature support 

this, indicating that warmer temperatures during this period may actually benefit growth. This interpre-

tation is further reinforced by the lack of strong positive correlations between spruce growth and SPEI 
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during the summer months, suggesting minimal drought impact. Similar findings have been reported in 

other studies from the region (Kroupová, 2002). Moreover, the growth optimum for spruce is typically 

between 550–900 m.a.s.l., placing the BT site at its upper limit, which may further influence the ob-

served growth dynamics (Kolář et al. 2017). However, the weakening of the climate signal due to legacy 

effects of past pollution likely obscures the growth response to environmental stress rather than indicat-

ing reduced physiological sensitivity to drought (Kolář et al. 2015). Also for beech, correlation analysis 

with temperature at BT revealed a positive relationship with July and August temperatures. Comparing 

the RWI chronology of BT beech with a high-elevation chronology from Eastern Europe showed similar 

patterns, suggesting that the BT site exhibits characteristics typical of high-elevation environments 

(Klesse et al. 2024). Moreover, the growth optimum for beech generally ranges between 450 and 

700 m.a.s.l., indicating that the BT site may be above its preferred range. This interpretation is further 

supported by BT’s higher mean annual temperatures, which are 2.3°C and 3.2°C higher compared to BF 

and SCPA+B, respectively. Despite having a similar altitude, BT has a distinct climate classification, 

being Dfb (humid continental) compared to the Cfb (oceanic) classification of BF and SCPA+B. As 

European beech prefers a mild oceanic climate, this climatic difference, characterized by colder winters 

and more pronounced seasonal temperature fluctuations at BT, likely contributed to the growth dynamics 

observed in beech and probably also in spruce at this site (Pretzsch et al. 2014).  

Overlapping droughts and heatwaves at all three sites might have impacted the SEA analysis by blurring 

distinct drought signals. There was evidence of pre-drought stress in beech at SCPA+B, with lower RWI 

values observed in the year preceding drought events. This pattern likely reflects the high frequency of 

severe droughts in recent years, where a year preceding a major drought might itself have experienced 

drought conditions. Additional factors, such as strong winter frosts and late frost events, made the inter-

pretation of growth reductions for beech more complex. Its earlier leaf-out compared to evergreen spruce 

makes it vulnerable to damage from late frosts (Menzel et al. 2015; Leuschner and Meier 2018). This 

affected average growth in years before and after drought events, such as in 2017 at SCPA+B and 

1978/79 at BT. 

4.1.3 Species- and site-specific growth responses to extreme drought events 

Defining and comparing extreme drought years proved to be a complex task due to the dependence on 

methodological choices, such as the selected drought index, the temporal aggregation of climate data, 

and the classification thresholds applied. The challenges became evident when shorter two- and three-

month aggregations for the critical tree growth months of May, June, and July were used. While these 

methods captured water deficits during critical growth phases, they failed to correspond with extreme 

drought years documented in the literature, thereby underscoring their limitations. In contrast, longer 

aggregations of five or six months showed a stronger alignment with well-known severe drought years, 

reflecting the prolonged stress that often extends beyond the growing season. However, even with this 

approach, the results were still highly sensitive to the chosen SPEI threshold and differed between the 
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five- and six-month aggregations, making it harder to identify extreme drought years and showing how 

subjective drought classification can be. To address this issue, some studies have suggested focusing on 

analyzing sequences of multiple drought years, such as 2003–2006 and 2018–2020, rather than isolating 

and analyzing individual extreme drought events (Tresch et al. 2023). But this approach also raises the 

question of which method should be used to define and calculate these sequences. These methodological 

constraints created inconsistencies in defining extreme drought years, making direct comparisons of 

events across different regions questionable concerning their robustness. However, despite these chal-

lenges, if these concerns are set aside due to the lack of better alternatives, the comparison still highlight 

clear differences in responses between sites and species (Fig. 34). 

In 1976, drought conditions were most pronounced in June across all three sites, aligning with the peak 

sensitivity periods of both spruce and beech. At SCPA+B and BF, both species exhibited equally strong 

growth reductions, with the impact most notable at these less continental sites. However, at BT, beech 

did not exhibit any negative growth reaction, and spruce showed only a weak negative response. This 

confirms that beech at BT is not highly sensitive to drought, while spruce exhibits only mild drought 

sensitivity, as already indicated by the correlation between RWI and SPEI. This also align with a study 

from the Carpathians, which suggests that the drought sensitivity of spruce decreases in this region at 

elevations above 800 m.a.s.l. (Popa et al., 2024). In 2003, drought conditions were concentrated in June 

and August across all three sites, though at BT the drought was notably more severe in August. At 

SCPA+B and BF, its intensity was relatively equal in June and August, aligning with the periods of 

greatest drought sensitivity for spruce. As a result, spruce showed a more pronounced growth reduction 

than beech at SCP A+B and BF. In contrast, at BT, beech experienced a stronger growth reduction than 

spruce, likely because the drought effects began as early as February and intensified in August, exacer-

bating the cumulative drought stress on beech, which is more sensitive to dry spring conditions at BT.  

The 2018/2019 drought was characterized by distinct temporal and spatial patterns across the three sites. 

In 2018, the drought was most severe in April and July at SCPA+B and BF, whereas at BT it peaked in 

May, June, and especially August, extending into 2019 with additional dry conditions in April, June, and 

July. Spruce showed the strongest growth reductions across all sites, although the timing differed. At 

SCPA+B and BF, the most significant reductions occurred in 2018, aligning with peak drought severity 

there. At BT, spruce responded most strongly in 2019 due to the prolonged character of the drought and 

cumulative stress (Tresch et al. 2023). Beech at SCPA+B and BF did not show strong growth reductions 

in 2018 or 2019, indicating its resilience under these conditions. At SCPA+B, beech demonstrated neg-

ative correlations with precipitation, suggesting potential sensitivity to waterlogging or precipitation-

related stresses. This may explain its negative correlation with SPEI during certain spring and summer 

months. It is also the reason why beech at SCPA+B probably had enough water available due to a wa-

terlogging soil layer and deeper reserves. At BF, spruce was more affected by the 2018 drought than 

beech, due to its greater sensitivity to drought in July. At BT, spruce’s higher drought sensitivity and the 
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increased severity in 2019 led to its most pronounced growth reduction that year compared to all other 

drought years. In contrast, beech, lacking notable drought sensitivity at BT, showed no response to the 

2018 drought but experienced weak growth reductions in 2019. This was likely due to its sensitivity to 

prolonged droughts and previous summer conditions, combined with the greater drought severity at this 

site in 2019. 

The 2020 drought occurred in April and July at SCPA+B and BF, and in April at BT. Timing strongly 

influenced species responses. At SCPA+B and BF, drought-sensitive spruce showed growth reductions, 

while beech exhibited no reaction, reflecting its higher drought resilience. However, at BT, beech ex-

hibited a strong growth reduction, which was much more pronounced than at the other sites and unex-

pected given its typical lack of drought sensitivity at this location. This decline could be attributed to 

additional stress factors, such as reduced snow cover in the preceding winter, which may have exposed 

the roots of the frost sensitive species to freezing damage due to reduced insulation, while also limiting 

soil water recharge. This would have further reduced its ability to access water and nutrients combined 

with the ongoing severe and prolonged 2018–2020 drought series (Stjepanović et al. 2018; Arnič et al. 

2021). During the 2022 drought, neither beech nor spruce showed a growth response at any site. The 

drought peaked in March, followed by a dry May, and peaked again in July. Although the dry conditions 

during the vegetation period could have affected at least the growth of drought-sensitive spruce, the 

overall impact of the 2022 drought was weak and did not cause measurable reductions for both species. 

Because 2021 was relatively cool and wet, trees and soil water reserves likely recovered, reducing the 

impact of the 2022 drought. This is further supported by the correlations of TRW with climate conditions 

from the previous year. 

4.1.4. Exceedance of critical loads  

When examining the impact of pollution on TRW, both species showed similarly weak and statistically 

non-significant relationships with pollutants across all sites. Therefore, the presented results do not pro-

vide sufficient evidence to establish a clear cause-and-effect relationship between pollution and growth 

reduction based solely on TRW data. This suggests that the observed growth reductions might probably 

be influenced by other environmental or climatic factors, even if they coincided with periods of high 

pollution levels. To further investigate this, the exceedance of critical loads (Tab. 1) must be considered, 

as these thresholds offer more insight into the levels at which stress occurs in forests. At SCPA+B, 

neither CLmaxS nor CLmaxN were exceeded, indicating that acidification likely did not occur at this 

site, and forests were not stressed by it. At BF, the lower CLmaxS was exceeded during a few individual 

years, while the lower CLmaxN was continuously exceeded from the 1970s to the 2000s. This pattern 

suggests that light soil acidification may have occurred during this period. Management practices at the 

site, which include recommendations for lime application, support this interpretation (Chair of Forest 

Growth and Dendroecology UFR, 2024). These practices likely aimed to address potential pH imbal-

ances and calcium deficiencies in the local soil, as the absence of free lime indicates slightly acidic 
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conditions (Hruška et al. 2023). However, the lack of continuous exceedance of the lower CLmaxS, 

along with the absence of any exceedance of the upper CLmaxS, suggests that S deposition was unlikely 

a central stress factor at BF. The fact that critical loads for acidification at BF were rarely or minimally 

exceeded aligns with these findings, reinforcing the conclusion that acidification at the site was not a 

significant issue. This interpretation is also supported by the results of linear regression models, which 

do not indicate significant acidification stress due to S deposition. 

A closer look at CLmaxS and CLmaxN at SCPA+B site reveals that the local soil can tolerate relatively 

high levels of S and N deposition before experiencing acidification. This is because, despite their acidic 

character, the soils have carbonate-rich bedrock, and the negative effects of acidification are therefore 

mitigated (Geoportal Kanton Zürich, 2024; Hopf et al., 2020). Thus, they can effectively neutralize in-

coming acid inputs, minimizing the risk of CLmaxS and CLmaxN limits being exceeded, even during 

times of elevated deposition in the past. However, while these soils are well-protected against acidifica-

tion, CLmaxN is only relevant to assessing N deposition’s impact on soil acidification. It does not ac-

count for the ecological impacts of N deposition. These impacts are better assessed using different 

thresholds, such as CLnutN (critical nutrient load for N) and CLempN (empirical critical load for N), 

which focus specifically on the effects of N enrichment on ecosystems. CLempN are determined from 

field studies, N application experiments, and long-term monitoring that link N deposition to ecological 

impacts. CLempN provides a threshold above which N deposition has been empirically shown to cause 

measurable harm to ecosystems, and thus is particularly interesting for this study. CLnutN, on the other 

hand, are theoretical thresholds based on nutrient requirements and imbalances in ecosystems. They 

estimate the maximum N deposition that can occur before causing problems such as nutrient saturation 

or eutrophication (Bobbink et al. 2015; Bobbink et al. 2022). CLnutN and CLempN are generally lower 

than CLmaxN. This means that while soils may buffer against acidification, N levels could still harm 

ecosystems through nutrient saturation or eutrophication.  

The overall CLempN for European mixed Abies-Picea-Fagus woodland is estimated at 1000–

2000 mg(N)/m²/year (Bobbink et al. 2015). Other calculations suggest an upper limit of CLempN of 

1500 mg(N)/m²/year and CLnutN of 1400–1600 mg(N)/m²/year (Rihm and Künzle 2023). CLempN 

exceeded depending on the threshold applied. If the lower threshold is considered, CLempN was ex-

ceeded from the 1970s to the 2000s, similar to the CLempN, whereas CLempN was never exceeded at 

any of the three sites under the higher threshold. When CLempN is not exceeded, N deposition can 

stimulate growth in both beech and spruce under favorable conditions, particularly when paired with 

elevated CO₂ levels. However, at BT, these growth-stimulating effects may have been moderated by the 

high S deposition (Oulehle et al. 2024). A study on long-term forest observation plots in Switzerland 

indicated that beech experienced greater growth reductions than spruce when N deposition exceeded 

species-specific thresholds. Beech growth declined more strongly above 2600 mg(N)/m²/year, while 

spruce was affected at levels above 2000–2200 mg(N)/m²/year (Braun et al. 2017). Neither of these 
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thresholds were exceeded at any of the sites, supporting the assumption that N deposition likely did not 

play a major role in the observed forest stress, although the exceeding of the CLnutN indicates nutrient 

saturation and eutrophication. However, the lasting effects of high N deposition likely continue to pose 

ecological challenges (LUBW 2010; Bobbink et al. 2015; Brady and Weil 2017; Hopf et al. 2020).  

Studies have shown that increased N deposition can heighten forest sensitivity to drought and other 

stress factors (Braun et al. 2017). Consequently, the effects of drought at SCPA+B and BF may have 

been further intensified by these cumulative impacts, leading to increased tree mortality (Tresch et al. 

2023). The reappearance of the same symptoms at these sites during the severe droughts of the past two 

decades, as seen during the forest dieback of the 1970s and 1980s, strongly suggests that drought was 

the main driver of forest decline in both periods (Cherubini et al. 2021). Climate-driven spruce mortality 

has also been confirmed in studies from the BF region, identifying drought and heat as the key drivers 

of declining radial growth rates from 1900 to 2020 and tree mortality due to desiccation over the past 

68 years. This trend extends into the late 20th century when forest dieback in Germany was largely 

attributed to acid rain. Following the hot and dry summers from 1972 to 1976, tree mortality in the Black 

Forest surged to levels unprecedented in the previous 24 years, triggering discussions about forest de-

cline as a newly emerging phenomenon. Although climatic conditions temporarily improved, reducing 

mortality, extreme July temperatures in 1983, combined with low precipitation from June to August and 

snow breakage from 1981/82, created favorable conditions for bark beetle infestations (Spiecker and 

Kahle 2023). Given that SCPA+B had lower S deposition but a comparable climate, drought and bark 

beetle-driven tree mortality were likely similar at this site (Tresch et al. 2023).  

Studies from Switzerland suggest that beech suffered more during the droughts of the last two decades, 

which is also consistent with patterns observed in other regions (Klesse et al. 2022; Neycken et al. 2024). 

Severe droughts, such as those in 1976, 2003, and 2018/2019, have been associated with widespread 

crown defoliation, significant radial growth declines, and delayed mortality in beech. For example, fol-

lowing the 2018 drought, many beech trees experienced crown dieback and bark damage, with mortality 

rates increasing strongly in subsequent years. These findings underscore the vulnerability of beech to 

past and recent drought events (Braun et al. 2017; Leuschner 2020). The decline in mean growth rates 

from 2000 to 2023 compared to 1970–1999 for both species at SCPA+B confirms rising stress in the 

past two decades. During drought, tree mortality is caused by the combined effects of impaired water 

transport and reduced energy availability. Prolonged water loss can lead to hydraulic failure, where the 

xylem, responsible for water transport, becomes dysfunctional because of tissue dehydration, which 

disrupts the normal physiological functions of the trees. Simultaneously, drought-induced reductions in 

photosynthesis limit the tree's ability to assimilate C, forcing reliance on stored carbohydrates. As trees 

deplete their energy reserves, C starvation reduces their capacity to maintain essential functions. Hy-

draulic failure intensifies the problem by restricting photosynthesis, starting a cycle that accelerates tree 

decline and increases susceptibility to pests and other stressors (Schuldt et al. 2020). 
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While the strong decrease in SOₓ and NOᵧ deposition across all regions demonstrates the success of air 

quality regulations in recent decades, the prolonged exceedance of CLmaxS during the whole 20th cen-

tury, combined with extremely high pollution levels in the 1970s and 1980s at the BT site, caused soil 

acidification and lasting changes in soil chemistry. These legacy effects continue to influence forest 

health to this day (Akselsson et al. 2004; Rydval and Wilson 2012). Furthermore, air pollution, particu-

larly SO₂, may have had a more immediate and direct effect on forest decline than soil acidification 

alone. Studies indicate that high SO₂ levels caused chlorophyll degradation, needle loss, and reduced 

photosynthesis in trees, effects which are independent of soil acidification (Hruška et al. 2023). This 

dual impact, direct physiological stress from pollutants and slower-acting soil acidification, may explain 

why pollution effects were not strongly reflected in TRW data from BT, as growth reductions were likely 

influenced by multiple interacting factors, including climatic stressors (Kroupová 2002; Rydval and 

Wilson 2012; Vacek et al. 2020; Hruška et al. 2023). However, there is a conceptual uncertainty in the 

critical loads concept, as it does not account for the time factor and therefore cannot predict when effects 

on trees will occur (Akselsson et al. 2004). Nevertheless, it can be assumed that the extremely high 

pollution levels and persistent exceedance of CLmaxS at BT likely contributed to the observed forest 

decline. Air pollution effects often outweighed the slower impacts of soil acidification, particularly dur-

ing periods of peak deposition coinciding with unfavorable climatic conditions (Kroupová 2002; Muzika 

et al. 2004; Lomský et al. 2012; Rydval and Wilson 2012; Kolář et al. 2015; Vejpustková et al. 2017; 

Putalová et al. 2019; Vacek et al. 2020; Shetti et al. 2024). The increase in mean TRW from 2000 to 

2023 compared to 1970–1999 suggests a recovery in growth rates, coinciding with improved air quality. 

However, as forest health is influenced by many interacting factors, it is impossible to quantify the 

specific contribution of pollution without also analyzing other factors (Akselsson et al. 2004). 

4.1.5 Pollution effects and long-term growth recovery 

Focusing on the 1970s and 1980s at BT, beech and spruce experienced significant growth depression in 

1978-1983 and 1980-1983, respectively (Fig. 34), aligning with extreme environmental stress at this 

site. This stress coincided with peak SO₂ deposition, exacerbated by frequent winter smog inversion 

layers that trapped pollutants near the ground. These inversions prolonged exposure to SO₂ and other 

pollutants, disrupting tree physiology by reducing photosynthesis, impairing stomatal function, and 

causing nutrient imbalances (Kroupová 2002; Rydval and Wilson 2012; Vejpustková et al. 2017; Vacek 

et al. 2020). The differing rooting systems of beech and spruce likely influenced their responses to pol-

lution. Beech, with its deeper roots, may have had better access to more stable nutrient reserves in lower 

soil layers, potentially buffering it against the effects of acid deposition and nutrient leaching. This could 

have contributed to its relatively higher resilience under pollution stress (Oulehle et al. 2024). In con-

trast, spruce’s shallower root system made it more reliant on surface-level nutrients, which are more 

susceptible to leaching under acidified conditions. As a result, spruce may have been more affected by 

deficiencies in calcium and magnesium, which are important for tree health and stress tolerance (Vacek 

et al. 2020). Limited access to deeper, less disturbed nutrient pools could have contributed to spruce’s 
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higher sensitivity to both pollution and drought (Vacek et al. 2020; Oulehle et al. 2024). Additionally, 

some studies suggest that soil acidification can impair root elongation, which might have further affected 

spruce's ability to cope with environmental stress (Šantrůčková et al. 2019). 

In addition to pollution, cold summers during the late 1970s and early 1980s likely contributed to the 

observed growth reductions. Reduced summer temperatures slow metabolic processes, delay leaf devel-

opment, and shorten the active photosynthetic period (Stjepanović et al. 2018). They added to the phys-

iological stress caused by pollution and nutrient imbalances, worsening growth declines, particularly at 

the BT site where nutrient deficiencies were more severe due to acidification (Oulehle et al. 2024). The 

cold and wet summer of 1978 was particularly challenging for temperature-sensitive beech trees at this 

high elevation site, thus marking the onset of their growth decline. The situation worsened during the 

winter of 1978/79 when a sudden temperature drop from +10°C to -20°C within 15 hours initiated a ten-

day period of severe frost in January. Beech, which is more frost-sensitive than spruce, displayed strong 

physiological stress, exacerbated by the preceding cold summer (Kroupová 2002; Leuschner and Meier 

2018; Stjepanović et al. 2018). At the same time, beech trees in the Jizera Mountains were heavily in-

fested by beech scale, which added to the stress of already weakened trees (Vacek et al. 2019). The pest 

damages the bark, disrupts the flow of nutrients and increased the risk of secondary infections by fungi. 

Combined with other stressors, it can severely reduce tree growth and, in severe cases, lead to mortality 

(Gora et al. 1996; Houston 1998). Environmental challenges persisted into 1980, characterized by an 

unusually cold growing season, which further stressed both species. The winter of 1980/81 compounded 

these issues, with low temperatures coinciding with high SO₂ concentrations. For spruce, the stress was 

particularly severe, which is reflected in the missing rings during 1980 and 1981, indicating halted cam-

bial activity. A heavy frost in January 1982 and similarly harsh winters in 1984/85 and 1986/87 added 

to the cumulative stress, with a heavy late frost event in April 1987, characterized by a rapid temperature 

drop from 10°C to -7°C, which further stressed both species. Frost can damage buds and needles, impair 

osmotic balance, and reduce frost hardiness, especially in trees already weakened by pollutants. More-

over, the impact of SO₂ was further exacerbated by mechanical injury to needle surfaces caused by frost. 

The combination of freezing temperatures and high levels of SO₂ often led to chlorophyll damage and 

needle withering, which occurred when high concentrations of SO₂ came into contact with the assimi-

latory organs of spruce (Kroupová 2002; Rydval and Wilson 2012; Kolář et al. 2015). Between 1979 

and 1987, defoliation was a major contributor to growth depression, driven by a combination of air 

pollution, winter desiccation, and frost events. High SO₂ levels damaged stomatal function and chloro-

plasts, directly causing needle loss and impairing photosynthesis. Simultaneously, acid deposition de-

pleted base cations, further weakening the trees. During harsh winters, desiccation occurred as needles 

lost water while the soil remained frozen, preventing water uptake. This stress was compounded by 

severe frost events that caused additional damage to needles and buds. Weakened by pollution and cli-

matic stress, many spruce trees became highly susceptible to bark beetle infestations, further exacerbat-

ing defoliation and contributing to delayed recovery (Vacek et al. 2019; Vacek et al. 2020). 
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The severe drought of 1976, along with the moderate droughts of the 1980s, probably compounded the 

physiological damage caused by pollution by further limiting water availability and the uptake of essen-

tial nutrients, which were already depleted due to acid deposition (Vacek et al. 2020). The deposition of 

pollutants on plant leaves caused damage to the waxy protective layer on the surface, which resulted in 

increased water loss through transpiration and heightened vulnerability to dry conditions (Huttunen and 

Laine 1983; Shetti et al. 2024). However, while drought might also have contributed to increased stress, 

it may not have been the central cause of the observed growth declines during this period, as air pollution 

and nutrient imbalances combined with cold summers and hard winters played a more dominant role in 

suppressing tree growth at BT (Kroupová 2002). Recovery from these growth depressions began in the 

1990s with significant reductions in SO₂ emissions following stricter environmental regulations. How-

ever, spruce recovery was slower because even after SO₂ emissions were significantly reduced in the 

1990s, the recovery of nutrient balances in forest soils was slow due to the severity of prior acidification. 

Trees continued to struggle with nutrient deficiencies, particularly calcium and phosphorus, which lim-

ited their recovery and growth potential (Rydval and Wilson 2012). While beech showed more stable 

growth, benefiting from its physiological flexibility and deeper rooting system which allows it to adapt 

more effectively to the changing environmental conditions (Oulehle et al., 2024; Siegwolf et al., 2022). 

But as all spruces sampled in this study survived the forest dieback of the 1970s and 1980s, they were 

probably also able to withstand the effects of acidification. Norway spruce has demonstrated several 

adaptations to cope with acidified soils. For instance, it alters root distribution by increasing root growth 

in the organic-rich humic layer, where acidity is lower, while reducing root growth in the deeper mineral 

soil (Jentschke et al. 2001). Additionally, spruce trees, along with their mycorrhizal fungi, reduce alu-

minum toxicity in the root zone by binding aluminum with organic compounds and enhancing nutrient 

uptake to counteract the acidic conditions (Collignon et al. 2012). 

4.2 Stable isotope δ¹³C 

4.2.1 Variability in δ¹³C series 

At BF, the weak δ¹³C metrics for beech (Tab. 5 and Fig. 39 ) suggest that the δ¹³C signal was dominated 

by noise, likely influenced by both climatic and site-specific factors. They were characterized by poor 

coherence and low reliability, which may have partly reflected local microenvironmental heterogeneity, 

such as variability in light availability, soil moisture access or microclimatic conditions. Competition 

for light and water can reduce the ability of a tree to respond optimally to favorable conditions (Bel-

mecheri et al. 2022). The period of lowest signal quality, which had the most significant impact on 

overall performance, coincided with varying precipitation patterns and moderate droughts during the 

1990s and 2000s. Notable years include 1991, 1993, 1998, 2006, 2011, as well as the severe drought of 

2003. The weak signal quality probably reflected variations in precipitation and forest stand dynamics. 

It is possible that not all trees experienced the same level of stress during moderate droughts, leading to 

varying physiological responses. For instance, neighboring trees can mitigate the effects of drought and 
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heat by lowering the vapor pressure deficit through their transpiration, which may result in diverse re-

actions among individual trees to drought conditions (Talbott et al. 2003). Although direct data on tree 

neighborhood structure at BF is not available, also competition with allospecific neighbors could have 

resulted in lower δ¹³C values in beech, potentially reflecting better water access due to reduced intraspe-

cific competition (Mölder et al. 2011). This dynamic may partly explain some of the δ¹³C variability 

observed in BF beech during periods of heightened drought frequency. Additionally, the decreased var-

iability in the δ¹³C signal observed after the severe 2003 drought suggests that soil moisture across the 

site may have been more uniformly reduced during this and the following intense drought events. Con-

sequently, the influence of local environmental heterogeneity probably diminished as trees experienced 

comparable levels of drought stress. 

Legacy effects of prolonged N levels exceeding critical loads likely increased drought sensitivity of 

some individual trees, leading to varying drought responses among them. As beech reacts more sensi-

tively to N deposition than spruce, this could also explain why spruce metrics were more stable at the 

same site (Braun et al. 2017; Gharun et al. 2021; Paligi et al. 2024). Because spruce is generally more 

sensitive to drought than beech, it may have exhibited more uniform stress responses to drought events 

across the site, contributing to more stable δ¹³C metrics (Hartl-Meier et al. 2015a; Leuschner and Meier 

2018). Additional factors, such as the influence of previous-year C storage and reallocation, may also 

have affected the isotopic signal, which is often the case for deciduous tree species such as beech (Bel-

mecheri et al. 2022; Kagawa et al. 2022). Additionally, research has shown that the tolerance of beech 

trees to extreme environmental conditions is partly governed by genetic factors, which also influence 

the growth rates of different genotypes (Leuschner 2020). However, this aspect was not examined in the 

present study. Whole-ring analyses average out intra-annual δ¹³C variations, which may obscure sea-

sonal signals or stress responses. In cases where intra-ring variability is high, noise could be introduced, 

potentially resulting in low metrics (Belmecheri et al. 2022). Sampling and laboratory biases might have 

further exacerbated the variability. Inconsistencies in tree-ring processing, such as non-uniform extrac-

tion of cellulose or improper homogenization, could have introduced noise into the dataset. Potential 

contamination during laboratory preparation, such as the presence of residual chemicals or environmen-

tal contaminants, could also have distorted the δ¹³C values (Belmecheri et al. 2022). 

4.2.2 General δ¹³C responses and drought sensitivity 

The results of the SEA (Fig. 42) showed strong positive δ¹³C increases during drought years in both 

species at both sites, indicating stomatal closure as a response to reduced water availability. These find-

ings align with the theory of physiological adjustment, where stress-induced reductions in internal CO₂ 

concentrations result in elevated δ¹³C values (Cernusak et al. 2022). Additionally, the analysis revealed 

species- and site-specific variations in δ¹³C responses to drought, driven by differences in water-use 

efficiency (WUE), recovery strategies, and site conditions. The contrasting responses between BT and 

BF highlight how these factors influence how trees adjust to cope with stress (Hartl-Meier et al. 2015a). 
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The statistically significant increase in δ¹³C of spruce during drought years, compared to beech, can be 

attributed to its shallow root system, which limits access to deeper soil moisture and increases reliance 

on near-surface water sources, as also discussed for TRW. This response aligns with spruce’s isohydric 

strategy, where rapid stomatal closure during drought minimizes water loss and prevents hydraulic fail-

ure. However, it also reduces photosynthesis and C assimilation. While this strategy effectively reduces 

stress during droughts, it can limit growth, as reflected in the lower TRW of spruce during drought 

events. This is because wood production is closely linked to stomatal conductance, which is reduced 

under this water-saving strategy (Saurer et al. 1995; Hartl-Meier et al. 2015a). However, it also allowed 

spruce to recover more quickly after a drought because its hydraulic system remained largely intact. 

Beech used its anisohydric strategy by keeping its stomata open longer during drought, which helped to 

continue photosynthesis and growth. However, this also led to more water loss and a higher risk of 

damage to its water transport system. This strategy is supported by the efficient water transport of beech 

trees and their deep-rooting system. Nevertheless, it often resulted in slower recovery because hydraulic 

damage needed to be repaired, contributing to carry-over effects that prolonged the impact of drought 

and explained the elevated δ¹³C values (Hartl-Meier et al. 2015a). This is particularly evident for BFB, 

which exhibited increased δ¹³C levels that remained elevated for several years during the 2010s (Fig. 40 

and Fig. 41), coinciding with a high frequency of moderate and severe droughts. The intra-species dif-

ferences in mean δ¹³C values further confirm these contrasting strategies. Spruce consistently exhibited 

higher δ¹³C values than beech, not only during drought but also under favorable moisture conditions. 

This is due to spruce’s generally lower stomatal conductance, which reduces the cᵢ/cₐ ratio and limits 

discrimination against ¹³C (Paligi et al. 2024). Additionally, during drought, spruce relies more on en-

riched stored C reserves formed during periods of reduced discrimination, further elevating δ¹³C values. 

Beech allocates more C to growth, maintains photosynthesis, and discriminates more against ¹³C, lead-

ing to lower δ¹³C values (Schäfer et al. 2017).  

Both species showed their highest values at BT (Tab. 6 and Fig. 40), indicating that additional stressors 

such as air pollution probably enhanced stress at this site (Andreu-Hayles et al. 2022; Siegwolf et al. 

2022). Across both sites, δ¹³C values decreased when comparing 1970–1999 with 2000–2023. The de-

crease was more pronounced at BT, potentially due to the reduction of stress from pollution and soil 

acidification. At BT, the strongest decrease between the two periods was observed in beech, likely re-

flecting the slower recovery of spruce due to its higher vulnerability to pollution and persistent legacy 

effects (Oulehle et al. 2024). At BF, spruce δ¹³C values decreased stronger than those of beech when 

comparing 1970–1999 with 2000–2023, potentially due to the already mentioned drought-induced ele-

vation of δ¹³C in recent years. This rise in δ¹³C may be connected to increased drought sensitivity, which 

was likely exacerbated by the high N deposition rates that peaked during the 1980s. These elevated N 

levels may have negatively impacted root systems and mycorrhizal associations, reducing the capacity 

of spruce to efficiently absorb water under drought conditions (Paligi et al. 2024). Gharun et al. (2021) 

studied beech at Lägern, a site near the SCPA+B location, and found that high N inputs initially enhanced 
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photosynthesis by increasing the activity of RuBisCO, the enzyme responsible for C fixation. Increased 

N boosted RuBisCO production, making leaves more efficient at using CO₂, which resulted in higher C 

assimilation rates. This enhanced photosynthesis also improved intrinsic water-use efficiency (WUEᵢ), 

the balance between C uptake and water loss, by enabling higher photosynthetic activity relative to water 

use. Enhanced photosynthesis lowers cᵢ within the leaves and thus reduces the discrimination against 

¹³C, resulting in higher δ¹³C values. After the 1980s, declining N deposition reduced its fertilizing effect 

and caused photosynthesis to decrease compared to water loss. This change led to lower δ¹³C values 

over time. As mentioned before, prolonged high N levels also left lasting effects, further lowering the 

ability of beech to photosynthesize efficiently. While rising atmospheric CO₂ after 1980 could have 

helped trees by increasing C uptake, stress from soil degradation and lower N inputs made it harder for 

trees to fully benefit from the extra CO₂. The repeated severe droughts after 2000 added further stress 

to beech trees already weakened by these lasting effects of N deposition (Paligi et al. 2024). This pattern 

was also reflected in the decreasing growth rates observed at SCPA+B and BF. However, at BT, growth 

was likely enhanced due to stress reduction associated with lower SOₓ levels. 

When comparing the beech chronologies from the study by Gharun et al. (2021) and BF, strong similar-

ities can be observed (Fig. 46). The initial increase due to N fertilization, followed by a decline related 

to N saturation, indicates that trees at both sites reacted similarly to N inputs. Additionally, similar cli-

mate conditions at both sites suggest comparable increases in δ¹³C values due to drought stress. This can 

be seen in the temporarily higher δ¹³C values during moderate droughts in the 1980s and 1990s. At the 

BT site, N input was comparable to that at BF and SCPA+B. Therefore, the strong increase in δ¹³C values 

observed at BT during the peak pollution period of the 1970s and 1980s can be primarily attributed to S 

deposition rather than N deposition. If N deposition had been the dominant factor, the δ¹³C increase at 

BF would have been similarly pronounced, supporting the same conclusion discussed earlier in relation 

to TRW. Although BFS and BFB also showed elevated δ¹³C values during the 1980s and 1990s, the 

stress was probably due to droughts, as highlighted in the TRW analysis and supported by previous 

studies (Leuschner 2020; Spiecker and Kahle 2023). This is further supported by the δ¹³C data (Fig. 40), 

where BFS and BFB increased during the 1976 drought, decreased rapidly thereafter, rose again in the 

mid-1980s and then just stayed elevated briefly 

before gradually declining again. Since the years 

were pooled into 5-year blocks, it is not possible 

to say exactly in which year the increase was high-

est. However, the fact that the period of elevated 

values aligns with the droughts of the mid-1980s 

and early 1990s, while lower values correspond to 

a phase of favorable climate, strongly supports 

droughts as the primary stressor during this time. 

The observation that the next increase occurred 
      Fig. 46: δ¹³C chronologies from beech of BF and Lägern 

      (based on data from Gharun et al., 2021) 
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again during the drought years of the late 1990s further reinforces this conclusion. If pollution were the 

main cause of stress, the values would have remained consistently high and would not have recovered 

immediately following the droughts. In contrast, BTS and BTB δ¹³C values remained elevated after the 

1976 drought, and BTS even continued to increase over the subsequent decades. Moderate droughts 

during the 1980s and 1990s likely added to the stress experienced at BT during this period. 

Looking at the average δ¹³C response during extreme drought years (Fig. 42), the elevated values ob-

served in both species at BT before the event reflect the continuing effects of the prolonged 2018/2019 

drought. This underscores the impact of sequential stress events in influencing physiological responses. 

Moreover, isotopic composition in tree rings is usually affected by multiple interacting environmental 

factors, especially in temperate forests, which complicates the interpretation of SEA results (Hartl-Meier 

et al. 2015a). Overlapping time windows analyzed due to repeated drought events, such as 2018/2019 

and 2020, or the 2006 heatwave following the 2003 drought, probably affected the SEA results and 

reduced their statistical significance. Choosing only three event years to analyze the average response 

to extreme droughts probably does not fully capture the complexity of drought responses but can provide 

a useful overview, showing basic patterns. Thus, focusing on individual extreme drought years could 

offer deeper insights into drought impacts, as average responses may obscure important year-specific 

variations. 

4.2.3 δ¹³C responses to extreme drought events 

Looking at δ¹³C values during specific extreme drought years, distinct patterns highlight the varying 

responses of species and sites to severe water stress (Fig. 41). Comparing these responses with individual 

sensitivity to climatic variations (Fig. 43 and Fig. 44) helps identify the underlying causes for the dif-

fering reactions observed during drought years. In 1976, when drought conditions were most severe in 

June at both sites, beech showed higher δ¹³C values than spruce, with the highest increases at BF, where 

the drought was more severe. This also aligns with the strongest correlations between beech δ¹³C and 

SPEI for June–July at both sites. Also during the 2003 drought, beech showed a stronger response at BF, 

reflecting its sensitivity to June–August drought conditions, when the drought was most severe. At BT, 

however, spruce exhibited a stronger reaction because the drought had already started in February. Com-

bined with its sensitivity to winter and spring drought, with highest δ¹³C correlations occurring for Feb-

ruary–July, it suffered more than beech. Additionally, higher temperatures from June to August added to 

the stress due to their positive correlations with δ¹³C in spruce. During the prolonged 2018/2019 drought, 

δ¹³C values increased only in beech at BF. The strongest drought impacts occurred from April to July, 

coinciding with the highest correlation of its δ¹³C with SPEI. Additionally, higher temperatures from 

April onwards had a stronger effect on beech δ¹³C than on spruce. In contrast, spruce at BF had consist-

ently slightly elevated δ¹³C values compared to beech since the 2003 drought, probably due to the impact 

of repeated moderate droughts. Beech began to exhibit elevated δ¹³C values after the moderate 2015 

drought, even exceeding those of spruce. These values rose further during the 2018 drought and 
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remained elevated throughout 2019. This pattern again highlights the combined effects of previously 

discussed physiological adjustments to drought stress. Beech can cope with single droughts due to its 

anisohydric strategy, but repeated droughts can cause more damage to its water transport system and 

overall health. This cumulated damage made it harder for beech to recover (Pflug et al. 2018; Frei et al. 

2022). At BT, both beech and spruce showed extremely high δ¹³C values in 2019 due to the more intense 

and prolonged drought at this site. Dry conditions began in February 2018, persisted from April to No-

vember, and returned in spring 2019 after a moderately wet December and January. This led to minimal 

water availability causing severe stress for both species. Additionally, beech δ¹³C showed a strong cor-

relation with the previous year's summer temperatures, which were already high in 2018, leading to 

further increases in δ¹³C values in 2019. The 2020 drought, which mainly affected April and July, had a 

greater impact on spruce δ¹³C at BF, while at BT beech reacted more to it due to its stronger correlation 

with SPEI for April–July. In 2022, mainly trees at BF reacted to the drought, with beech showing slightly 

higher values than spruce. This could be attributed to the strong correlations of both species with May 

and July, when the drought was most severe. At BT, both species showed only small increase, likely due 

to the previous year's wet conditions and heavy snowfall during winter, which resulted in more water 

availability and thus reduced drought stress. 

4.2.4 δ¹³C responses to pollution 

As shown by the analysis of extreme drought years, short-term δ¹³C variations are primarily controlled 

by climatic variables that impact stomatal conductance. Sunlight and photosynthesis also play a role, 

but stomatal behavior is a central driver of high-frequency δ¹³C changes (Gagen et al. 2022). This has 

also been demonstrated by the analysis of δ¹³C in relation to climate variability. These variations occur 

over short time scales, such as months or seasons, and are generally independent of long-term pollution 

trends, which act more gradually over decades (Wagner and Wagner 2006). Interestingly, the relationship 

between δ¹³C and climate variability generally showed relatively weak correlations at the BT site. This 

weakened climate signal in the isotopes can be attributed to pollution. Studies have found that high 

levels of SO₂ emissions during peak pollution periods caused stomatal closure and thus reduced the 

sensitivity of δ¹³C to climatic variability and masked the influence of short-term climate fluctuations. 

However, after the reduction of SO₂ emissions after the 1980s, the climate signal in δ¹³C partially recov-

ered as stomatal conductance increased and the isotopic response to climate became more pronounced 

again (Boettger et al. 2014). 

To explore this further, correlations with climate factors were also analyzed using undetrended δ¹³C data 

that had been corrected for atmospheric δ¹³C changes. Since these data are influenced by other factors, 

the correlations visualized in correlation matrices seemed unusual. At the BF site, the correlations were 

similar to those observed with the detrended data but were noticeably weaker, likely due to non-climatic 

factors that damped the δ¹³C signal, such as age trend or general temperature increase (Belmecheri et al. 

2022). At the BT site, the correlations were not only weakened but also showed notable differences to 
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those with the correlated data. For instance, temperature showed negative correlations with δ¹³C 

(Fig. 44) instead of the expected positive correlations typically associated with stomatal conductance 

(Saurer et al. 2008). This unexpected relationship suggests that another strong factor might be interfering 

with or changing the δ¹³C-climate signal, which has a bigger impact than climate alone. In contrast, 

correlations at the BF site were only slightly weaker, indicating that the trend influencing the data at BF 

is less pronounced or significant than the one affecting BT. Differences in S deposition, with much 

higher levels at BT compared to BF, likely played a major role in driving the δ¹³C signal at BT, in 

addition to the influence of climate factors. Thus, the influence of SOₓ at BT was further investigated 

through multiple linear regression, which included both SOₓ and June–July temperatures, when the pos-

itive correlation with detrended data is strongest, and undetrended δ¹³C data. Instead of the unexpected 

negative relationship observed earlier in the Pearson correlation analysis, positive correlations resulted. 

Although these were not statistically significant, the results suggest that S deposition at BT had a con-

siderable impact on δ¹³C values, potentially masking the typical positive relationship between δ¹³C and 

temperature. 

The results of the linear regression analyses of δ¹³C with pollutants (Fig. 45) further confirmed impacts 

from pollution. Moreover, they revealed notable differences between BF and BT. Positive correlations 

between δ¹³C and pollutants were observed at both sites, but these relationships were statistically signif-

icantly stronger at BT than at BF. At BF, the significant correlation between δ¹³C and NHₓ reflects the 

previously discussed role of N inputs in enhancing photosynthesis and WUEᵢ (Gharun et al. 2021). The 

weaker correlation with SOₓ at BF compared to BT indicates that S deposition had less impact at this 

site, which is consistent with the lower deposition level compared to BT. Prolonged SO₂ exposure can 

disrupt the balance between C assimilation and stomatal conductance, leading to elevated δ¹³C values. 

However, this effect was likely minimal at BT due to its lower S deposition levels, which explains the 

weaker δ¹³C response at this site (Rinne et al. 2010).  

At BT, beech δ¹³C demonstrated strong and highly statistically significant relationships with all three 

pollutants, with SOₓ showing the strongest correlation. This aligns with the persistent exceedance of 

CLmaxS throughout the 20th century, which caused stomatal closure and elevated δ¹³C values (Savard 

2010; Siegwolf et al. 2022). Prolonged SO₂ exposure at BT likely elevated δ¹³C values through mecha-

nisms such as increased dark respiration, where trees use more energy for basic metabolic processes, 

and altered C allocation between growth and storage. This led to reduced discrimination against ¹³C, 

which resulted in δ¹³C enrichment (Wagner and Wagner, 2006). Additionally, SO₂ exposure can cause 

oxidative stress in trees by generating harmful molecules that damage important components of the 

photosynthetic system, such as chloroplasts. This disruption reduces the efficiency of C assimilation and 

thus leads to raised δ¹³C values. Furthermore, SO₂ can lead to acidification within plant cells, which 

alters their internal pH. This acidic environment impairs the function of important enzymes involved in 

photosynthesis, such as RuBisCO, further compounding the impact on δ¹³C values (Dhir et al., 2022).  
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Significant correlations were also observed for spruce at BT, with NHₓ and SOₓ showing moderate pos-

itive relationships, while NOᵧ demonstrated the strongest correlation. The influence of NOᵧ likely re-

flected its dual role as a nutrient at moderate levels but as a stress inducer at higher concentrations 

(Savard 2010). However, spruce δ¹³C at BT did not fully align with expected trends under pollution 

stress. This discrepancy may result from the combined effects of pollution and climatic conditions, such 

as unusually cold summers or repeated moderate droughts, both of which occurred during the 1970s and 

1980s (Kroupová 2002; Rydval and Wilson 2012; Andreu-Hayles et al. 2022; Gagen et al. 2022). These 

factors likely contributed to increased δ¹³C variability during the peak pollution period (Rinne et al. 

2010). Additionally, legacy effects of prolonged SO₂ exposure, such as reduced photosynthetic effi-

ciency and altered nutrient dynamics, could have delayed spruce recovery even after reductions in SO₂ 

emissions post-1980 (Rinne et al. 2010). The greater δ¹³C variability in spruce at BT probably reflected 

its higher drought sensitivity and isohydric water-saving strategy. Repeated droughts at BT during the 

peak pollution period may have caused cumulative stress, leading to inconsistent stomatal responses. In 

contrast, beech exhibited more stable δ¹³C responses, supported by its anisohydric strategy, which main-

tains higher stomatal conductance under moderate stress (Savard et al. 2020).  

Other studies conducted in the Bohemian Forest mountains in the Czech Republic, near the BT site, 

which were also exposed to heavy atmospheric pollution in the last century, found a strong impact of air 

pollution on δ¹³C (Santruckova et al. 2007; Píšová et al. 2008). They investigated the influence of SOₓ 

and NOₓ deposition on tree physiology, primarily using Δ¹³C of spruce. Δ¹³C represents C isotope dis-

crimination during photosynthesis and reflects the balance between stomatal conductance and C assim-

ilation, which makes it a valuable indicator of environmental stress on trees. It is calculated from the 

ratio of stable C isotopes (¹³C /¹²C) in plant biomass relative to the atmospheric ¹³C content, corrected 

for temporal changes in atmospheric δ¹³C due to fossil fuel emissions and other factors (Saurer et al. 

2004). These studies confirmed that acid deposition led to significant reductions in soil pH and an in-

crease in aluminum toxicity, which impaired nutrient uptake and water availability by forcing roots into 

upper soil layers. The isotopic signal in the tree rings reflected these physiological stresses, with Δ¹³C 

values showing a sharp decline between the 1950s and 1980s, coinciding with the peak of pollution. 

This decline was attributed to stomatal closure caused by SO₂ exposure, which disrupted the balance 

between C assimilation and WUE. It was observed that the assimilation organs were damaged by pollu-

tion, which resulted in reduced photosynthetic efficiency. Then a gradual recovery of Δ¹³C values was 

observed since the 1990s, which corresponding to the reduction of S and N depositions and the associ-

ated partial recovery of biological processes within the trees. When transforming δ¹³C from BT to Δ¹³C 

and averaging the values in 10-year blocks for comparison with the Δ¹³C chronology from 

Píšová et al. (2008) (Fig. 47), the patterns observed at BT closely align with those reported in the Bohe-

mian Forest Mountains. While the trends are consistent, differences in the absolute values can be at-

tributed to methodological variations, such as the use of whole wood versus cellulose, as well as site-

specific conditions. Despite these differences, the overall similarity in trends and their temporal 
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agreement confirm that pollution was the dominant 

driver of Δ¹³C, respectively, δ¹³C variability at both 

sites during the peak pollution period. Moreover, the 

Bohemian Forest studies also reported weakened cor-

relations between Δ¹³C and climatic factors during the 

peak pollution period, a phenomenon similar to the al-

ready discussed observations at the BT site. Although 

the Bohemian Forest Mountain studies focused just on 

spruce, the trends are comparable to the ones observed 

in beech at BT, further highlighting the consistent re-

gional impact of pollution on tree physiology.  

4.2.5 Methodological considerations  

When analyzing undetrended δ¹³C data in relation to N and S deposition and climate, it is important to 

consider autocorrelation. Autocorrelation means that δ¹³C values from one year are influenced by con-

ditions from previous years. Undetrended data, which include long-term trends, such as tree aging or 

atmospheric changes, show stronger autocorrelation compared to detrended data. This can reduce the 

independence of the observations and lead to overestimating the strength of statistical results. This is 

especially an issue in smaller datasets, where fewer effective observations can make it harder to draw 

reliable conclusions about the relationships between δ¹³C, pollution, and climate (Fritts and Swetnam 

1989; Manzanedo and Pederson 2019). As mentioned earlier, short-term changes in δ¹³C are strongly 

influenced by climate factors, especially those that affect stomatal conductance, like drought. However, 

pollution can have a long-term impact that overlaps with these short-term effects. For example, at the 

BT site, high levels of SO₂ emissions during peak pollution periods caused stomatal closure, which 

weakened the δ¹³C response to climate changes. After SO₂ emissions decreased in the 1980s, the δ¹³C 

signal started to recover, showing stronger responses to climate again (Boettger et al. 2014). To better 

understand how δ¹³C is influenced by pollution and climate, Principal Component Analysis (PCA) could 

be a useful method. PCA simplifies complex datasets by grouping related variables into a smaller num-

ber of components, helping to identify major patterns. This could provide insight into how δ¹³C responds 

to S and N deposition and drought in spruce and beech. PCA is useful for distinguishing common trends 

caused by pollution from species-specific responses, which is especially relevant at sites like BT, where 

the impact of pollution was more pronounced (Guerrieri et al. 2020). 

Additionally, common trends and co-integration are valuable tools for understanding long-term δ¹³C 

responses. A common trend shows shared δ¹³C patterns across spruce and beech caused by widespread 

environmental factors like pollution or regional climate changes. Co-integration focuses on long-term 

connections between the δ¹³C of different species, even when their short-term responses differ due to 

the already discussed physiological differences (Haugen et al. 2015). These methods are particularly 

     Fig. 47: Δ¹³C chronologies from BT and Bohemian  

     Forest (based on data from Píšová et al., 2008) 
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useful for studying undetrended δ¹³C data, as they help separate the long-term impacts of pollution from 

short-term climate variability. Although this study does not use PCA, common trends, or co-integration 

analyzes due to the scope of a MSc thesis, these methods are discussed to highlight their potential. Future 

research using these approaches could provide deeper insights into how air pollution and climate interact 

to influence δ¹³C in spruce and beech. This thesis focuses on simpler methods to analyze and interpret 

the data, while acknowledging the value of these advanced techniques for further studies. 

5. Conclusion 

This thesis investigated the causes of forest dieback during the 1970s and 1980s in Central Europe, 

focusing on Norway spruce and European beech in three regions with varying pollution histories: 

SCPA+B, BF, and BT, using TRW and δ¹³C data. It was analyzed how climate, air pollution, site-specific 

conditions, and species-specific traits influenced tree responses and forest decline. The findings revealed 

that forest dieback during the 1970s and 1980s was caused by a combination of region-specific stressors 

with different impacts across sites. At SCPA+B and BF, which are areas with low to moderate diffuse 

pollution, drought was identified as the primary stressor leading to tree mortality and forest dieback 

during the 1970s and 1980s. Severe droughts, such as the one in 1976, caused strong growth reductions, 

particularly in spruce, which showed higher sensitivity to drought. The deeper rooting system of beech 

enabled a better access to water reserves and thus enhanced its resilience to drought-induced stress. 

However, the cumulative drought effects in recent decades have challenged its stability, as seen in slower 

recovery following repeated drought events. Besides the fact that drought was the dominant driver of 

stress in regions with diffuse light or moderate pollution, bark beetle infestations also added to the stress 

in spruce at SCPA+B and BF, amplifying the impact of drought and leading to increased mortality. 

In contrast, at the heavily polluted BT, forest dieback was primarily caused by air pollution, with S 

deposition playing a more central role than at the other two sites. The combined prolonged deposition 

of S and N caused severe soil acidification, magnesium depletion, and aluminum toxicity, weakening 

trees and increasing their sensitivity to other stressors. Winter inversion layers trapped pollutants near 

the ground, increasing exposure to SO₂ and compounding its direct physiological effects, such as dam-

age to assimilatory organs and impaired photosynthesis. Extreme frost events and cold summers in-

creased tree stress at BT, especially in beech, which is more frost-sensitive than spruce. Beech suffered 

more directly from frost damage, with a faster decline in growth when combined with pollution. How-

ever, it recovered more quickly than spruce due to its physiological flexibility. Spruce, in contrast, ex-

perienced more severe and prolonged stress due to its higher sensitivity to pollution. The combined 

effects of extreme winter frost events, late frosts, cold summers, moderate droughts, and pollution were 

particularly detrimental to spruce, leading to prolonged growth stagnation. Bark beetle infestations also 

contributed to forest decline in spruce at BT, while beech scale infestations added stress to beech trees 

during this period. N deposition contributed to nutrient saturation and subsequent stress at all three sites. 
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Initially, N deposition acted as a growth stimulant by enhancing photosynthesis. However, prolonged 

exposure led to imbalances in nutrient cycling, making trees more vulnerable to other stressors. Similar 

levels of N deposition across SCPA+B, BF, and BT suggest that N-related stress was comparable at all 

three sites. The heightened tree stress observed at BT can therefore be attributed to the substantially 

higher S deposition levels during the peak pollution period at this site compared to SCPA+B and BF. 

Once the fertilizing effect of N deposition ended at SCPA+B and BF, drought sensitivity increased, 

contributing to intensified drought stress in recent years. At BT, the weaker climate signal in δ¹³C data 

reflected the legacy effects of pollution, which masked typical δ¹³C-climate responses. The distinct cli-

mate at BT, characterized by colder winters, a shorter growing season, and higher continentality, made 

both spruce and beech less responsive to drought compared to SCPA+B and BF. However, in recent 

years, trees at BT have also been affected more by drought, with events such as the prolonged 2018/2019 

drought that caused significant stress. Although trees at BT have recovered following the reduction of 

air pollution in the 1990s, legacy effects of pollution, combined with the increasing frequency of severe 

droughts, continue to affect tree responses and forest health. 

The study also revealed notable differences in tree responses to drought events. Spruce exhibited sharper 

growth declines and higher δ¹³C values, reflecting its isohydric strategy of rapid stomatal closure, which 

conserves water but limits photosynthesis and C assimilation. Beech, with its anisohydric strategy, main-

tained photosynthesis during drought but faced a higher risk of hydraulic failure. These contrasting strat-

egies were further shaped by site conditions such as soil depth, water-holding capacity, and topography. 

Ranking drought events from tree perspective was challenging due to differences in drought timing, 

intensity, duration, and the cumulative impacts of prior and subsequent stressors. Nonetheless, the results 

suggest that prolonged and frequent severe droughts, such as those in 2018/2019/2020, cause greater 

stress. Thus, the rising frequency of severe droughts poses a major challenge, especially for beech, which 

recovers more slowly from repeated drought stress. Spruce, with its high drought sensitivity, will also 

face increasing pressure, and drought-weakened trees will be more susceptible to mortality, particularly 

due to bark beetle infestations. 

Overall, this thesis highlights how tree stress and mortality during the 1970s and 1980s were impacted 

by the interplay of climatic extremes, air pollution, site-specific factors, and species-specific traits. 

While drought was the main driver in regions with low and moderate diffuse pollution, stress at BT was 

primarily linked to air pollution, compounded by extreme frost, late frost, cold summers, and occasional 

moderate droughts. The lasting effects of acidification at BT highlight the importance of pollution legacy 

effects in influencing forest health, even decades after emissions have been reduced. At the BT site, high 

S deposition had a greater role in pollution stress than N deposition, which, after an initial fertilization 

effect, caused similar stress across all sites. These findings are important for managing forests. Knowing 

how different sites and tree species react to stress is crucial for species selection and forest management 

strategies to make forests more resilient. Future research could include also other species and focus on 
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separating the effects of drought, frost, and specific pollutants through advanced statistical analysis and 

long-term monitoring. Addressing the long-term impacts of past pollution and dealing with the growing 

threat of more severe and frequent droughts due to climate change will be central to protecting Central 

European forests and the ecological, economic, and cultural services and benefits they provide. 
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Appendix 

Appendix A: TRW raw data 

A1: TRW raw data of cores with average 
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A2: TRW raw data of trees 
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Appendix B: Cumulative radial growth  

B1: CRG series 
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B2: CRG means 
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B3: Mean TRW 

  
 1970–1999 200–2023 

TRW BFB 3.021000 2.814750 

TRW BFS 2.638733 2.089667 

TRW BTB 1.396667 1.578125 

TRW BTS 1.185233 3.042375 

TRW SCPAB 3.376667 2.570542 

TRW SCPAS 4.392162 3.531667 

TRW SCPBB 2.566933 1.942833 

TRW SCPBS 2.447467 2.407375 
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Appendix C: RWI correlations with climate variability 

C1: RWI correlations with mean temperature 
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C2: RWI correlations with precipitation 
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C3: RWI correlations with SPEI 
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Appendix D: RWI and air pollution – single linear regression 
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Appendix E: δ¹³C raw data 

E1: δ¹³C raw data of trees 

 

 

E2: δ¹³C mean values 

 
1970–1999 2000–2023 overall mean 

BFB -24.75094 -24.97773 -24.852 

BFS -22.42351 -23.05733 -22.705 

BTB -24.01261 -25.46160 -24.657 

BTS -20.77297 -21.80271 -21.231 
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E3: δ¹³C mean chronologies 

with marked drought events (grey) and air pollution peak (red) and return to baseline (blue) 
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Appendix F: δ¹³C correlations with climate variability 

F1: δ¹³C correlations with mean temperature 
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F2: δ¹³C correlations with precipitation 
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F3: δ¹³C correlations with SPEI 
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Appendix G: Multiple regression   

undetrended_d13C~SOx+SPEI/ppt/tmean 

 

 

Correlation δ¹³C~tmean: R-values 

 

BFB 

(April-July) 

BFS 

(May-Aug) 

BTB 

(June-July) 

BTS 

(June-July) 

 

d13C_30spline~tmean +0.543 +0.507 +0.377 +0.473  positive 

d13C_un-

detrended~tmean 

+0.172 +0.003 -0.374 -0.080 pos./ neg. 

 

 

Model SOx  

(Estimate, p) 

SPEI/ppt/tmean 

(Estimate, p) 

 

BFB (SOx+SPEI) 

May-July 

+0.0002151, 

*** 

-0.3097,  

*** 

negative 

BFS (SOx+SPEI) 

April-July 

+0.0002856 

*** 

-0.1221,  

. 

negative 

BTB (SOx+SPEI) 

Feb-July 

+0.0003278, 

*** 

-0.1189,  

. 

negative 

BTS (SOx/SPEI) 

Feb-July 

+0.0002060, 

*** 

-0.1620,  

. 

negative 

BFB (SOx+ppt) 

May-Aug 

+0.0001538,  

** 

-0.002422,  

*** 

negative 

BFS (SOx+ppt) 

May-Aug 

+0.0002581, 

*** 

-0.001702,  

** 

negative 

BTB (SOx+ppt) 

Feb-July 

+0.0003190, 

*** 

-0.001052,  

. 

negative 

BTS (SOx+ppt) 

Feb-July 

+0.0001944, 

*** 

-0.001357,  

. 

negative 

BFB (SOx+tmean) 

April-July 

+0.0004975, 

*** 

+0.4403,  

*** 

positive 

BFS (SOx+tmean) 

May-Aug 

+0.0004028, 

*** 

0.2075,  

* 

positive 

BTB (SOx+tmean) 

June-July 

+0.0003576, 

*** 

+0.1037,  

n.s. 

positive 

BTS (SOx+tmean) 

June-July 

+0.0002055,  

** 

+0.01254,  

n.s. 

positive 
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Appendix H: Air Pollution and TRW/ δ¹³C 
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