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Abstract 

Terrestrial ecosystems, mainly forests are important sinks of atmospheric carbon with high 

year-to-year variability driven by moisture availability. Trees store carbon in various 

compartments of the biomass, namely in stems, roots, and leaves. In this doctoral thesis, I 

investigated climate-growth responses of stem biomass (represented by tree rings) and leaf 

biomass (represented by normalized difference vegetation index; NDVI) of Pinus sylvestris and 

Picea abies in temperate forests of Czechia. I was interested in (i) general climate-growth 

responses and specifically, in reactions to drought and (ii) topographical factors influencing 

these responses at various spatial scales. 

We demonstrated that climate-growth responses of both species’ tree rings in the lowlands 

revealed a significant positive and negative influence of moisture and temperature, respectively, 

while in higher elevations the responses were opposite. At a landscape level, the topography of 

relief modulated responses of Pinus sylvestris tree rings, while at the large-scale level, the 

geographical position and elevation (temperature gradients) were the main factors for both 

species. Responses of NDVI were slightly weaker compared to tree rings and did not show the 

influence of topography at any scale probably because vegetation greenness (photosynthesis) 

is less climatically driven compared to radial stem growth. Overall agreement between the time 

series of tree rings and NDVI decreased with elevation, which is probably a result of their 

diverging climatic constraints. 

Climatic drivers of extreme growth reductions agreed with the general climatic signal, however, 

the importance of drought significantly increases for both species along the large-scale 

elevational gradient from mountains to lowlands. Tree rings showed growth depression up to 

two years after drought events, while NDVI increased, probably to gain more assimilates and 

buffer the damage. Responses to extreme events were not affected by topography at the 

landscape level, while at large scale the influence of elevation was obvious. 

Our results suggest that climate-growth responses of stem and leaf biomass of two main Central 

European conifers are decoupled at specific spatial and temporal dimensions under ongoing 

climate change. These findings should be considered in studies forecasting the carbon storage 

in stems and foliage of boreal and temperate forest ecosystems and in attempts to extrapolate 

tree rings to the landscape level using remote sensing data. 
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Abstrakt 

Terestrické ekosystémy, především lesy jsou důležitým úložištěm atmosférického uhliku s 

vysokou meziroční variabilitou řízenou dostupností vody. Stromy ukládají uhlík v různých 

částech nadzemní i podzemní biomasy, hlavně ve kmeni, listech a kořenech. V této dizertační 

práci jsem studoval klimatické reakce růstu kmenové biomasy (reprezentované letokruhy) a 

listové biomasy (reprezentované normalizovaným diferenčním vegetačním indexem; NDVI) u 

smrku ztepilého (Picea abies) a borovice lesní (Pinus sylvestris). Zabýval jsem se (i) 

všeobecnými klimatickými reakcemi, specificky pak dopady suchých událostí a (ii) 

topografickými faktory, které tyto rekace ovlivňují na různých prostorových úrovních. 

Výsledky ukázaly, že letokruhy obou druhů v nížinách vykazují signifikantní pozitivní vztah k 

dostupné vlhkosti a negativní k teplotám, zatímco ve vysokých nadmořských výškách byl tento 

vztah obrácený. Na krajinné úrovni byla reakce letokruhů borovice lesní ovlivněna topografií 

reliéfu, zatímco ve větším měřítku byla podstatná geografická pozice a nadmořská výška 

(gradienty teploty) u obou druhů. Reakce NDVI byla oproti letokruhům slabší. NDVI navíc 

nevykázalo jakékoli ovlivnění topografií, pravděpodobně, protože zelenost vegetace 

(fotosyntéza) je méně klimaticky závislá oproti růstu kmenové biomasy. Koherence mezi 

přírůstem dřevní biomasy a NDVI klesala s nadmořskou výškou, což je pravděpodobně 

výsledek jejich odlišných klimatických limitací. 

Klimatické faktory extrémních snížení růstu se shodují s všeobecným klimatickým signálem, 

nicméně význam sucha se u obou druhů výrazně zvyšoval podél velkoplošného výškového 

gradient z hor do nížin. Letokruhy vykázaly snížení růstu trvající až dva roky po suché události, 

zatímco NDVI narostlo, pravděpodobně za účelem získání více asimilátů k opravení 

poškozených pletiv. Reakce na suché události nebyly ovlivněny topografií na krajinné úrovni, 

ovšem ve vetším měřítku se projevoval vliv nadmořské výšky. 

Tyto výsledky naznačují, že klimatické reakce kmenové a listové biomasy dvou dominantních 

středoevropských jehličnanů jsou při probíhajících změnách klimatu prostorově a časově 

oddělené. Tato zjištění by měla být zohledněna ve studiích predikujících ukládání uhlíku do 

kmene a listové biomasy boreálních a temperátních lesních ekosystémů a při pokusech o 

extrapolaci letokruhových řad stromů do prostoru pomocí dat dálkového průzkumu Země. 

 

Klíčová slova: borovice lesní, smrk ztepilý, letokruhy, NDVI, odezvy na sucho, topografie 
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1. Introduction 

Forests cover a large part of the land (cca 38 %; Our World in data 2023) and are essential for 

the functioning of many natural processes including land-atmosphere interactions. They 

influence climatic conditions, the water cycle, bind carbon in biomass, and are also important 

for the economy (Durrant et al. 2016). Estimates of future forest functioning are uncertain due 

to the non-linear relationship of tree growth to climate and the spatial-temporally unstable 

responses of trees to climate (Norby et al. 2010). Such changes may affect carbon uptake and 

storage across terrestrial ecosystems (Babst et al. 2014), especially if temperatures rise without 

adequate precipitation increases, forests will suffer from drought and the supply of carbon to 

woody biomass will slow down (D'Arrigo et al. 2004). It is therefore important to understand 

the factors that influence forest productivity, and the associated intensity of interactions 

between trees and atmosphere, and soils. 

Forest ecosystems are exposed to various factors that can potentially reduce their productivity 

(drought) or, conversely, enhance tree growth (extension of the growing season, so-called 

carbon and nitrogen fertilization), and these factors have not been constant in time and space 

(Babst et al. 2014). The climate is the main growth driving factor because it influences the 

availability of water which is necessary for turgor in cambial cells (Cabon et al. 2020). Thanks 

to warming in recent decades, trees are exposed to new climatic conditions (warmer and drier 

in most cases) with more frequent climate extremes (heat waves and associated droughts; 

Dannenberg et al. 2019, Sánchez-Salguero et al. 2017, Scharnweber et al. 2020). Climate-

growth responses of trees to climate are therefore changing and may significantly differ 

between “normal” and “extreme” years. For instance, cold boreal forests were observed to lose 

their original sensitivity to temperature (D’Arrigo et al. 2004). Dry events in such ecosystems 

may likely have a high negative impact because the species growing there are not adapted to 

such conditions. While increasing concentration of CO2 in the atmosphere leads to higher 

temperatures and associated droughts,  with more CO2, trees can also use available water more 

efficiently because of smaller losses while taking up the same amount of carbon dioxide (Körner 

et al. 2007). In theory, this increased efficiency in water use could at least partially reduce the 

negative impact of drought (Farrior et al. 2015). Fertilization of the landscape by nitrogen in 

small amounts may be beneficial for forest productivity, however in high concentrations it is a 

rather limiting factor since it leads to acidification (Kolář et al. 2015). 

The results of the interaction between growth-promoting and growth-limiting influences are 

unclear and likely to be geographically variable. While increasing temperatures in lowland 
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temperate forests have a negative effect (Morales et al. 2020), a positive effect is observed in 

boreal forests and higher-elevation temperate forests (D'Orangeville et al. 2018). The more 

frequent and severe droughts associated with increasing temperatures have an increasingly 

negative impact (Allen et al. 2010). Besides elevation, the climate-growth responses of trees 

are influenced also by other spatial and environmental gradients such as bioclimatic zones, 

species composition, site fertility, or local topography (Montpellier et al. 2018, Schmied et al. 

2023, Oberhuber and Kofler 2000). Therefore, it is necessary to study forest behavior at various 

spatial scales to understand at which level given factors become important. 

Growth-promoting and growth-limiting influences are not only spatially-temporally variable 

but may also vary between tree biomass compartments such as leaves, stem, and roots 

(Bernoulli and Körner 1999, Kannenberg et al. 2019a, Anderegg et al. 2013). Each of these 

parts is physiologically different and has different functions, therefore it is likely, that also their 

climate-growth responses will vary (Fatichi et al. 2014). It was observed that the growth of leaf 

and wood biomass are both sensitive to slightly different time windows within a year (Seftigen 

et al. 2018). In drought conditions, trees seem to prefer the growth of leaf biomass since it is a 

crucial organ for the assimilation of carbon (Kannenberg et al. 2019a). These diverging 

responses might have important implications for answering the question of the higher 

importance of source (carbon assimilation in leaves) or sink (sequestration in wood) growth 

limitation (Anderson-Teixeira and Kannenberg 2022). 

The main objectives of this doctoral thesis are (i) to discern the response of Scots pine (Pinus 

sylvestris; PISY) and Norway spruce (Picea abies; PCAB) to the climate and extreme events in 

Central Europe and then (ii) to identify spatial variability of these responses from landscape to 

regional-scale level. The final objective is to (iii) compare climate-growth responses of stem 

biomass (tree rings) and NDVI (leaf greenness and biomas). 
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2. Stem biomass 

2.1 Stem biomass formation 

Stem biomass (xylem, wood) is formed by assimilated products of photosynthesis, which is the 

process by which plants convert sunlight, water, and carbon dioxide into glucose (a form of 

sugar) and oxygen. Formation of stem biomass (xylem, wood) is a crucial process for trees 

because it influences the amount of water and hence nutrients that they can transport and, most 

importantly, their competitive ability (Schweingruber 1988). In the seasonal climates, trees are 

changing wood structure within the year due to changes in meteorological conditions and solar 

angle (Schweingruber 1988). At the beginning of the growing season (spring), coniferous trees 

are producing mainly tracheids with large diameters and thin walls because they need to 

transport a lot of water (light earlywood) (Fig.1). Later in the summer, they create denser wood 

which is formed by smaller tracheids with thick walls (dark latewood; Fig. 1) with supportive 

function increasing the stability of the stem (Cuny et al. 2014). These changes in wood structure 

lead to the creation of tree rings, which might be used as a time series of wood biomass 

production with annual resolution (Cuny et al. 2016). The proxies derived from the tree rings, 

such as width and structure, store information about the conditions prevailing at the time of the 

formation of the tree ring. This makes the time series of tree rings an important tool for detecting 

environmental changes and reconstructing their trends (Fritts 1976). Several factors are 

involved in tree growth, as described by Cook's model:  

G = A + C + D1 + D2 + E 

Where G is the width of a given tree ring, A is the age trend, C denotes climatic factors, D1 is 

endogenous factors (genetics, disease), D2 describes exogenous disturbances, and E is random 

environmental effects. Physical-geographic factors are represented in this model by the 

variables C (climate), and D2, by which we mean factors such as slope movements, floods, 

fires, and other disturbances in the landscape (Cook 1985). 

The climate is generally the most important factor in tree growth because precipitation and 

temperature affect available soil moisture, evapotranspiration, photosynthetic activity, growing 

season length, and tree phenology (Fritts 1976, Schweingruber 1988). The cross-dating 

principle represents evidence of the crucial effect of climate on tree stem growth (Douglas 

1941).  

In trees, water deficit leads to reduced growth, reduced cell wall thickness (especially in 

latewood), cell collapse, or failure to form a tree ring (often in the case of loss of foliage). False 
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rings, rows of resin ducts, or poorly lignified cells may also occur (Pallardy 2008). Hydrological 

influences such as long-term waterlogging are also reflected in the tree rings. In some locations, 

typically in the floodplain, there may be a problem of excess water. In such cases, soil aeration 

is reduced, which slows down the growth of the root system and, as a result, high groundwater 

levels can lead to an overall reduction in tree growth (Vaganov et al. 2006). In such cases, there 

is a reduction in vascularity because moisture is abundant and the tree does not need to invest 

as much in the formation of the conducting apparatus as it normally would (Kozlowski 1997).  

Trees are also affected by external physical-geographical factors such as landslides, avalanches, 

debris flows, fires, and floods (Stoffel 2006, Seifert et al. 2017, Arbellay et al. 2012). Although 

these are very short events in the development of the tree ring, the energy exerted is very 

concentrated and can be reflected in the tree ring as a scar or other symptoms of physical 

damage to the stem (Arbellay et al. 2012, Krause and Křížek 2018). 

While soil characteristics such as nutrient levels or moisture do influence the formation of tree 

rings (Schmied et al. 2023, Rabbel et al. 2018), they are more likely to be reflected in the overall 

productivity of the given site, whereas growth trends and significant years are climate-

controlled (Fritts 1976). 

 

Figure 1: Transverse section of coniferous tree rings (by Hana Kuželová). 
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2.2 Response of stem biomass to drought 

Radial growth of the stem is strongly dependent on available moisture because it influences 

turgor and hence the ability of cambial cells to divide (Fatichi et al. 2014). Stem expansion 

caused by dividing and enlarging wood cells in the cambium is an irreversible process. 

However, there is also reversible shrinking and swelling of stems which is caused by tree water 

deficit (Fig. 2; Zweifel 2015). During drought, the stomata are closed in order to reduce water 

loss by transpiration and therefore there is small carbon uptake which in a longer period may 

lead to carbon starvation. In such a case, the tree may allocate less carbon to wood formation, 

leading to reduced radial growth, narrower tree rings, and higher vulnerability to mortality 

(Wang et al. 2021). 

 

Figure 2: Stem radius fluctuations (SR, black line) divided into the stem growth (GRO, red 

line, and areas) and stem shrinkage at tree water deficit (TWD, blue line) from dendrometer 

data (Zweifel 2015). 
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During periods of low water potential (bellow cca -2.5 MPa; Mayr et al. 2020) and hence a 

large tree water deficit in the stem, the negative pressure created by transpiration can lead to air 

being drawn into the xylem and cause embolisms (presence of air bubbles in tracheids). These 

embolisms block the flow of water and can result in hydraulic failure (Mayr et al. 2020). Woody 

plants have developed a mechanism for embolism repair, so-called “cavitation refilling” when 

neighboring living cells surrounding the embolized vessel can actively transport water and 

sugars into the affected xylem, pushing out the air bubble and re-establishing water continuity 

(Klein et al. 2018). 

Climate change in temperate forests is manifested by the increasing frequency and impact of 

extreme climatic events such as droughts and heat waves (McDowell et al. 2020). Droughts 

have serious impacts on tree growth (Sánchez-Salguero et al. 2017, Scharnweber et al. 2020, 

Morales et al. 2020), mortality (Camarero et al. 2015, Allen et al. 2020, Vanoni et al. 2016, 

DeSoto et al. 2020) and overall ecosystem productivity (Kolus et al. 2019). On the contrary, 

warming in a cold environment is reflected by increasing growth trends (D'Orangeville et al. 

2018, Ponocná et al. 2016). A lower frequency of growth depressions caused by a cold growing 

season or frost events in spring can be expected (Vitasse et al. 2019), however, it is a matter of 

time before the temperatures will be too high even in boreal and cold montane forests. 

In common European conifers, approximately 35–50% of tree biomass is located in the stem 

(Bernoulli and Körner 1999, Reich et al. 2014), with annual wood production representing 

approximately 15–20% of total assimilated carbon (Klein and Hoch 2015). The amount of 

carbon stored in stem during the growing season is determined by available resources, climate-

driven cambial cell division activity, and allocation strategies into stem, foliage, roots, non-

structural carbohydrates, and respiration (Fatichi et al. 2014, Cuny et al. 2015, Rossi et al. 

2016). As a result, the time series of annual stem increments are closely related to climatic 

factors, including extreme events, as demonstrated by the use of extremely narrow annual rings 

(negative pointer years) as indicators of sudden cooling (Battipaglia et al. 2010) or significant 

drought events (Cook et al. 2015). In temperate parts of Europe, extreme reductions in tree 

growth (so-called pointer years; Schweingruber 1988) have significantly contributed to declines 

in ecosystem productivity (Trotsuik et al. 2020). In Central Europe, the years 1992/1993, 1996, 

2003, 2015, and 2018 are often cited as having been recorded in lowland areas throughout 

Western and Central Europe (Neuwirth et al. 2007, Lebourgeois et al. 2010, Rammig et al. 

2015, Vitali et al. 2017, Vitasse et al. 2019). All of these years were very dry in various parts 

of season, but in some cases, there was an additional effect of low temperature during the 
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growing season or severe frosts at the beginning of the growing season (1948, 1956, 1976, 

1996) (Neuwirth et al. 2007, Bauwe et al. 2013, Kolář et al. 2017). Other years, typically 2003, 

were the result of a very pronounced heatwave, and its impact on tree growth can be observed 

in the Czech Republic (Kolář et al. 2017), Germany (Bauwe et al. 2013), Switzerland, and 

northern Italy (Lévesque et al. 2013). The growth-reduction effect of the year 1976 has probably 

the largest areal extent, a consequence of a very pronounced and long drought, additionally 

supported by frosts during May. Growth declines this year are reported in northern Italy, 

Switzerland (Lévesque et al. 2013, Neuwirth et al. 2004), Benelux, Germany, Czech Republic 

(Babst et al. 2012), and northern Poland (Koprowski et al. 2012).  

Differences in climatic conditions between high- and low-elevation forests have often resulted 

in opposite responses to drought, determined by their relative position to the ecological 

optimum of the species (Neuwirth et al. 2007, Zang et al. 2014, Trotsuik et al. 2020). Hot and 

dry events were negative in the lowlands (formation of a narrow annual ring) and positive in 

the mountains (formation of a wide annual ring) (Rolland et al. 2000, Neuwirth et al. 2007, 

Lebourgeois et al. 2010, Charru et al. 2017). From the mountainous regions of central and 

eastern Europe, the years 1913, 1942, 1954, 1974, and 1992 are reported as narrow tree rings 

(Hartl-Meier et al. 2014, Treml et al. 2015, Rammig et al. 2015). This basic overview suggests 

that towards the present day, growth reductions are becoming more frequent. Sidor et al. (2019) 

recorded the increasing frequency of extremely narrow tree rings of Pinus sylvestris in Romania 

since 1980. The increasing impact of negative pointer years has also been observed in Picea 

abies and Abies alba in eastern France (Rolland et al. 2000). In central Europe, temperatures 

have increased by 1 °C since the beginning of the 20th century (Allen et al. 2018), leading to 

higher evaporation (Mozny et al. 2020) and soil water deficits (Hanel et al. 2018). 

Superimposed recent summer heat waves (2003, 2015, 2018, Scharnweber et al. 2020) 

manifested in extreme reductions in growth followed by an overall decline in forest health 

across large areas of Europe (Etzold et al. 2019, Sidor et al. 2019, Schuldt et al. 2020). However, 

whether the current frequencies of extreme growth reductions represent a continuation of a 

long-term trend or are unprecedented in the context of an entire century remains unknown. In 

addition, there is limited information available on species-specific trends in extreme growth 

reductions and differences in these trends between warm and cool parts of a species distribution 

range. 
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3. Leaf biomass 

3.1 Leaf biomass formation 

Needles of coniferous trees are well adapted to survive cold conditions and have several 

advantages over broad leaves found on deciduous trees. Needles have a smaller surface area 

compared to broad leaves, which helps to reduce water loss through transpiration. This 

adaptation is crucial in regions with cold winters, where water availability may be limited due 

to frozen soil (Bijlsma and Loeschcke 1997). The needles of coniferous trees often have a thick 

waxy coating (cuticle; Fig. 3) on their surface, which helps to reduce water loss through 

evaporation and protects the needles from freezing temperatures and damage caused by harsh 

weather conditions (Eckenwalder 2009). Moreover, the needle shape allows conifers to 

efficiently capture sunlight from various angles, maximizing their ability to carry out 

photosynthesis in low light conditions which helps them to thrive in areas with less sunlight, 

such as dense forests or regions with long winters (Zarter et al. 2006). Most coniferous trees 

are evergreen (they retain their needles throughout the year) which is possible due to the 

abovementioned needle adaptations. This allows them to continue photosynthesizing during the 

winter when deciduous trees have shed their leaves (Zarter et al. 2006). By maintaining their 

needles, coniferous trees can take advantage of any available sunlight and carry out 

photosynthesis even in the colder months. Moreover, the needle-like structure is changing along 

the temperature gradient to help them survive in a cold climate and unfavorable environmental 

conditions (Jankowski et al. 2017). Needles of conifers in cold environments tend to be shorter, 

have thicker cell walls, narrower and more resistant tracheids, and wider resin ducts. Moreover, 

such needles live longer and in general have higher leaf density and leaf mass per area 

(Jankowski et al. 2017, Savolainen and Hurme 1997). 

The beginning of needles’ growth at spring in lower latitudes is driven by photoperiodism 

(sensitivity to daylight hours increase), while in higher latitudes (cold areas) it is sensitive rather 

to temperature rise (Zohner et al. 2016). Buds on branches begin to swell and expand until they 

burst to open and the new needles start elongating (Rossi et al. 2009). During the peak summer, 

the newly formed needles reach their maximum size and develop their characteristic shape. The 

needles contain chlorophyll, hence they are freshly green, and actively involved in 

photosynthesis, which is reflected in their spectral properties by reduction of reflectance in the 

red part of the spectrum and increase in the near infra-red part (Knipling 1970). In autumn, the 

needles undergo physiological changes in response to decreasing daylight hours and colder 
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temperatures. The main change is the accumulation of energy (carbohydrates and other essential 

compounds) in the medullary rays, cambium, roots, and needles, which will be used during the 

winter months (Langenfeld-Heyser 1987). In winter, coniferous trees face harsh conditions such 

as freezing temperatures, reduced sunlight, and limited water availability due to frozen soil. 

Although their metabolic activity slows down, they continue to photosynthesize to a certain 

extent if the threshold temperature is exceeded taking advantage of any available sunlight 

(Freeland 1944). The exact timing of needle development can vary among different conifer 

species and can be influenced by local climate conditions and environmental factors (Jankowski 

et al. 2017). 

 

Figure 3: Cross section of eastern white pine needle (adapted from Pallardy 2008). 

 

 

3.2 Response of leaf biomass to drought 

Drought can have significant effects on the needles of coniferous trees, including changes in 

their structure, physiology, and chlorophyll content (Moran et al. 2017). During a drought, the 

lack of soil moisture can lead to water stress in coniferous trees. As a result, the needles may 

become dehydrated, and lose turgidity, and therefore they may be wilted, curled, or even start 

leaf shedding (Brun et al. 2020). Drought conditions during spring with water potential of 

needles about -3 Mpa (Haberstroh et al. 2022, Wright et al. 2013) can inhibit the growth of new 
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needles or slow down their growth (Haberstroh et al. 2022). The formation of new needles may 

be delayed or limited due to water scarcity, which can lead to thinner foliage and reduced overall 

needle density (Wright et al. 2013). 

Chlorophyll molecules are sensitive to environmental stressors, and prolonged drought can lead 

to the breakdown of chlorophyll pigments (Pukacki and Kamínska-Rozek 2015). This 

degradation reduces the chlorophyll content in the needles, resulting in a loss of their green 

color. They can appear lighter, yellowing, or even reddish-brown in severe cases (Anderegg et 

al. 2012). Drought-induced changes in needles, including dehydration and chlorophyll 

degradation, can impair photosynthetic activity. With reduced chlorophyll content, the ability 

of needles to capture sunlight and convert it into energy through photosynthesis is reduced. This 

can lead to a decrease in the tree's overall photosynthetic capacity and reduced growth. The 

physiological changes in the needles weaken the tree's resilience, making it more susceptible to 

attacks from pathogens and pests (Kolb et al. 2016). Coniferous species vary in their tolerance 

to drought, and the specific effects can differ depending on the severity and duration of the 

drought event (Castellaneta et al. 2022). Furthermore, some coniferous trees have adaptations 

that help them cope with drought, such as deep root systems or thick waxy coatings on the 

needles that reduce water loss (Pallardy 2008). 

Reactions of conifers to droughts are also influenced by their (an)isohydricity, which describes 

their behavior in relation to their water status (Kannenberg et al. 2019b). This term has been 

applied to several phenomena, however, the most common one is changes in leaf water potential 

relative to soil water potential (Feng et al. 2019). In dry conditions, isohydric plants regulate 

the opening of their stomata so as not to lose so much water even if it means limiting their 

photosynthetic activity, so they maintain their leaf water potential relatively constant despite 

changes in soil water potential or vapor pressure deficit. On the other hand, anisohydric plants 

allow their stomata to remain open even in the face of decreasing water availability which can 

be beneficial for maintaining photosynthetic activity and growth, so they show higher 

fluctuations in leaf water potential (Ratzmann et al. 2019). However, even this (an)isohydricity 

behavior is influenced by the specific environmental conditions of a given place (Feng et al. 

2019). Our species under study (Picea abies and Pinus sylvestris) are both categorized as rather 

isohidric trees and Pinus sylvestris even more than Picea abies (Martinez‐Vilalta et al. 2014, 

Klein 2014). 
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Changes in structure and especially in color are imprinted in the leaf’s reflectance (Fig. 4) 

because the stressed vegetation has less water and chlorophyll and consequently it has higher 

reflectance in the red part and lower in the near-infrared part of the spectrum. Based on various 

indices comparing the reflectance in the red edge region of the spectrum (approximately 700–

800 nm) it is possible to estimate the health of vegetation, biomass increments, or chlorophyll 

content (see more in chapter 7.2). 

 

Figure 4: Reflectance of healthy and stressed plants in visible and infrared part of 

electromagnetic spectrum. The vertical dashed line denotes the red-edge spectral region  

(Agrio 2023). 
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4. Relationship between stem and leaf biomass 

To describe the effect of drought on the productivity of woody plants it is possible to use a tree-

ring analysis, which provides detailed information on trends in stem biomass at the tree or stand 

level (Girardin et al. 2016, Babst et al. 2017). An alternative method to determine biomass 

trends of forests is remote sensing, where satellite data provide information mainly on the 

canopy, hence leaf biomass and greenness as a proxy for chlorophyll content (Vicente-Serrano 

et al. 2016, Song 2012). Theoretically, information on stem biomass should be correlated with 

leaf biomass, and then the tree rings could be extrapolated to the landscape level using satellite 

data (Babst et al. 2018) (Fig. 5). It has been shown that the Normalized Difference Vegetation 

Index (NDVI) correlates with wood, seed, and foliage production (leaf area index) (Wang et al. 

2004, Bhuyan et al. 2017, Bunn et al. 2013, Schröder and Körner 2018, Xu et al. 2019). 

However, the majority of studies report certain spatiotemporal variability in this relationship 

(Vicente-Serrano et al. 2016, Lopatin et al. 2006). The spatial variability may be influenced by 

various factors, such as climatic conditions at different latitudes (Kaufmann et al. 2008), forest 

types (Bhuyan et al. 2017), topography and associated microclimatic conditions (Babst et al. 

2018), or even the resolution of satellite imagery (Bhuyan et al. 2017) and the technical 

parameters of satellite imagery like spatial and temporal resolution, used vegetation index or 

the range of reflectance bands used by the given sensor may also play a role. So far, the majority 

of studies used low-resolution satellite data (max 250 m per pixel or more) since they cover 

large areas, e.g. et global to continental scales (Vicente-Serrano et al. 2012, Bhuyan et al. 2017), 

continents (Bunn et al. 2013, Kaufmann et al. 2008) or individual countries (DeRose et al. 2011, 

Xu et al. 2019). It has been shown that the correlation of tree rings and NDVI increases with 

the spatial resolution of satellite images (Bhuyan et al. 2017), however, there are almost no 

studies investigating the relationship at the landscape level using high-resolution Landsat 

satellite data (30 m per pixel), which is surprising since relatively long Landsat time-series 

allow direct comparison with tree-ring time series. 
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Figure 5: Uncertainties in the process of extrapolating tree rings to landscape (Babst et al. 

2018). 

 

 

The spatial variability in the relationship between tree rings and vegetation indices might result 

from climatic constraints of both biomass compartments (stem and leaves) which may vary 

across environmental gradients such as elevation and latitude (temperature gradients), longitude 

(in some cases moisture gradient), terrain topography, species composition and age of trees. 

While in warm areas the water availability is the main constraint for both biomass 

compartments (hence increasing their coherency) in cold environments the tree rings and NDVI 

may show different climatic signals. Whereas tree rings in high elevations respond positively 

to temperature (stem growth is driven by growing season temperature, Babst et al. 2013), NDVI 

(photosynthesis and hence canopy greenness) can be negatively affected due to direct radiation 

(Urban et al. 2012) and an increase in tropospheric ozone with elevation (Ainsworth et al. 2012). 

In moisture-limited areas both stem and leaf biomass show similar trends, however, the climatic 

signal of tree rings tends to be stronger which was observed by studies based on both the remote 

sensing data and eddy covariance data (Kannenberg et al. 2020, Moreno-Fernández et al. 2022, 

Gazol et al. 2018a, Kannenberg et al. 2019c, Schwalm et al. 2017). This is caused by low water 

potential, which limits the transport of assimilated carbon in the tree (Fatichi et al. 2014) and 

reduces the turgor in cells which is crucial for wood formation (Cabon et al. 2020). This leads 

to the accumulation of non-structural carbohydrates that might be used for the growth of roots 

(Teets et al. 2022) or stored for the next year. This means that in dry conditions the sink 
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processes (ability to invest assimilated carbon) are more important than the source processes 

(creation of assimilates; Cabon et al. 2022). 

The temporal variability in the relationship between wood and leaf biomass may be caused by 

different biomass allocation strategies following drought events. It has been observed that the 

impact of extreme drought is imprinted in tree rings in a drought year (Gazol et al. 2018b) as 

well as more years later (Wu et al. 2017). Water stress damages the xylem or depletes reserves 

which suppresses stem growth even though the climatic conditions return to normal levels for 

up to four years (drought record inertia; Wu et al. 2017). On the other hand, carbon storage and 

investment into leaves may be little altered (Anderegg et al. 2015) or even show enhancement 

(Rita et al. 2019, Dong et al. 2022, Gazol et al. 2022). Trees invest more carbon in the canopy 

to gain more assimilates for the restoration of the whole body (Kannenberg et al. 2019c, 

Anderegg et al. 2013). 

In general, the topo-climatic conditions and the nature of the vegetation cover cause spatial 

variability in the impact of drought, and thus in the potential inertia of its record. Therefore, the 

question is which factors influence varying responses of foliage and tree rings at the landscape 

level, where different topographic conditions and different stand characteristics play a role. 

Understanding this variability could explain the strategies of tree biomass generation in 

response to drought (investment in stem and leaf biomass) and help in developing models 

describing the relationship between leaf and stem biomass formation at the landscape level. 
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5. Topographic variability and its influence on growth 

Geographic position and topography of relief is an important factor influencing tree growth 

since it represents various environmental gradients like prevailing climatic conditions and has 

an effect on site-specific factors like solar radiation, moisture availability, or soil properties. 

One of the most important topographic factors is elevation because it represents a temperature 

gradient (Brinckmann et al. 2016). Woody plants in the lowlands of Central Europe are limited 

by available moisture, whereas in the mountains, low temperature is the main limiting factor 

(Hartl-Meier et al. 2014). The elevation where the overall climatic limitation is the smallest 

corresponds with climatically optimal conditions for given tree species. In terms of pointer 

years, the effect of drought events is strongly negative in lowland areas (Lebourgeois et al. 

2010). On the other hand, in higher elevations, these events may be positive because they are 

connected with high temperatures reducing the temperature limitation (D'Orangeville et al. 

2018). In the Czech Republic, Picea abies is increasingly limited by drought, with growth 

declines of up to 70% compared to normal in extreme drought events (Tumajer et al. 2017, 

Krejza et al. 2021). Drought-induced growth declines and low resilience to these events are 

evident across the entire elevation gradient, but most pronounced in mid-elevations (around 600 

m above sea level; Krejza et al. 2021, Bose et al. 2020). The effect of elevation may be also 

indirect, for instance, in areas near the tree line where trees tend to be limited by available soil 

nutrients (mainly nitrogen), low temperatures also lead to reduced growth by slowing down the 

process of mineralization (Grace et al. 2002).  

The geographic position is highly important because it determines the bioclimatic zone and 

hence prevailing conditions and physical processes on site. Similar effects as elevation are 

connected with latitude since it also represents temperature gradient and conditions in forest 

stands in high mountains are similar to boreal areas (Pfadenhauer and Klötzli 2020). Regarding 

responses to extreme climatic events, an increase in the resilience index and a decrease in the 

recovery index with latitude were observed (Gazol et al. 2017). On the other hand, Bose et al. 

(2020) did not find any significant effect. In some cases, the longitude also matters because it 

may represent the gradient of maritime/continental climate and thus also the gradient of 

moisture availability in the growing season (in the Czech Republic for instance; Mikolaskova 

2009). 

Local topographic aspects such as the orientation of slopes to solar radiation (represented for 

example by heat load index) may play a role since it determines surface temperature (Dearborn 

and Danby 2018). Also, variables like topographic wetness index or slope inclination can have 
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an effect because they represent terrain curvature and therefore stands with water accumulation 

or loss (Rabbel et al. 2018, Tumajer and Treml 2017). In mountainous areas, slope inclination 

has also an indirect effect because it can cause slope movements like avalanches, landslides, or 

debris flows, which can be manifested in the removal of trees or impacts on tree growth patterns  

(Stoffel 2006). 

The importance of all these effects is however strongly dependent on the considered spatial 

scale. At the landscape level, the elevation or the geographical position has no effect and the 

local features matter a lot. On the other hand, at a continental scale, the local topography may 

be outperformed by variability represented by large geographical and environmental gradients. 
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6. Growth trends and climatic responses of study species in Central Europe 

In Central Europe, the coniferous forests are dominated mainly by Pinus sylvestris (PISY) and 

Picea abies (PCAB). These species represent the main component of forest ecosystems with a 

large area and economic importance. On the territory of the Czech Republic, PCAB forms 

approximately 48 % of forest stands in the long term and PISY is the second most important 

species with 16 % representation (Forestry Report 2021). 

 

6.1 Pinus sylvestris 

Pinus sylvestris is a light-demanding, deep-rooting species with great plasticity tolerating a 

broad spectrum of site conditions. Due to the high ecological valence, it occurs in a large area 

from northern Spain and Scotland, across Scandinavia and central Europe to the Far East. 

Generally, it tends to be found in the lowlands in the northern parts of its range, while in the 

south it is found mainly at higher altitudes (reaching up to 2600 m above sea level in the 

Caucasus). Fire activity is important for this species. In some parts of Siberia, it is only found 

due to fires that remove more competitive species (typically spruce, Adámek et al. 2016). Given 

current global warming, the range of Pinus sylvestris can be expected to shift more northwards 

in the future and gradually disappear from southern areas (Durrant et al. 2016). 

The climatic signal of Pinus sylvestris is strongly site dependent and it is therefore difficult to 

identify areas with a clear type of climatic signal, but at least some trends can be observed. In 

north-central Europe in North Germany and Poland, the climate in February and June is the 

main determinant of PISY growth. Mild, wet winters promote growth, while warm, dry 

summers tend to reduce ring width (Cedro 2006, Pérez et al. 2005, Bauwe et al. 2013). In 

Central Germany, strong correlations with the Palmer drought severity index (PDSI) can be 

observed, not only for PISY but also for beech and sessile oak (Friedrichs et al. 2009). 

The site dependence of the climate signal increases with elevation; factors such as slope and 

orientation, or soil type play a role. In the Czech Republic, this is strongly reflected, as shown, 

for example, by the work of Mácová (2008), who compared the influence of climate on trees in 

different locations. Samples were taken in three different areas of the Czech Republic (on 

sandstone cliffs, on dry warm sites, and cool wet sites). The results clearly show that the tree-

ring widths respond positively to February and March temperatures at all sites, and the effect 

of rainfall was also significant. This signal was strong on dry and warm sites, but very weak on 

rocky sites (even weaker than at cool and wet sites). This is probably due to the ability of PISY 

to efficiently use the water deposited in weathered rock crevices. In the Carpathian region, the 
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signal of PISY also varies considerably between sites. At elevations around 800 m above sea 

level, trees respond mainly to PDSI and rainfall (Büntgen et al. 2010, 2012). In contrast, 

individuals growing at higher elevations above 1000 m a.s.l. show positive correlations with 

temperatures and do not respond to precipitation amounts (Büntgen et al. 2012). 

In Central Europe, PISY generally shows positive correlations with February and often also 

January temperatures (Friedrichs et al. 2009). In the case of cold regions, March temperatures 

tend to be limiting (Feliksik & Wilczyński 2009, Koprowski et al. 2012). Positive effects of 

precipitation and, in general, the presence of soil moisture and negative effects of temperature 

are also frequent (Koprowski et al. 2012). Positive responses to temperature are also typical in 

humid and cold regions, possibly in mountain and foothill areas (Feliksik & Wilczyński 2009). 

Groundwater level also has a significant effect on the tree-ring widths. For example, pines 

growing on alluvial terraces are significantly limited by the amount of water in rivers and 

connected depth of the groundwater level. At high groundwater levels, pines have significantly 

smaller radial increments (Polacek 2006). 

 

6.2 Picea abies 

Picea abies is a typical tree of boreal and subalpine forests which naturarly growths from 

mountaines and cold ares of central and northern Europe to Siberia. However, it was also 

introduced to Britain and lowlands of western and central Europe. The elevation span extends 

from the coast to about 2200 m above sea level in the Alps (Durrant et al. 2016). It is an 

undemanding tree species, and if it has sufficient moisture, it grows well on stony and acid 

soils, in cold areas, swamps, etc. However, acid rains, drought, and fires have a strong negative 

effect (Durrant et al. 2016). Its stands are concentrated mainly in southern Germany, Austria, 

and the Czech Republic, however, it is widespread also in the Carpathians and the Scandinavian 

Peninsula. In low and medium elevations of Central Europe, it shows high annual increments, 

making it widely planted and used in the timber industry (Durrant et al. 2016). 

Many authors have studied the influence of climate on the Picea abies in its natural mountain 

environment in Central Europe. The results of these studies clearly show that the major climatic 

factor for growth is temperatures in the summer months (Babst et al. 2013) with correlations 

around 0.5 (Treml et al. 2015). Rydval and Wilson (2012) reported correlations even up to 0.67 

with average temperatures from April to July in the Jizera Mountains. In mountain areas, the 

orientation of the slope and aspect should be taken into account, but its influence varies 

considerably between sites and may even be completely insignificant at the highest elevations 
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(Treml et al. 2012). In general, while in high elevations temperatures during June-July are the 

main growth factor, around 900 m above sea level there is almost no climatic limit to spruce 

growth (Šagát et al. 2021), and at lower elevations and in the foothills, there is mainly the 

influence of precipitation and drought (Hartl-Meier et al. 2014, Čejková and Kolář 2009). A 

similar change of climatic signal is reported also along a latitudinal gradient (Mäkinen et al. 

2002). PCAB as a shallow-rooting species is sensitive to drought which is most pronounced in 

lowlands (Tumajer et al. 2017). Spruce is supposed to be increasingly vulnerable to drought 

and heat waves with ongoing warming (Bošela et al. 2021). 

Many PCAB tree-ring chronologies from the Czech Republic show a depression of growth in 

the 1970s and 1980s caused by acidification (mainly by sulfur and nitrogen; Kolář et al. 2015). 

However, since the 1990s the situation has improved, which can be observed in the tree rings 

(Treml et al. 2012). Similar trends are also evident in chronologies from the Ore Mountains 

(Kroupová 2002) or the Jizera Mountains (Rydval and Wilson 2012). 
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7. Material and Methods 

7.1 Study areas and sampling strategy 

7.1.1 Treml et al. 2021 (Global Change Biology) 

To identify trends in extreme growth reductions, sites representing low elevations (200-600 m 

a.s.l.; 14 sites) and high elevations (900-1450 m a.s.l.; 14 sites) were selected for both study 

species sites in the Czech Republic and Slovakia (Fig. 6A, blue sites). The sampling was mainly 

carried out in the natural forests, but some sites were historically human-planted forests 

(typically low-elevation sites of PCAB), which are now part of protected areas without recent 

forestry management. At each site, about 40 dominant canopy-level trees without visible 

damage (1219 trees in total; Fig. 6C) were cored, and soil parameters such as soil depth, and 

soil particle size were determined to estimate soil water holding capacity. 

 

7.1.2 Mašek et al. 2023 (Ecosystems) and Mašek et al. 2024 (International Journal of 

Biometeorology, in review) 

For purposes of linking the tree rings and satellite data at the landscape level, two areas with 

homogeneous monospecific forest canopies were selected: Kokořínsko hills (PISY) and 

Šumava mountains (PCAB; Fig 6A). In these areas, 20 representative sites were stratified and 

randomly selected based on landform (plateau, slope, valley bottom) and slope exposure (north, 

south; Fig. 6B). Each site was represented by a circle with a radius of 17 m, roughly 

corresponding to the pixel of a Landsat scene (30 m). In each plot, cores were taken from at 

least 26 dominant individuals and in four cases from all trees in the plot. For each tree, its 

diameter at breast height (DBH), height, and crown size were measured and we determined 

whether it reached stand level or whether it is below the main canopy level (thus its crown is 

not reflected in the remote-sensed canopy). All sites were located out of stands affected by 

recent disturbances. 

 

7.1.3 Mašek et al. 2024 (Science of the Total Environment) 

Tree-rig data for the last study focused on PCAB were obtained from the database 

TreeDataClim, which contains tree-ring measurements covering the main tree species in the 

Czech Republic (Fig. 6A). 
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In all cases the tree cores were processed by standard dendrochronological methods (Stokes 

and Smiley 1981): samples were dried, glued to wooden supports, and sanded to increase the 

visibility of tree rings. For measuring tree-ring widths, the program WinDendro was used 

(Regent Instrument 2011), and analysis was performed on high-resolution scans of sanded cores 

(1200 dpi). Tree rings were first automatically identified by the program, then visually checked 

and corrected if necessary. Cross-dating of the tree ring series was performed in PAST 4 

(Knibbe 2004) by visual and statistical control using a t-test and Gleichläufigkeit coefficient. 

Further analyses were carried out in the R (R Core Team 2020). 

 

Figure 6: Location of sampled sites for both study species (symbol) and each paper (color) at 

large-scale level (panel A). Sites sampled for landscape-level investigations in the second and 

third papers (panel B). Sampled species, amount of sites, and trees for each paper (panel C). 
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7.2 Vegetation indices and remote sensing data 

The NDVI (Normalized Difference Vegetation Index) is the most commonly used vegetation 

index based on the remotely sensed spectral properties of the canopy. NDVI is calculated from 

the basic spectral bands (red and near-infrared; NIR) so it is easily extractable from bands 

provided by almost any multispectral sensor. At the local scale, NDVI is used as a direct 

indicator of vegetation health and biomass. However, for large scales, it serves more as a 

dependent variable to predict a wide range of vegetation characteristics that are not directly 

detectable by remote sensing (Huang et al. 2020). 

𝑁𝐷𝑉𝐼 =  
(𝑁𝐼𝑅 − 𝑅𝑒𝑑)

(𝑁𝐼𝑅 + 𝑅𝑒𝑑)
 

NDVI is rather sensitive to "green understory" (Hais et al. 2019), so some studies use indices 

that account for this issue. The Normalized Difference Moisture Index (NDMI) is used to record 

drought in forest ecosystems based on satellite data (Hais et al. 2019, Wang and Qu 2007), or 

the Wetness Index to identify forest health (Crist and Cicone 1984, Skakun et al. 2003, Hais et 

al. 2019). These indices are based on NIR and Short-wave infrared (SWIR) bands making them 

more sensitive to defoliation (Hais et al. 2019). 

𝑁𝐷𝑀𝐼 =  
(𝑆𝑊𝐼𝑅 − 𝑅𝑒𝑑)

(𝑆𝑊𝐼𝑅 + 𝑅𝑒𝑑)
 

𝑊𝑒𝑡𝑛𝑒𝑠𝑠 =  x1 ∗ TM1 + x2 ∗ TM2 + x3 ∗ TM3 + x4 ∗ TM4 + x5 ∗ TM5 + x6 ∗ TM6 + x7 ∗ TM7 

(where TM1-7 are spectral bands and x1-7 are coefficients for individual Landsat satellites) 

A very common index is the Leaf area index (LAI), which is one of the most important 

parameters for modeling ecosystem processes such as carbon or water cycles (Gray and Song 

2012). Several studies however report a high correlation between NDVI and LAI. 

𝐿𝐴𝐼 =  
𝑙𝑒𝑎𝑓 𝑎𝑟𝑒𝑎

𝑔𝑟𝑜𝑢𝑛𝑑 𝑎𝑟𝑒𝑎
 

For this dissertation, compiling the longest possible time series of multispectral satellite images 

with sufficient resolution was necessary. There are several satellites providing images of the 

Earth's surface in different spectral bands, but the vast majority of them were launched only in 

the late 1990s or early 21st century (Fig. 6; Zhu et al. 2018). In terms of temporal resolution, 

the MODIS would be a very good source of data since it has monthly information about NDVI. 

However, it has a spatial resolution of 250 m per pixel, which was not feasible for our purposes, 

because we were interested in landscape-level variability. The same problem applies to GIMMS 
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data (Global Inventory Modeling and Mapping Studies) which provide NDVI time series since 

1981 but with a resolution of 8 km per pixel. Regarding quality, spatial resolution, and available 

bands, the Sentinel 2 would be perfect, unfortunately, the time series is too short (Fig. 7). Based 

on this, the only usable satellite was the Landsat satellite, which has been in operation since 

1972. Unfortunately, as the spatial and spectral resolution of individual Landsat missions has 

varied over time, it is possible to construct a homogeneous set of satellite images from 

approximately 1985 onwards. At that time Landsat 5 was launched with a TM sensor and a 

resolution of 30 m per pixel, and the same parameters are still active today for Landsat 7 and 8. 

Therefore time series of vegetation indices were created for each site based on Landsat imagery 

(5,7,8) for the years 1985-2020 using Google Earth Engine. The aerial photographs (1982, 

1992, 2004, 2015, 2018) were obtained to create a mask of undisturbed areas where acquired 

results are relevant. 

 

Figure 7: Temporal range of available remote sensing datasets with high and medium 

resolution. 
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I calculated NDVI, NDMI, Wetness index, and some others like enhanced vegetation index 

(EVI), or soil-adjusted vegetation index (SAVI). The results for all those indices were heavily 

correlated (Fig. 8) so for easier comparison with other studies we carried out all the following 

analyses using NDVI only.  

 

Figure 8: Correlation coefficients between time series (1985–2017) of vegetation indices: 

EVI, SAVI, Wetness, NDMI, and NDVI. Example for Pinus sylvestris site 20PL. 

 

 

7.3 Statistical approach 

The interaction between climatic conditions (mainly temperatures and Standardized 

Precipitation Evapotranspiration Index; SPEI) and growth variables (tree rings and NDVI) was 

analyzed by bootstrapped correlation analysis (Zang and Biondi 2015). To determine factors 

influencing climatic responses of both tree rings and NDVI, we used principal component 

gradient analysis (PCGA), analysis of variance (ANOVA) with post hoc test (Mašek et al. 

2023), and spatial regression models (Mašek et al. 2024; Science of the Total Environment). 

To inspect the influence of extreme climatic events such as droughts and heat waves on tree 

growth, there are two main approaches. The first is the determination of pointer-years (extreme 

growth changes) in the time series of tree growth (Schweingruber 1988) and explaining those 
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by climatic and other variables in linear mixed-effect models (Bates et al. 2015). To select 

pointer years, the relative growth change method (RGC) can be applied. In RGC, a given year’s 

growth rate is compared to the average growth rate of several preceding years (Jetschke et al. 

2019). 

Another option is based on the forward selection of extreme climatic events in a time series of 

climatic variables and then calculating superposed epoch analysis (Chree 1913) or resilience 

indices (Lloret et al. 2011) to see if there is a significant growth response. Selection of extreme 

years may be done by taking for example 10 % of extreme values (highest or lowest depending 

on the variable), or a similar threshold (Sulikowska and Wypych 2020). In this case, it is 

important to be aware of long-term trends in time series of climate and if necessary to detrend 

them (Ols et al. 2023). 

Both of these approaches were used in this study, the first in Treml et al. (2021) and the second 

in Mašek et al. (2024; International Journal of Biometeorology, in review). 
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8. Author’s contribution statement 

The presented thesis is composed of four publications related to the responses of tree rings and 

NDVI to drought. Their citation and contribution statement are provided in Table 1. 

 

Table 1: List of publications included in this thesis 

Nr. Reference 
Author’s 

contribution (%) 

1 Treml et al. (2021): Global Change Biology 40 

2 Mašek et al. (2023): Ecosystems 80 

3 Mašek et al. (2024): International Journal of Biometeorology (in review) 80 

4 Mašek et al. (2024): Science of the Total Environment 70 

 

I confirm the contribution of Jiří Mašek to the papers listed in Table 1. 

 

 

      …………….…………………………………. 

       Doc. Mgr. Václav Treml, Ph.D. 
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M., Svoboda, M., Nedělčev, O., Hais, M., & Treml, V. (2024). Shifting climatic responses of 

tree rings and NDVI along environmental gradients. Science of the Total Environment, 

908(October 2023). https://doi.org/10.1016/j.scitotenv.2023.168275 
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10. Conclusions 

This doctoral thesis exemplified that a combination of tree rings and remote sensing analyses 

is a powerful tool for the description of the climate-growth response of the whole above-ground 

segment of trees. Tree rings responded to climate and landscape topographical variables more 

sensitively compared to canopy greenness, perhaps because of prioritizing of function of leaves 

over the investment of carbon into tree stems and because of the higher proportion of noise in 

the signal of NDVI data. 

The climatic signal of tree rings was slightly stronger compared to NDVI for both Pinus 

sylvestris and Picea abies. At a large-scale level, the climate-growth responses of tree rings 

were influenced by aridity gradient attributed to changing temperature along elevation and 

latitude. The correlations with summer climate conditions (June–August) changed from 

positive to negative for temperature and oppositely for moisture along the temperature gradient. 

Besides changing temperatures, a gradient of site fertility was also important, whereas the 

effects of the local topography (insolation, slope, and water availability) were relatively 

marginal. On the other hand, at the landscape level, there was an influence of terrain curvature 

in the case of Pinus sylvestris. While sites on plateaus were strongly moisture-limited in 

summer, sites in valleys revealed a positive influence of temperature in spring. 

The climate-growth response of NDVI was influenced by surface position and terrain 

morphology factors (elevation, slope, terrain curvature) at a large scale level. The correlation 

of NDVI with temperature/moisture of Picea abies was generally negative/positive through the 

entire aridity gradient and over the dendrochronological year (the period between the previous 

June and the current September). The negative correlation of NDVI with growing season 

temperature results from the negative effect of drought (high temperatures) at a warmer margin 

of the climatic niche and the positive effect of cloudy conditions (lower temperature and higher 

diffuse radiation) at the colder range margin of Picea abies. On cloudy days, diffuse radiation 

can easily penetrate the crowns of trees and photosynthesis is more efficient (hence increase in 

vegetation greenness). Moreover, during sunny days, there is an increase in tropospheric ozone, 

which has a negative effect on chlorophyll content, thus reducing the canopy's greenness.  

Different climate-growth relationships of tree rings and NDVI along environmental gradients 

led to the coherency of both proxies in the warm and dry-limited areas. Oppositely in cold and 

moist areas, the coherency decreased or even changed to a negative correlation of both proxies. 

This decrease in coherency was detectable at both landscape and large-scale levels. 
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The most warm and dry years negatively affecting growth of trees in Central Europe were 1917-

1918, 1923-1924, 1942-1943, 1948, 1964, 1986, 1976, 1996, and 2003 for Picea and 1904-

1905, 1917-1918, 1934-1935, 1942, 1948, 1964, 1976, 1984, and 2000 for Pinus. 

Extreme growth reductions of Pinus sylvestris tree rings were mainly connected with summer 

drought through the entire elevation gradient of its distribution range. While Picea abies in 

lowlands also revealed the drought limitation, in higher elevations there was mainly the 

influence of low temperature. Nevertheless, the importance of cold temperature as a trigger of 

extreme growth reductions is decreasing for both species towards the present and there is an 

increase in the effect of drought in all elevations. 

The responses of the tree rings and NDVI to drought events substantially differ. Both proxies 

dropped in a year of drought, however, while the tree-ring width continued to be suppressed for 

up to four years with slow recovery, the NDVI values enhanced in the two years following the 

drought. This is probably because trees prioritize restoration of the canopy damage first since 

it is an important organ for assimilation. These differences were more pronounced for Picea 

abies which is a shallow-rooting species. The higher sensitivity of Picea abies to drought was 

also corroborated by an increasing number of growth depressions connected with drought 

events during the last century. Although Pinus sylvestris often grows at unfavorable drought-

prone sites, thanks to its deep root system and higher isohydricity it was less affected by drought 

events compared to Picea abies. However, even for Pinus, drought events tend to be more 

important for growth depressions towards the present. 

At the large-scale level, there was a change of extreme growth reduction triggers with elevation, 

however, it is disappearing toward presence, and the extreme growth reductions tend to be 

triggered by summer drought for both species. In responses to dry events at the landscape level, 

there was no significant influence of topography for any species although Pinus sylvestris which 

grows in a topographically complex area revealed a much more variable stem growth response. 

To conclude, this doctoral thesis reported that climate-growth responses of Central European 

conifers (Pinus sylvestris and Picea abies) and the impact of drought events are different 

between stem biomass (chronologies of tree-ring width) and canopy greenness (chronologies 

of NDVI from Landsat data). In addition, the responses of tree rings and NDVI are affected by 

topographical gradients which are changing with considered spatial scale. Such information is 

useful for studies attempting to extrapolate tree rings into space using vegetation indices from 

satellite imagery or to estimate biomass responses to climate forcing in terrestrial biosphere 

models. 



106 

 

11. References (related to chapters 1-7) 

Adámek, M., Hadincová, V., & Wild, J. (2016). Long-term effect of wildfires on temperate 

Pinus sylvestris forests : Vegetation dynamics and ecosystem resilience. Forest Ecology 

and Management, 380, 285–295. https://doi.org/10.1016/j.foreco.2016.08.051 

Agrio (2023). The importance of the red-edge in agriculture satellite imagery. 

https://agrio.app/Red-Edge-reflectance-monitoring-for-early-plant-stress-detection/ 

[17.11.2023] 

Ainsworth, E. A., Yendrek, C. R., Sitch, S., Collins, W. J., & Emberson, L. D. (2012). The 

effects of tropospheric ozone on net primary productivity and implications for climate 

change. Annual Review of Plant Biology, 63, 637–661. https://doi.org/10.1146/annurev-

arplant-042110-103829 

Allen, C. D., Macalady, A. K., Chenchouni, H., Bachelet, D., Mcdowell, N., Vennetier, M., 

Kitzberger, T., Rigling, A., Breshears, D. D., Hogg, E. H., Allen, C. D., Macalady, A. K., 

Chenchouni, H., Bachelet, D., Mcdowell, N., Vennetier, M., Kitzberger, T., Rigling, A., 

Breshears, D. D., … Cobb, N. (2010). A global overview of drought and heat-induced tree 

mortality reveals emerging climate change risks for forests. Forest Ecology and 

Management, 259(4), 660–684. https://doi.org/10.1016/j.foreco.2009.09.001ï 

Allen, K. J., Villalba, R., Lavergne, A., Palmer, J. G., Cook, E. C., Fenwick, P., Drew, D. M., 

Turney, C. S. M., & Baker, P. J. (2018). A comparison of some simple methods used to 

detect unstable temperature responses in tree-ring chronologies. Dendrochronologia, 

48(April 2017), 52–73. https://doi.org/10.1016/j.dendro.2018.02.002 

Allen, J., R., Turnock, S., Nabat, P., Neubauer, D., Lohmann, U., Olivié, D., Oshima, N., 

Michou, M., Wu, T., Zhang, J., Takemura, T., Schulz, M., Tsigaridis, K., E. Bauer, S., 

Emmons, L., Horowitz, L., Naik, V., Van Noije, T., Bergman, T., … J. Collins, W. (2020). 

Climate and air quality impacts due to mitigation of non-methane near-term climate 

forcers. Atmospheric Chemistry and Physics, 20(16), 9641–9663. 

https://doi.org/10.5194/acp-20-9641-2020 

Anderegg, W. R. L., Berry, J. A., & Field, C. B. (2012). Linking definitions , mechanisms , 

and modeling of drought-induced tree death. Trends in Plant Science, 17(12), 693–700. 

https://doi.org/10.1016/j.tplants.2012.09.006 

Anderegg, W. R. L., Plavcová, L., Anderegg, L. D. L., Hacke, U. G., Berry, J. A., & Field, C. 

B. (2013). Drought’s legacy: Multiyear hydraulic deterioration underlies widespread aspen 



107 

 

forest die-off and portends increased future risk. Global Change Biology, 19(4), 1188–

1196. https://doi.org/10.1111/gcb.12100 

Anderegg, W. R. L., Schwalm, C., Biondi, F., Camarero, J. J., Koch, G., Litvak, M., Ogle, K., 

Shaw, J. D., Shevliakova, E., Williams, A. P., Wolf, A., Ziaco, E., & Pacala, S. (2015). 

Pervasive drought legacies in forest ecosystems and their implications for carbon cycle 

models. Science, 349(6247), 524–528. https://doi.org/10.1126/science.aab4097 

Anderson-Teixeira, K. J., & Kannenberg, S. A. (2022). What drives forest carbon storage? 

The ramifications of source–sink decoupling. New Phytologist, 236(1), 5–8. 

https://doi.org/10.1111/nph.18415 

Arbellay, E., Corona, C., Stoffel, M., Fonti, P., & Decaulne, A. (2012). Defining an adequate 

sample of earlywood vessels for retrospective injury detection in diffuse-porous species. 

PLoS ONE, 7(6). https://doi.org/10.1371/journal.pone.0038824 

Babst, F., Carrer, M., Poulter, B., Urbinati, C., Neuwirth, B., & Frank, D. (2012). 500 years of 

regional forest growth variability and links to climatic extreme events in Europe. 

Environmental Research Letters, 7(4). https://doi.org/10.1088/1748-9326/7/4/045705 

Babst, F., Poulter, B., Trouet, V., Tan, K., Neuwirth, B., Wilson, R., Carrer, M., Grabner, M., 

Tegel, W., Levanic, T., Panayotov, M., Urbinati, C., Bouriaud, O., Ciais, P., & Frank, D. 

(2013). Site- and species-specific responses of forest growth to climate across the 

European continent. Global Ecology and Biogeography, 22(6), 706–717. 

https://doi.org/10.1111/geb.12023 

Babst, F., Alexander, M. R., Szejner, P., Bouriaud, O., Klesse, S., Roden, J., Ciais, P., Poulter, 

B., Frank, D., Moore, D. J. P., & Trouet, V. (2014). A tree-ring perspective on the 

terrestrial carbon cycle. Oecologia, 176(2), 307–322. https://doi.org/10.1007/s00442-014-

3031-6 

Babst, F., Poulter, B., Bodesheim, P., Mahecha, M. D., & Frank, D. C. (2017). Improved tree-

ring archives will support earth-system science. Nature Ecology and Evolution, 1(2), 1–2. 

https://doi.org/10.1038/s41559-016-0008 

Babst, F., Bodesheim, P., Charney, N., Friend, A. D., Girardin, M. P., Klesse, S., Moore, D. J. 

P., Seftigen, K., Björklund, J., Bouriaud, O., Dawson, A., DeRose, R. J., Dietze, M. C., 

Eckes, A. H., Enquist, B., Frank, D. C., Mahecha, M. D., Poulter, B., Record, S., … Evans, 

M. E. K. (2018). When tree rings go global: Challenges and opportunities for retro- and 



108 

 

prospective insight. In Quaternary Science Reviews (Vol. 197, pp. 1–20). Elsevier Ltd. 

https://doi.org/10.1016/j.quascirev.2018.07.009 

Bates, D., Mächler, M., Bolker, B. M., & Walker, S. C. (2015). Fitting linear mixed-effects 

models using lme4. Journal of Statistical Software, 67(1). 

https://doi.org/10.18637/jss.v067.i01 

Battipaglia, G., De Micco, V., Brand, W. A., Linke, P., Aronne, G., Saurer, M., & Cherubini, 

P. (2010). Variations of vessel diameter and δ13C in false rings of Arbutus unedo L. reflect 

different environmental conditions. New Phytologist, 188(4), 1099–1112. 

https://doi.org/10.1111/j.1469-8137.2010.03443.x 

Bauwe, A., Koch, M., Kallweit, R., Konopatzky, A., Strohbach, B., & Lennartz, B. (2013). 

Tree-ring growth response of scots pine (Pinus sylvestris L.) to climate and soil water 

availability in the lowlands of north-eastern Germany. Baltic Forestry, 19(2), 212–225. 

Bernoulli, M., & Körner, C. (1999). Dry Matter Allocation in Treeline Trees. Annales Rei 

Botanicae, 39(4), 7–12. www.biologiezentrum.at 

Bhuyan, U., Zang, C., Vicente-Serrano, S. M., & Menzel, A. (2017). Exploring relationships 

among tree-ring growth, climate variability, and seasonal leaf activity on varying 

timescales and spatial resolutions. Remote Sensing, 9(6). 

https://doi.org/10.3390/rs9060526 

Bijlsma, R., & Loeschcke, V. (1997). Environmental Stress, Adaptation and Evolution. 

https://doi.org/10.1007/978-3-0348-8882-0 

Bose, A. K., Gessler, A., Bolte, A., Bottero, A., Buras, A., Cailleret, M., Camarero, J. J., 

Haeni, M., Hereş, A. M., Hevia, A., Lévesque, M., Linares, J. C., Martinez-Vilalta, J., 

Matías, L., Menzel, A., Sánchez-Salguero, R., Saurer, M., Vennetier, M., Ziche, D., & 

Rigling, A. (2020). Growth and resilience responses of Scots pine to extreme droughts 

across Europe depend on predrought growth conditions. Global Change Biology, 26(8), 

4521–4537. https://doi.org/10.1111/gcb.15153 

Bosela, M., Tumajer, J., Cienciala, E., Dobor, L., Kulla, L., Mar, P., Popa, I., Sedmák, R., 

Sedmáková, D., Sitko, R., Vladimír, Š., Petr, Š., & Büntgen, U. (2021). Climate warming 

induced synchronous growth decline in Norway spruce populations across biogeographical 

gradients since 2000. Science of the Total Environment, 752(August 2020). 

https://doi.org/10.1016/j.scitotenv.2020.141794 



109 

 

Brinckmann, S., Krähenmann, S., & Bissolli, P. (2016). High-resolution daily gridded data 

sets of air temperature and wind speed for Europe. Earth System Science Data, 8(2), 491–

516. https://doi.org/10.5194/essd-8-491-2016 

Brun, P., Psomas, A., Ginzler, C., Thuiller, W., Zappa, M., & Zimmermann, N. E. (2020). 

Large-scale early-wilting response of Central European forests to the 2018 extreme 

drought. Global Change Biology, 26(12), 7021–7035. https://doi.org/10.1111/gcb.15360 

Bunn, A. G., Hughes, M. K., Kirdyanov, A. V., Losleben, M., Shishov, V. V., Berner, L. T., 

Oltchev, A., & Vaganov, E. A. (2013). Comparing forest measurements from tree rings 

and a space-based index of vegetation activity in Siberia. Environmental Research Letters, 

8(3). https://doi.org/10.1088/1748-9326/8/3/035034 

Büntgen, U., Trouet, V., Frank, D., Leuschner, H. H., Friedrichs, D., Luterbacher, J., & Esper, 

J. (2010). Tree-ring indicators of German summer drought over the last millennium. 

Quaternary Science Reviews, 29(7–8), 1005–1016. 

https://doi.org/10.1016/j.quascirev.2010.01.003 

Büntgen, U., Kaczka, R. J., Trnka, M., & Rigling, A. (2012). Ensemble estimates reveal a 

complex hydroclimatic sensitivity of pine growth at Carpathian cliff sites. Agricultural and 

Forest Meteorology, 160, 100–109. https://doi.org/10.1016/j.agrformet.2012.02.011 

Cabon, A., Peters, R. L., Fonti, P., Martínez-Vilalta, J., & De Cáceres, M. (2020). 

Temperature and water potential co-limit stem cambial activity along a steep elevational 

gradient. New Phytologist, 226(5), 1325–1340. https://doi.org/10.1111/nph.16456 

Cabon, A., Kannenberg, S. A., Arain, A., Babst, F., Baldocchi, D., Belmecheri, S., Delpierre, 

N., Guerrieri, R., Maxwell, J. T., Mckenzie, S., Meinzer, F. C., Moore, D. J. P., Pappas, C., 

Rocha, A. V, Szejner, P., Ueyama, M., Ulrich, D., Vincke, C., Voelker, S. L., … 

Anderegg, W. R. L. (2022). Cross-biome synthesis of source versus sink limits to tree 

growth. Science, 376, 758–761. https://www.science.org 

Camarero, J. J., Gazol, A., Sangüesa-Barreda, G., Oliva, J., & Vicente-Serrano, S. M. (2015). 

To die or not to die: Early warnings of tree dieback in response to a severe drought. Journal 

of Ecology, 103(1), 44–57. https://doi.org/10.1111/1365-2745.12295 

Castellaneta, M., Rita, A., Camarero, J. J., Colangelo, M., & Ripullone, F. (2022). Declines in 

canopy greenness and tree growth are caused by combined climate extremes during 

drought-induced dieback. Science of the Total Environment, 813. 

https://doi.org/10.1016/j.scitotenv.2021.152666 



110 

 

Cedro, A. (2006). Comparative Dendroclimatological Studies of the Impact of Temperature 

and Rainfall on Pinus nigra Arnold and Pinus sylvestris in Northwestern Poland. Baltic 

Forestry, 12(1), 110–116. 

Cook, E. R. (1985). A time serie analysis aproach to tree ring standardization. The University 

of Arizona. 

Cook, E. R., Seager, R., Kushnir, Y., Briffa, K. R., Büntgen, U., Frank, D., Krusic, P. J., 

Tegel, W., Schrier, G. Vander, Andreu-Hayles, L., Baillie, M., Baittinger, C., Bleicher, N., 

Bonde, N., Brown, D., Carrer, M., Cooper, R., Eùfar, K., DIttmar, C., … Zang, C. (2015). 

Old World megadroughts and pluvials during the Common Era. Science Advances, 1(10). 

https://doi.org/10.1126/sciadv.1500561 

Crist, E. P., & Cicone, R. C. (1984). Application of the Tasseled Cap concept to simulated 

Thematic Mapper data. Photogrammetric Engineering & Remote Sensing, 50(3), 343–352. 

Cuny, H. E., Rathgeber, C. B. K., Frank, D., Fonti, P., & Fournier, M. (2014). Kinetics of 

tracheid development explain conifer tree-ring structure. New Phytologist, 203, 1231–

1241. https://doi.org/10.1111/nph.12871 

Cuny, H. E., Rathgeber, C. B. K., Frank, D., Fonti, P., Makinen, H., Prislan, P., Rossi, S., Del 

Castillo, E. M., Campelo, F., Vavrčík, H., Camarero, J. J., Bryukhanova, M. V., Jyske, T., 

Gricar, J., Gryc, V., De Luis, M., Vieira, J., Cufar, K., Kirdyanov, A. V., … Fournier, M. 

(2015). Woody biomass production lags stem-girth increase by over one month in 

coniferous forests. Nature Plants, 1(October), 1–6. 

https://doi.org/10.1038/nplants.2015.160 

Cuny, H. E., & Rathgeber, C. B. K. (2016). Xylogenesis : Coniferous Trees of Temperate 

Forests Are Listening to the Climate Tale during the Growing Season But Only Remember 

the Last Words ! 1. Plant Physiology, 171(May), 306–317. 

https://doi.org/10.1104/pp.16.00037 

Čejková, A., Čejková, A., & Kolář, T. (2009). Extreme Radial Growth Reaction of Norway 

Spruce Along An Altitudinal Gradient in the Šumava Mountains. Geochronometria, 33(1), 

41–47. https://doi.org/10.2478/v10003-009-0012-6 

Dannenberg, M. P., Wise, E. K., & Smith, W. K. (2019). Reduced tree growth in the semiarid 

United States due to asymmetric responses to intensifying precipitation extremes. Science 

Advances, 5, 1–10. http://advances.sciencemag.org/ 



111 

 

D’Arrigo, R. D., Kaufmann, R. K., Davi, N., Jacoby, G. C., Laskowski, C., Myneni, R. B., & 

Cherubini, P. (2004). Thresholds for warming-induced growth decline at elevational tree 

line in the Yukon Territory, Canada. Global Biogeochemical Cycles, 18(3). 

https://doi.org/10.1029/2004GB002249 

Dearborn, K. D., & Danby, R. K. (2018). Climatic drivers of tree growth at tree line in 

Southwest Yukon change over time and vary between landscapes. Climatic Change, 

150(3–4), 211–225. https://doi.org/10.1007/s10584-018-2268-1 

DeRose, R. J., Long, J. N., & Ramsey, R. D. (2011). Remote Sensing of Environment 

Combining dendrochronological data and the disturbance index to assess Engelmann 

spruce mortality caused by a spruce beetle outbreak in southern Utah , USA. Remote 

Sensing of Environment, 115(9), 2342–2349. https://doi.org/10.1016/j.rse.2011.04.034 

DeSoto, L., Cailleret, M., Sterck, F., Jansen, S., Kramer, K., Robert, E. M. R., Aakala, T., 

Amoroso, M. M., Bigler, C., Camarero, J. J., Čufar, K., Gea-Izquierdo, G., Gillner, S., 

Haavik, L. J., Hereş, A. M., Kane, J. M., Kharuk, V. I., Kitzberger, T., Klein, T., … 

Martínez-Vilalta, J. (2020). Low growth resilience to drought is related to future mortality 

risk in trees. Nature Communications, 11(1). https://doi.org/10.1038/s41467-020-14300-5 

Dong, B., Yu, Y., & Pereira, P. (2022). Non-growing season drought legacy effects on 

vegetation growth in southwestern China. Science of the Total Environment, 846. 

https://doi.org/10.1016/j.scitotenv.2022.157334 

D’Orangeville, L., Houle, D., Duchesne, L., Phillips, R. P., Bergeron, Y., & Kneeshaw, D. 

(2018). Beneficial effects of climate warming on boreal tree growth may be transitory. 

Nature Communications, 9(1), 1–10. https://doi.org/10.1038/s41467-018-05705-4 

Douglass, A. E. (1941). Crossdating in Dendrochronology. Journal of Forestry, 39(10), 825–

831. 

Durrant, T. (2016). Pinus sylvestris in Europe: distribution, habitat, usage and threats. In J. 

San-Miguel-Ayanz, D. de Rigo, G. Caudullo, T. Houston Durrant, & A. Mauri (Eds.), 

European Atlas of Forest Tree Species (Vol. 11, Issue April, p. 202). 

Eckenwalder, J, E. (2009). Conifers of the world. Timber Press. 

Etzold, S., Ziemińska, K., Rohner, B., Bottero, A., Bose, A. K., Ruehr, N. K., Zingg, A., & 

Rigling, A. (2019). One century of forest monitoring data in Switzerland reveals species- 

And site-specific trends of climate-induced tree mortality. Frontiers in Plant Science, 

10(March). https://doi.org/10.3389/fpls.2019.00307 



112 

 

Farrior, C. E., Rodriguez-Iturbe, I., Dybzinski, R., Levin, S. A., & Pacala, S. W. (2015). 

Decreased water limitation under elevated CO2 amplifies potential for forest carbon sinks. 

Proceedings of the National Academy of Sciences of the United States of America, 

112(23), 7213–7218. https://doi.org/10.1073/pnas.1506262112 

Fatichi, S., Leuzinger, S., & Körner, C. (2014). Moving beyond photosynthesis: from carbon 

source to sink-driven vegetation modeling. New Phytologist, 201, 1086–1095. 

www.newphytologist.com 

Feliksik, E., & Wilczyński, S. (2009). The Effect of Climate on Tree-Ring Chronologies of 

Native and Nonnative Tree Species Growing Under Homogenous Site Conditions. 

Geochronometria, 33(1), 49–57. https://doi.org/10.2478/v10003-009-0006-4 

Feng, X., Ackerly, D. D., Dawson, T. E., Vico, G., Manzoni, S., Andrew, P., Robert, P., & 

Thompson, S. E. (2019). Beyond isohydricity : The role of environmental variability in 

determining plant drought responses. Plant ,Cell and Environment, August 2018, 1104–

1111. https://doi.org/10.1111/pce.13486 

Forestry Report. (2021). Zpráva o stavu lesa a lesního hospodářství české republiky v roce 

2021. Ministerstvo zemědělství. 

Freeland, R, O. (1944). APPARENT PHOTOSYNTHESIS IN SOMIE CONIFERS DURING 

AVINTER. Plant Physiology, 19(2), 179–185. 

Friedrichs, D. A., Trouet, V., Büntgen, U., Frank, D. C., Esper, J., Neuwirth, B., & Löffler, J. 

(2009). Species-specific climate sensitivity of tree growth in Central-West Germany. Trees 

- Structure and Function, 23(4), 729–739. https://doi.org/10.1007/s00468-009-0315-2 

Fritts, H. C. (1976). Tree rings and climate. Academic Press. 

Gazol, A., Camarero, J. J., Anderegg, W. R. L., & Vicente-Serrano, S. M. (2017). Impacts of 

droughts on the growth resilience of Northern Hemisphere forests. Global Ecology and 

Biogeography, 26(2), 166–176. https://doi.org/10.1111/geb.12526 

Gazol, A., Camarero, J. J., Vicente-Serrano, S. M., Sánchez-Salguero, R., Gutiérrez, E., de 

Luis, M., Sangüesa-Barreda, G., Novak, K., Rozas, V., Tíscar, P. A., Linares, J. C., Martín-

Hernández, N., Martínez del Castillo, E., Ribas, M., García-González, I., Silla, F., 

Camisón, A., Génova, M., Olano, J. M., … Galván, J. D. (2018a). Forest resilience to 

drought varies across biomes. Global Change Biology, 24(5), 2143–2158. 

https://doi.org/10.1111/gcb.14082 



113 

 

Gazol, A., Camarero, J. J., Sangüesa-Barreda, G., & Vicente-Serrano, S. M. (2018b). Post-

drought resilience after forest die-off: Shifts in regeneration, composition, growth and 

productivity. Frontiers in Plant Science, 871. https://doi.org/10.3389/fpls.2018.01546 

Gazol, A., Rozas, V., Cuende Arribas, S., Alonso Ponce, R., Rodríguez-Puerta, F., Gómez, C., 

& Olano, J. M. (2022). Stand characteristics modulate secondary growth responses to 

drought and gross primary production in Pinus halepensis afforestation. European Journal 

of Forest Research. https://doi.org/10.1007/s10342-022-01526-9 

Girardin, M. P., Bouriaud, O., Hogg, E. H., Kurz, W., Zimmermann, N. E., Metsaranta, J. M., 

De Jong, R., Frank, D. C., Esper, J., Büntgen, U., Guo, X. J., & Bhatti, J. (2016). No 

growth stimulation of Canada’s boreal forest under half-century of combined warming and 

CO2 fertilization. Proceedings of the National Academy of Sciences of the United States of 

America, 113(52), E8406–E8414. https://doi.org/10.1073/pnas.1610156113 

Grace, J., Berninger, F., & Nagy, L. (2002). Impacts of climate change on the tree line. In 

Annals of Botany (Vol. 90, Issue 4, pp. 537–544). https://doi.org/10.1093/aob/mcf222 

Gray, J., & Song, C. (2012). Remote Sensing of Environment Mapping leaf area index using 

spatial , spectral , and temporal information from multiple sensors. Remote Sensing of 

Environment, 119, 173–183. https://doi.org/10.1016/j.rse.2011.12.016 

Haberstroh, S., Werner, C., Grün, M., Kreuzwieser, J., Seifert, T., Schindler, D., & Christen, 

A. (2022). Central European 2018 hot drought shifts scots pine forest to its tipping point. 

Plant Biology, 24, 1186–1197. https://doi.org/10.1111/plb.13455 

Hais, M., Hellebrandová, K. N., & Šrámek, V. (2019). Potential of Landsat spectral indices in 

regard to the detection of forest health changes due to drought effects. Journal of Forest 

Science, 65(2), 70–78. https://doi.org/10.17221/137/2018-JFS 

Hanel, M., Rakovec, O., Markonis, Y., Máca, P., Samaniego, L., Kyselý, J., & Kumar, R. 

(2018). Revisiting the recent European droughts from a long-term perspective. Scientific 

Reports, 8(1), 1–11. https://doi.org/10.1038/s41598-018-27464-4 

Hartl-Meier, C., Zang, C., Dittmar, C., Esper, J., Göttlein, A., & Rothe, A. (2014). 

Vulnerability of Norway spruce to climate change in mountain forests of the European 

Alps. Climate Research, 60(2), 119–132. https://doi.org/10.3354/cr01226 

Huang, C., Yang, Q., Guo, Y., Zhang, Y., & Guo, L. (2020). The pattern, change and driven 

factors of vegetation cover in the Qin Mountains region. Scientific Reports, 10(1), 1–11. 

https://doi.org/10.1038/s41598-020-75845-5 



114 

 

Charru, M., Seynave, I., Hervé, J. C., Bertrand, R., & Bontemps, J. D. (2017). Recent growth 

changes in Western European forests are driven by climate warming and structured across 

tree species climatic habitats. Annals of Forest Science, 74(2). 

https://doi.org/10.1007/s13595-017-0626-1 

Chree, C. (1913). Some Phenomena of Sunspots and of Terrestrial Magnetism at Kew 

Observatory. In Philosophical Transactions of the Royal Society of London. Series A, 

Containing Papers of a Mathematical or Physical Character (Vol. 212). 

https://about.jstor.org/terms 

Jankowski, A., Wyka, T. P., Żytkowiak, R., Nihlgård, B., Reich, P. B., Oleksyn, J., & 

Jankowski, A. (2017). Cold adaptation drives variability in needle structure and anatomy in 

Pinus sylvestris L . along a 1 , 900 km temperate – boreal transect. Functional Ecology, 

January, 2212–2223. https://doi.org/10.1111/1365-2435.12946 

Jetschke, G., van der Maaten, E., & van der Maaten-Theunissen, M. (2019). Towards the 

extremes: A critical analysis of pointer year detection methods. Dendrochronologia, 

53(November 2018), 55–62. https://doi.org/10.1016/j.dendro.2018.11.004 

Kannenberg, S. A., Maxwell, J. T., Pederson, N., D’Orangeville, L., Ficklin, D. L., & Phillips, 

R. P. (2019a). Drought legacies are dependent on water table depth, wood anatomy and 

drought timing across the eastern US. In Ecology Letters (Vol. 22, Issue 1, pp. 119–127). 

Blackwell Publishing Ltd. https://doi.org/10.1111/ele.13173 

Kannenberg, S. A., Novick, K. A., & Phillips, R. P. (2019b). Anisohydric behavior linked to 

persistent hydraulic damage and delayed drought recovery across seven North American 

tree species. New Phytologist, 222, 1862–1872. https://doi.org/10.1111/nph.15699 

Kannenberg, S. A., Novick, K. A., Alexander, M. R., Maxwell, J. T., Moore, D. J. P., Phillips, 

R. P., & Anderegg, W. R. L. (2019c). Linking drought legacy effects across scales: From 

leaves to tree rings to ecosystems. Global Change Biology, 25(9), 2978–2992. 

https://doi.org/10.1111/gcb.14710 

Kannenberg, S. A., Schwalm, C. R., & Anderegg, W. R. L. (2020). Ghosts of the past: how 

drought legacy effects shape forest functioning and carbon cycling. In Ecology Letters 

(Vol. 23, Issue 5, pp. 891–901). Blackwell Publishing Ltd. 

https://doi.org/10.1111/ele.13485 



115 

 

Kaufmann, R. K., D’Arrigo, R. D., Paletta, L. F., Tian, H. Q., Jolly, W. M., & Myneni, R. B. 

(2008). Identifying climatic controls on ring width: The timing of correlations between tree 

rings and NDVI. Earth Interactions, 12(14), 1–14. https://doi.org/10.1175/2008EI263.1 

Klein, T. (2014). The variability of stomatal sensitivity to leaf water potential across tree 

species indicates a continuum between isohydric and anisohydric behaviours. Functional 

Ecology, 28, 1313–1320. https://doi.org/10.1111/1365-2435.12289 

Klein, T., & Hoch, G. (2015). Tree carbon allocation dynamics determined using a carbon 

mass balance approach. New Phytologist, 205(1), 147–159. 

https://doi.org/10.1111/nph.12993 

Klein, T., Zeppel, M., Anderegg, W., Bloemen, J., Kauwe, M., Hudson, P., Ruehr, N., Powel, 

T., Arx, G., & Nardini, A. (2018). Xylem embolism refilling and resilience against 

drought-induced mortality in woody plants : processes and trade-offs. Ecological Research, 

33(5). https://doi.org/10.1007/s11284-018-1588-y 

Knibbe B. (2004). Personal Analysis System for Tree-ring Research 4 - Instruction Manual. 

Vienna: SCIEM. 

Knipling, E. B. (1970). Physical and Physiological Basis for the Reflectance of Visible and 

Near-Infrared Radiation from Vegetation. Remote Sensing of Environment, 1, 155–159. 

Kolář, T., Čermák, P., Oulehle, F., Trnka, M., Štěpánek, P., Cudlín, P., Hruška, J., Büntgen, 

U., & Rybníček, M. (2015). Pollution control enhanced spruce growth in the “Black 

Triangle” near the Czech-Polish border. Science of the Total Environment, 538, 703–711. 

https://doi.org/10.1016/j.scitotenv.2015.08.105 

Kolář, T., Čermák, P., Trnka, M., Žid, T., & Rybníček, M. (2017). Temporal changes in the 

climate sensitivity of Norway spruce and European beech along an elevation gradient in 

Central Europe. Agricultural and Forest Meteorology, 239, 24–33. 

https://doi.org/10.1016/j.agrformet.2017.02.028 

Kolb, T. E., Fettig, C. J., Ayres, M. P., Bentz, B. J., Hicke, J. A., Mathiasen, R., Stewart, J. E., 

& Weed, A. S. (2016). Forest Ecology and Management Observed and anticipated impacts 

of drought on forest insects and diseases in the United States q. Forest Ecology and 

Management, 380, 321–334. https://doi.org/10.1016/j.foreco.2016.04.051 

Kolus, H. R., Huntzinger, D. N., Schwalm, C. R., Fisher, J. B., McKay, N., Fang, Y., 

Michalak, A. M., Schaefer, K., Wei, Y., Poulter, B., Mao, J., Parazoo, N. C., & Shi, X. 

(2019). Land carbon models underestimate the severity and duration of drought’s impact 



116 

 

on plant productivity. Scientific Reports, 9(1), 1–10. https://doi.org/10.1038/s41598-019-

39373-1 

Koprowski, M., Przybylak, R., Zielski, A., & Pospieszyńska, A. (2012). Tree rings of Scots 

pine (Pinus sylvestris L.) as a source of information about past climate in northern Poland. 

International Journal of Biometeorology, 56(1), 1–10. https://doi.org/10.1007/s00484-010-

0390-5 

Körner, C., Morgan, J., & Norby, R. (2007). CO2 Fertilization: When, Where, How Much? In 

J. G. Canadell, D. E. Pataki, & L. F. Pitelka (Eds.), Terrestrial ecosystems in a changing 

world series: Global change – The IGBP series (pp. 9–21). Springer. 

Kozlowski, T. T. (1997). Responses of woody plants to flooding and salinity. Tree 

Physiology, 17(7), 490–490. https://doi.org/10.1093/treephys/17.7.490 

Krause, D., & Křížek, M. (2018). Dating of recent avalanche events in the Eastern High 

Sudetes , Czech Republic. Quatenary International, 470, 166–175. 

https://doi.org/10.1016/j.quaint.2017.09.001 

Krejza, J., Cienciala, E., Světlík, J., Bellan, M., Noyer, E., Horáček, P., Štěpánek, P., & 

Marek, M. V. (2021). Evidence of climate-induced stress of Norway spruce along 

elevation gradient preceding the current dieback in Central Europe. Trees - Structure and 

Function, 35(1), 103–119. https://doi.org/10.1007/s00468-020-02022-6 

Kroupová, M. (2002). Dendroecological study of spruce growth in regions under long-term 

air pollution load. Journal of Forest Science, 48(12), 536–548. 

https://doi.org/10.17221/11921-jfs 

Langenfeld-Heyser, R. (1987). Distribution of leaf assimilates in the stem of Picea abies L. 

Trees - Structure and Function, 1, 102–109. 

Lebourgeois, F., Rathgeber, C. B. K., & Ulrich, E. (2010). Sensitivity of French temperate 

coniferous forests to climate variability and extreme events (Abies alba, Picea abies and 

Pinus sylvestris). Journal of Vegetation Science, 21(2), 364–376. 

https://doi.org/10.1111/j.1654-1103.2009.01148.x 

Lévesque, M., Saurer, M., Siegwolf, R., Eilmann, B., Brang, P., Bugmann, H., & Rigling, A. 

(2013). Drought response of five conifer species under contrasting water availability 

suggests high vulnerability of Norway spruce and European larch. Global Change Biology, 

19(10), 3184–3199. https://doi.org/10.1111/gcb.12268 



117 

 

Lloret, F., Keeling, E. G., & Sala, A. (2011). Components of tree resilience: Effects of 

successive low-growth episodes in old ponderosa pine forests. Oikos, 120(12), 1909–1920. 

https://doi.org/10.1111/j.1600-0706.2011.19372.x 

Lopatin, E., Kolström, T., & Spiecker, H. (2006). Determination of forest growth trends in 

Komi Republic (northwestern Russia): combination of tree-ring analysis and remote 

sensing data. Boreal Environment Research, 11, 341–353. 

Mácová, M. (2008). Dendroclimatological comparison of native Pinus sylvestris and invasive 

Pinus strobus in different habitats in the Czech Republic. Preslia, 80(3), 277–289. 

Mäkinen, H., Nöjd, P., Kahle, H.-P., Neumann, U., Tveite, B., Mielikäinen, K., Röhle, H., & 

Spiecker, H. (2002). Radial growth variation of Norway spruce (Picea abies (L.) Karst.) 

across latitudinal and altitudinal gradients in central and northern Europe. In Forest 

Ecology and Management (Vol. 171). 

Martínez-Vilalta, J., Poyatos, R., Aguadé, D., Retana, J., & Mencuccini, M. (2014). A new 

look at water transport regulation in plants. New Phytologist, 204(1), 105–115. 

https://doi.org/10.1111/nph.12912 

Mašek, J., Tumajer, J., Lange, J., Kaczka, R., Fišer, P., & Treml, V. (2023). Variability in 

Tree-ring Width and NDVI Responses to Climate at a Landscape Level. Ecosystems. 

https://doi.org/10.1007/s10021-023-00822-8 

Mašek, Jiří, Tumajer, Jan, Lange, J., Vejpustková, M., Kašpar, J., Šamonil, P., Chuman, T., 

Kolář, T., Rybníček, M., Jeníček, M., Vašíčková, I., Čada, V., Kaczka, R., Rydval, M., 

Svoboda, M., Nedělčev, O., Hais, M., & Treml, V. (2024). Shifting climatic responses of 

tree rings and NDVI along environmental gradients sí ˇ. Science of the Total Environment, 

908(October 2023). https://doi.org/10.1016/j.scitotenv.2023.168275 

Mayr, S., Schmid, P., Beikircher, B., Feng, F., & Badel, E. (2020). Die hard : timberline 

conifers survive annual winter embolism. New Phytologist, 226, 13–20. 

https://doi.org/10.1111/nph.16304 

McDowell, N. G., Allen, C. D., Anderson-teixeira, K., Aukema, B. H., Bond-lamberty, B., 

Chini, L., Clark, J. S., Dietze, M., Grossiord, C., Hanbury-brown, A., Hurtt, G. C., 

Jackson, R. B., Johnson, D. J., Kueppers, L., Lichstein, J. W., Ogle, K., Poulter, B., Pugh, 

T. A. M., Seidl, R., … Xu, C. (2020). Pervasive shifts in forest dynamics in a changing 

world. Science, 368(964). https://doi.org/10.1126/science.aaz9463 



118 

 

Mikolaskova, K. (2009). Continental and oceanic precipitation régime in Europe. Central 

European Journal of Geosciences, 1(2), 176–182. https://doi.org/10.2478/v10085-009-

0013-8 

Montpellier, E. E., Soulé, P. T., Knapp, P. A., & Shelly, J. S. (2018). Divergent growth rates 

of alpine larch trees (Larix lyallii Parl.) in response to microenvironmental variability. 

Arctic, Antarctic, and Alpine Research, 50(1), 1–9. 

https://doi.org/10.1080/15230430.2017.1415626 

Morales, M. S., Cook, E. R., Barichivich, J., Christie, D. A., Villalba, R., LeQuesne, C., Srur, 

A. M., Eugenia Ferrero, M., González-Reyes, Á., Couvreux, F., Matskovsky, V., Aravena, 

J. C., Lara, A., Mundo, I. A., Rojas, F., Prieto, M. R., Smerdon, J. E., Bianchi, L. O., 

Masiokas, M. H., … Boninsegna, J. A. (2020). Six hundred years of South American tree 

rings reveal an increase in severe hydroclimatic events since mid-20th century. 

Proceedings of the National Academy of Sciences of the United States of America, 

117(29), 16816–16823. https://doi.org/10.1073/pnas.2002411117 

Moran, E., Lauder, J., Musser, C., Stathos, A., & Shu, M. (2017). The genetics of drought 

tolerance in conifers. New Phytologist, 216, 1034–1048. https://doi.org/10.1111/nph.14774 

Moreno-Fernández, D., Julio Camarero, J., García, M., Lines, E. R., Sánchez-Dávila, J., 

Tijerín, J., Valeriano, C., Viana-Soto, A., & Ruiz-Benito, P. (2022). The Interplay of the 

Tree and Stand-Level Processes Mediate Drought-Induced Forest Dieback: Evidence from 

Complementary Remote Sensing and Tree-Ring Approaches. Ecosystems, 25, 1738–1753. 

https://doi.org/10.1007/s10021-022-0079 

Mozny, M., Trnka, M., Vlach, V., Vizina, A., Potopova, V., Zahradnicek, P., Stepanek, P., 

Hajkova, L., Staponites, L., & Zalud, Z. (2020). Past (1971–2018) and future (2021–2100) 

pan evaporation rates in the Czech Republic. Journal of Hydrology, 590. 

https://doi.org/10.1016/j.jhydrol.2020.125390 

Neuwirth, B., Esper, J., Schweingruber, F. H., & Winiger, M. (2004). Site ecological 

differences to the climatic forcing of spruce pointer years from the Lötschental, 

Switzerland. Dendrochronologia, 21(2), 69–78. https://doi.org/10.1078/1125-7865-00040 

Neuwirth, B., Schweingruber, F. H., & Winiger, M. (2007). Spatial patterns of central 

European pointer years from 1901 to 1971. Dendrochronologia, 24(2–3), 79–89. 

https://doi.org/10.1016/j.dendro.2006.05.004 



119 

 

Norby, R. J., Warren, J. M., Iversen, C. M., Medlyn, B. E., & McMurtrie, R. E. (2010). CO2 

enhancement of forest productivity constrained by limited nitrogen availability. 

Proceedings of the National Academy of Sciences of the United States of America, 

107(45), 19368–19373. https://doi.org/10.1073/pnas.1006463107 

Oberhuber, W., & Kofler, W. (2000). Topographic influences on radial growth of Scots pine 

(Pinus sylvestris L.) at small spatial scales. In Plant Ecology (Vol. 146). 

Ols, C., Klesse, S., Girardin, M. P., Evans, M. E. K., Derose, R. J., & Trouet, V. (2023). 

Detrending climate data prior to climate – growth analyses in dendroecology: A common 

best practice ? Dendrochronologia, 79(126094). 

https://doi.org/10.1016/j.dendro.2023.126094 

Our world in data (2023). The world has lost one-thirdt of its forest, but an end of 

deforestation is possible. https://ourworldindata.org/world-lost-one-third-forests 

[17.11.2023] 

Pallardy, S. G. (2008). Physiology of Woody Plants. Academic Press. 

https://doi.org/10.2307/j.ctt5vkjtx.6 

Pérez, P. J., Kahle, H. P., & Spiecker, H. (2005). Growth trends and relationships with 

environmental factors for scots pine [Pinus sylvestris (L.)] in Brandemburg. Investigación 

Agraria. Sistemas Y Recursos Forestales, 14(1), 64–78. 

Pfadenhauer, J. S., Klötzli, F. A., & von Gadow, C. (2020). Global Vegetation: Fundamentals, 

Ecology and Distribution. In Global Vegetation: Fundamentals, Ecology and Distribution. 

https://doi.org/10.1007/978-3-030-49860-3 

Polacek, D., Kofler, W., & Oberhuber, W. (2006). Radial growth of Pinus sylvestris growing 

on alluvial terraces is sensitive to water-level fluctuations. New Phytologist, 169(2), 299–

308. https://doi.org/10.1111/j.1469-8137.2005.01589.x 

Ponocná, T., Spyt, B., Kaczka, R., Büntgen, U., & Treml, V. (2016). Growth trends and 

climate responses of Norway spruce along elevational gradients in East-Central Europe. 

Trees - Structure and Function, 30(5), 1633–1646. https://doi.org/10.1007/s00468-016-

1396-3 

Pukacki, P. M., & Kamińska-Rożek, E. (2005). Effect of drought stress on chlorophyll a 

fluorescence and electrical admittance of shoots in Norway spruce seedlings. Trees - 

Structure and Function, 19(5), 539–544. https://doi.org/10.1007/s00468-005-0412-9 



120 

 

R Core Team. (2020). R: A language and environment for statistical computing. R Foundation 

for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/. 

Rabbel, I., Neuwirth, B., Bogena, H., & Diekkrüger, B. (2018). Exploring the growth 

response of Norway spruce (Picea abies) along a small-scale gradient of soil water supply. 

Dendrochronologia, 52(October), 123–130. https://doi.org/10.1016/j.dendro.2018.10.007 

Rammig, A., Wiedermann, M., Donges, J. F., Babst, F., Von Bloh, W., Frank, D., Thonicke, 

K., & Mahecha, M. D. (2015). Coincidences of climate extremes and anomalous 

vegetation responses: Comparing tree ring patterns to simulated productivity. 

Biogeosciences, 12(2), 373–385. https://doi.org/10.5194/bg-12-373-2015 

Ratzmann, G., Meinzer, F. C., & Tietjen, B. (2019). Iso/Anisohydry: Still a Useful Concept. 

Trends in Plant Science, 24(3), 191–194. https://doi.org/10.1016/j.tplants.2019.01.001 

Instruments Regent. (2011). WinDendro Image Analysis System. Quebec: Regent Instruments 

Inc. 

Reich, P. B. (2014). The world-wide “fast-slow” plant economics spectrum: A traits 

manifesto. Journal of Ecology, 102(2), 275–301. https://doi.org/10.1111/1365-2745.12211 

Rita, A., Camarero, J. J., Nolè, A., Borghetti, M., Brunetti, M., Pergola, N., Serio, C., 

Vicente-Serrano, S. M., Tramutoli, V., & Ripullone, F. (2020). The impact of drought 

spells on forests depends on site conditions: The case of 2017 summer heat wave in 

southern Europe. Global Change Biology, 26(2), 851–863. 

https://doi.org/10.1111/gcb.14825 

Rolland, C., Desplanque, C., Michalet, R., & Schweingruber, F. H. (2000). Extreme Tree 

Rings in Spruce ( Picea abies [L.] Karst.) and Fir ( Abies alba Mill.) Stands in Relation to 

Climate, Site, and Space in the Southern French and Italian Alps . Arctic, Antarctic, and 

Alpine Research, 32(1), 1–13. https://doi.org/10.1080/15230430.2000.12003333 

Rossi, S., Rathgeber, C. B. K., & Deslauriers, A. (2009). Comparing needle and shoot 

phenology with xylem development on three conifer species in Italy. Annals of Forest 

Science, 66(2), 206–206. https://doi.org/10.1051/forest/2008088 

Rossi, S., Anfodillo, T., Čufar, K., Cuny, H. E., Deslauriers, A., Fonti, P., Frank, D., Gričar, 

J., Gruber, A., Huang, J. G., Jyske, T., Kašpar, J., King, G., Krause, C., Liang, E., 

Mäkinen, H., Morin, H., Nöjd, P., Oberhuber, W., … Treml, V. (2016). Pattern of xylem 

phenology in conifers of cold ecosystems at the Northern Hemisphere. Global Change 

Biology, 22(11), 3804–3813. https://doi.org/10.1111/gcb.13317 



121 

 

Rydval, M., & Wilson, R. (2012). The impact of industrial SO2 pollution on North Bohemia 

conifers. Water, Air, and Soil Pollution, 223(9), 5727–5744. 

https://doi.org/10.1007/s11270-012-1310-6 

Sánchez-Salguero, R., Camarero, J. J., Carrer, M., Gutiérrez, E., Alla, A. Q., Andreu-Hayles, 

L., Hevia, A., Koutavas, A., Martínez-Sancho, E., Nola, P., Papadopoulos, A., Pasho, E., 

Toromani, E., Carreira, J. A., & Linares, J. C. (2017). Climate extremes and predicted 

warming threaten Mediterranean Holocene firs forests refugia. Proceedings of the National 

Academy of Sciences of the United States of America, 114(47), E10142–E10150. 

https://doi.org/10.1073/pnas.1708109114 

Savolainen, O. A., & Hurme, P. K. (1997). Conifers from the cold. In R. Bijlsma & V. 

Loeschcke (Eds.), Environmental Stress, Adaptation and Evolution (pp. 43–62). 

https://doi.org/10.1007/978-3-0348-8882-0_3 

Seftigen, K., Frank, D. C., Björklund, J., Babst, F., & Poulter, B. (2018). The climatic drivers 

of normalized difference vegetation index and tree-ring-based estimates of forest 

productivity are spatially coherent but temporally decoupled in Northern Hemispheric 

forests. Global Ecology and Biogeography, 27(11), 1352–1365. 

https://doi.org/10.1111/geb.12802 

Seifert, T., Meincken, M., & Odhiambo, B. O. (2017). The effect of surface fire on tree ring 

growth of Pinus radiata trees. Annals of Forest Science, 74(2). 

https://doi.org/10.1007/s13595-016-0608-8 

Scharnweber, T., Smiljanic, M., Cruz-García, R., Manthey, M., & Wilmking, M. (2020). Tree 

growth at the end of the 21st century - The extreme years 2018/19 as template for future 

growth conditions. Environmental Research Letters, 15(7). https://doi.org/10.1088/1748-

9326/ab865d 

Schmied, G., Hilmers, T., Mellert, K. H., Uhl, E., Buness, V., Ambs, D., Steckel, M., Biber, 

P., Šeho, M., Hoffmann, Y. D., & Pretzsch, H. (2023). Nutrient regime modulates drought 

response patterns of three temperate tree species. Science of the Total Environment, 868. 

https://doi.org/10.1016/j.scitotenv.2023.161601 

Schröeder, J., & Körner, M. (2018). Remote-sensing data are closely related to growth 

information in tree-ring index chronologies Remote-sensing data are closely related to 

growth information in tree-ring index chronologies. TRACE - Tree Rings in Archaeology, 



122 

 

Climatology and Ecology, Vol. 7: Proceedings of the DENDROSYMPOSIUM 2008, April 

27th – 30th 2008, Zakopane, Poland., 16(December), 14–24. 

Schuldt, B., Buras, A., Arend, M., Vitasse, Y., Beierkuhnlein, C., Damm, A., Gharun, M., 

Grams, T. E. E., Hauck, M., Hajek, P., Hartmann, H., Hiltbrunner, E., Hoch, G., Holloway-

Phillips, M., Körner, C., Larysch, E., Lübbe, T., Nelson, D. B., Rammig, A., … Kahmen, 

A. (2020). A first assessment of the impact of the extreme 2018 summer drought on 

Central European forests. Basic and Applied Ecology, 45, 86–103. 

https://doi.org/10.1016/j.baae.2020.04.003 

Schwalm, C. R., Anderegg, W. R. L., Michalak, A. M., Fisher, J. B., Biondi, F., Koch, G., 

Litvak, M., Ogle, K., Shaw, J. D., Wolf, A., Huntzinger, D. N., Schaefer, K., Cook, R., 

Wei, Y., Fang, Y., Hayes, D., Huang, M., Jain, A., & Tian, H. (2017). Global patterns of 

drought recovery. Nature, 548(7666), 202–205. https://doi.org/10.1038/nature23021 

Schweingruber, F. H. (1986). Tree Rings. In Tree Rings Basic and Applications of 

Dendrochronology. https://doi.org/10.1007/978-94-009-1273-1 

Sidor, C. G., Camarero, J. J., Popa, I., Badea, O., Apostol, E. N., & Vlad, R. (2019). Forest 

vulnerability to extreme climatic events in Romanian Scots pine forests. Science of the 

Total Environment, 678, 721–727. https://doi.org/10.1016/j.scitotenv.2019.05.021 

Skakun, R. S., Wulder, M. A., & Franklin, S. E. (2003). Sensitivity of the thematic mapper 

enhanced wetness difference index to detect mountain pine beetle red-attack damage. 

Remote Sensing of Environment, 86(4), 433–443. https://doi.org/10.1016/S0034-

4257(03)00112-3 

Song, C. (2012). Optical remote sensing of forest leaf area index and biomass. Progress in 

Physical Geography, 37(1), 98–113. https://doi.org/10.1177/0309133312471367 

Stoffel, M. (2006). A review of studies dealing with tree rings and rockfall activity: The role 

of dendrogeomorphology in natural hazard research. Natural Hazards, 39(1), 51–70. 

https://doi.org/10.1007/s11069-005-2961-z 

Stokes, M. A., & Smiley, L. T. (1981). An introduction to tree-ring dating. The University of 

Chicago Press. https://doi.org/10.1016/b978-0-444-54304-2.03001-3 

Sulikowska, A., & Wypych, A. (2020). Summer temperature extremes in Europe: how does 

the definition affect the results? Theoretical and Applied Climatology, 141(1–2), 19–30. 

https://doi.org/10.1007/s00704-020-03166-8 



123 

 

Šagát, V., Ružek, I., Šilhán, K., & Beracko, P. (2021). The impact of local climate change on 

radial picea abies growth: A case study in natural mountain spruce stand and low-lying 

spruce monoculture. Forests, 12(8), 1–20. https://doi.org/10.3390/f12081118 

Teets, A., Moore, D. J. P., Alexander, M. R., Blanken, P. D., Bohrer, G., Burns, S. P., 

Carbone, M. S., Ducey, M. J., Fraver, S., Gough, C. M., Hollinger, D. Y., Koch, G., Kolb, 

T., Munger, J. W., Novick, K. A., Ollinger, S. V., Ouimette, A. P., Pederson, N., Ricciuto, 

D. M., … Richardson, A. D. (2022). Coupling of Tree Growth and Photosynthetic Carbon 

Uptake Across Six North American Forests. Journal of Geophysical Research: 

Biogeosciences, 127(4). https://doi.org/10.1029/2021JG006690 

Treml, V., Ponocná, T., & Büntgen, U. (2012). Growth trends and temperature responses of 

treeline Norway spruce in the Czech-Polish Sudetes Mountains. Climate Research, 55(2), 

91–103. https://doi.org/10.3354/cr01122 

Treml, V., Ponocná, T., King, G. M., & Büntgen, U. (2015). A new tree-ring-based summer 

temperature reconstruction over the last three centuries for east-central Europe. 

International Journal of Climatology, 35(10), 3160–3171. https://doi.org/10.1002/joc.4201 

Treml, V., Mašek, J., Tumajer, J., Rydval, M., Čada, V., Ledvinka, O., & Svoboda, M. 

(2021). Trends in climatically driven extreme growth reductions of Picea abies and Pinus 

sylvestris in Central Europe. Global Change Biology, March, 1–14. 

https://doi.org/10.1111/gcb.15922 

Trotsiuk, V., Hartig, F., Cailleret, M., Babst, F., Forrester, D. I., Baltensweiler, A., 

Buchmann, N., Bugmann, H., Gessler, A., Gharun, M., Minunno, F., Rigling, A., Rohner, 

B., Stillhard, J., Thürig, E., Waldner, P., Ferretti, M., Eugster, W., & Schaub, M. (2020). 

Assessing the response of forest productivity to climate extremes in Switzerland using 

model–data fusion. Global Change Biology, 26(4), 2463–2476. 

https://doi.org/10.1111/gcb.15011 

Tumajer, J., & Treml, V. (2017). Influence of artificial alteration of groundwater level on 

vessel lumen area and tree-ring width of Quercus robur. Trees - Structure and Function, 

31(6), 1945–1957. https://doi.org/10.1007/s00468-017-1598-3 

Tumajer, J., Altman, J., Štěpánek, P., Treml, V., Doležal, J., & Cienciala, E. (2017). 

Increasing moisture limitation of Norway spruce in Central Europe revealed by forward 

modelling of tree growth in tree-ring network. Agricultural and Forest Meteorology, 247, 

56–64. https://doi.org/10.1016/j.agrformet.2017.07.015 



124 

 

Urban, O., Klem, K., Ač, A., Havránková, K., Holišová, P., Navrátil, M., Zitová, M., 

Kozlová, K., Pokorný, R., Šprtová, M., Tomášková, I., Špunda, V., & Grace, J. (2012). 

Impact of clear and cloudy sky conditions on the vertical distribution of photosynthetic 

CO2 uptake within a spruce canopy. Functional Ecology, 26(1), 46–55. 

https://doi.org/10.1111/j.1365-2435.2011.01934.x 

Vaganov, E. A., Hughes, M. K., & Shashkin, A. V. (2006). Growth Dynamics of Conifer Tree 

Rings. In Taxon (Vol. 17, Issue 4). https://doi.org/10.2307/1217399 

Vanoni, M., Bugmann, H., Nötzli, M., & Bigler, C. (2016). Drought and frost contribute to 

abrupt growth decreases before tree mortality in nine temperate tree species. Forest 

Ecology and Management, 382, 51–63. https://doi.org/10.1016/j.foreco.2016.10.001 

Vicente-Serrano, S. M., Gouveia, C., Camarero, J. J., Beguería, S., Trigo, R., López-Moreno, 

J. I., Azorín-Molina, C., Pasho, E., Lorenzo-Lacruz, J., Revuelto, J., Morán-Tejeda, E., & 

Sanchez-Lorenzo, A. (2012). Response of vegetation to drought time-scales across global 

land biomes. Proceedings of the National Academy of Sciences of the United States of 

America, 110(1), 52–57. https://doi.org/10.1073/pnas.1207068110 

Vicente-Serrano, S. M., Camarero, J. J., Olano, J. M., Martín-Hernández, N., Peña-Gallardo, 

M., Tomás-Burguera, M., Gazol, A., Azorin-Molina, C., Bhuyan, U., & El Kenawy, A. 

(2016). Diverse relationships between forest growth and the Normalized Difference 

Vegetation Index at a global scale. Remote Sensing of Environment, 187, 14–29. 

https://doi.org/10.1016/j.rse.2016.10.001 

Vitali, V., Büntgen, U., & Bauhus, J. (2017). Silver fir and Douglas fir are more tolerant to 

extreme droughts than Norway spruce in south-western Germany. Global Change Biology, 

23(12), 5108–5119. https://doi.org/10.1111/gcb.13774 

Vitasse, Y., Bottero, A., Cailleret, M., Bigler, C., Fonti, P., Gessler, A., Lévesque, M., 

Rohner, B., Weber, P., Rigling, A., & Wohlgemuth, T. (2019). Contrasting resistance and 

resilience to extreme drought and late spring frost in five major European tree species. 

Global Change Biology, 25(11), 3781–3792. https://doi.org/10.1111/gcb.14803 

Wang, L., & Qu, J. J. (2007). NMDI: A normalized multi-band drought index for monitoring 

soil and vegetation moisture with satellite remote sensing. Geophysical Research Letters, 

34(20). https://doi.org/10.1029/2007GL031021 

Wang, Y., Woodcock, C. E., Buermann, W., Stenberg, P., Voipio, P., Smolander, H., Häme, 

T., Tian, Y., Hu, J., Knyazikhin, Y., & Myneni, R. B. (2004). Evaluation of the MODIS 



125 

 

LAI algorithm at a coniferous forest site in Finland. Remote Sensing of Environment, 

91(1), 114–127. https://doi.org/10.1016/j.rse.2004.02.007 

Wang, W., English, N. B., Grossiord, C., Gessler, A., Das, A. J., Stephenson, N. L., Baisan, 

C. H., Allen, C. D., & McDowell, N. G. (2021). Mortality predispositions of conifers 

across western USA. New Phytologist, 229(2), 831–844. 

https://doi.org/10.1111/nph.16864 

Wright, J. K., Williams, M., Starr, G., Mcgee, J., & Mitchell, R. J. (2013). Measured and 

modelled leaf and stand-scale productivity across a soil moisture gradient and a severe 

drought. Plant, Cell and Environment, 36(2), 467–483. https://doi.org/10.1111/j.1365-

3040.2012.02590.x 

Wu, X., Liu, H., Li, X., Ciais, P., Babst, F., Guo, W., Zhang, C., Magliulo, V., Pavelka, M., 

Liu, S., Huang, Y., Wang, P., Shi, C., & Ma, Y. (2017). Differentiating drought legacy 

effects on vegetation growth over the temperate Northern Hemisphere. Global Change 

Biology, 24(1), 504–516. https://doi.org/10.1111/gcb.13920 

Xu, P., Fang, W., Zhou, T., Zhao, X., Luo, H., Hendrey, G., & Yi, C. (2019). Spatial 

upscaling of tree-ring-based forest response to drought with satellite data. Remote Sensing, 

11(20). https://doi.org/10.3390/rs11202344 

Zang, C., & Biondi, F. (2015). Treeclim: An R package for the numerical calibration of 

proxy-climate relationships. Ecography, 38(4), 431–436. 

https://doi.org/10.1111/ecog.01335 

Zang, C., Hartl-Meier, C., Dittmar, C., Rothe, A., & Menzel, A. (2014). Patterns of drought 

tolerance in major European temperate forest trees: Climatic drivers and levels of 

variability. Global Change Biology, 20(12), 3767–3779. https://doi.org/10.1111/gcb.12637 

Zarter, C. R., Demmig-Adams, B., Ebbert, V., Adamska, I., & Adams, W. W. (2006). 

Photosynthetic capacity and light harvesting efficiency during the winter-to-spring 

transition in subalpine conifers. New Phytologist, 172(2), 283–292. 

https://doi.org/10.1111/j.1469-8137.2006.01816.x 

Zhu, L., Suomalainen, J., Liu, J., Hyyppä, J., Kaartinen, H., & Haggren, H. (1989). A Review: 

Remote Sensing Sensors. IntechOpen, 32, 137–144. 

https://doi.org/http://dx.doi.org/10.5772/intechopen.71049 



126 

 

Zohner, C. M., Benito, B. M., Svenning, J. C., & Renner, S. S. (2016). Day length unlikely to 

constrain climate-driven shifts in leaf-out times of northern woody plants. Nature Climate 

Change, 6(12), 1120–1123. https://doi.org/10.1038/nclimate3138 

Zweifel, R. (2016). Radial stem variations - a source of tree physiological information not 

fully exploited yet. Plant, Cell and Environment, 39(2), 231–232. 

https://doi.org/10.1111/pce.12613 

 

 


