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Summary 

Global warming and increasing drought severity are exposing temperate forests to higher 

stress levels, challenging forest management in the 21st century. With a projected warming by 

2ï3 K until 2070, silvicultural adaptation measures and natural succession might lead to the 

replacement of European beech forests by thermophilic oak forests in drought- and heat-

affected regions of Central Europe. According to RCP scenarios (RCP2.6, RCP4.5 and 

RCP8.5), parts of western Romania, where beech naturally occurs at its dry-warm distribution 

limit, are climatically analogue to predictions for large regions of Central Europe. In a ñspace 

for time approachò we investigate impacts on ecosystem carbon storage and tree vitality for a 

climatically driven shift in forest structure. Therefore, we systematically sampled soils and 

forests over natural beechïoak ecotones, quantifying storage changes in above ground biomass 

carbon (AGC) and soil organic carbon (SOC) between beech (Fagus sylvatica) dominated 

forests and oak (Quercus petraea, Q. frainetto, Q. cerris) dominated forests. Precise predictions 

of climate change impacts on forests also require a better species-specific and site-specific 

understanding of how tree growth and tree climate relationships are affected. We assessed tree 

vitality in these beechïoak ecotones, by analyzing tree-ring records and investigating long-term 

growth-trends, resilience of radial growth to drought, growth climate sensitivity, spatiotemporal 

patterns of climatic sensitivity and growth synchronicity for beech populations, the three oak 

species and silver linden (Tilia tomentosa), a further dominant species.  

Our results show that a climate-warming related replacement of beech by oak forests in the 

course of natural forest succession or silvicultural decisions may considerably reduce 

ecosystem carbon storage of central European woodlands. From the cooler, more humid beech 

forests to the warmer, more xeric oak forests, which are 1ï2 K warmer, AGC and SOC pools 

decrease by about 22 % (40 Mg C ha-1) and 20 % (17 Mg C ha-1), respectively. Tree-growth-

climate analysis show, that radial growth of all species is positively influenced by summer 

precipitation and low drought intensity, and negatively by high summer temperatures. Basal 

area increment (BAI) of beech and linden declined in the last 10ï20 years in coherence with 

climate warming and a deterioration of the summer water balance, while the three oak species 

maintained stable growth rates, though at lower BAI levels, suggesting a negative relationship 

between mean BAI and drought resistance among the five species. Spatiotemporal patterns of 

climatic sensitivity show that the importance of summer precipitation increased after the onset 

of climate warming (  1980), while other climate factors in spring and summer became less 

important. Accordingly, growth synchronicity, as a measure of common climatic stress among 



 

 

tree individuals, increased or remained constant for the drought sensitive beech and linden and 

decreased in the past decades for the oak species. The differences in growth synchrony during 

recent climate warming indicate a better drought adaption of oak species, a conclusion which 

is supported by the results for the long-term growth dynamics, showing enhanced BAI for oak 

in comparison to beech and linden in the last decades. 

Our results demonstrate that choosing stress-tolerant oaks instead of more productive timber 

species such as beech is a relatively safe option for Central European forestry in a warmer 

climate. However, if drought- and heat-affected beech forests in Central Europe are replaced by 

thermophilic oak forests in future, this will lead to carbon losses of ~ 50ï60 Mg ha-1, thus 

reducing ecosystem carbon storage substantially. 
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1 General Introduction 

1.1 Climate change and the RCP scenarios 

Rising atmospheric concentrations of climate relevant greenhouse gases, which are primarily 

water vapor (H2O), carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and ozone (O3) 

are the main drivers for climate change. Following the latest report from the Intergovernmental 

Panel on Climate Change (IPCC, 2021), anthropogenic activities have increased the 

atmospheric concentration of CO2 by approximately 50 %, from 280 ppm to 419 ppm in 2021, 

and consequently has the mean global surface temperature risen by 1.09 ÁC in comparison to 

pre-industrial levels (reference year 1850). At the ongoing rate, even if CO2 emissions would 

be globally reduced, temperatures will still surpass the in the Paris Agreement declared critical 

threshold of a 1.5 ÁC within the next decades (IPCC, 2021). The effects of these changes are 

being seen worldwide through increasing intensities of storms, flooding, extended drought 

periods, weather anomalies or other extreme weather events and their devastating impacts are 

affecting ecosystems and society (Haines et al., 2006; Kornhuber et al., 2019; Lesk et al., 2016; 

Lindroth et al., 2009; Mitchell et al., 2016; Wenz and Levermann, 2016). In central Europe 

climate change has already manifested itself in form of a higher frequency and severity in 

drought spells and heat waves in the last decades, e. g. in the years 2003, 2015 and 2018ï2020 

and the way things are developing, these conditions will maintain or increase in future 

(Barriopedro et al., 2011; B¿ntgen et al., 2021; Garc²a-Herrera et al., 2010; IPCC, 2021; 

Schºnwiese et al., 2005; Schuldt et al., 2020). 

For a prediction of future climates scientists developed the Representative Concentration 

Pathways scenarios (RCP), which were first published in the IPCC's 5th Assessment Report 

(IPCC, 2013), thus replacing the preceding Special Report on Emissions Scenarios (SRES). 

The four developed climate models (RCP2.6, RCP4.5, RCP6, and RCP8.5) represent a large 

set of probabilistic scenarios and are currently the most acknowledged models for a future 

climate. The term ñconcentration pathwaysò describes the modelôs implications of greenhouse 

gas concentrations and radiative forcing as parameters, differing to the earlier SRES climate 

scenarios, which are mainly based on socioeconomic trends. Hence the RCP climate projections 

use radiative forcing (in W/m2) and different predicted emission concentrations from 1850 (pre-

industrial levels) to 2100 as well as socioeconomic and demographic trends to model climates 

(IPCC, 2021). Roughly described the moderate RCP 2.6 scenario represents a radiative forcing 

of 2.6 W/m2 for the year 2100 and assumes that the world population increases to 9 billion but 

also includes climate protection measures put in place to lower anthropogenic emissions. The 

intermediate RCP 4.5 and RCP 6.0 presume a continual rise in greenhouse gas emissions in the 

https://en.wikipedia.org/wiki/Water_vapor
https://en.wikipedia.org/wiki/Water
https://en.wikipedia.org/wiki/Carbon_dioxide
https://en.wikipedia.org/wiki/Methane
https://en.wikipedia.org/wiki/Nitrous_oxide
https://en.wikipedia.org/wiki/Ozone
https://en.wikipedia.org/wiki/Ozone
https://en.wikipedia.org/wiki/Carbon_dioxide_in_Earth's_atmosphere
https://en.wikipedia.org/wiki/Parts_per_million
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next decades followed by a gradual decline (steady development) thereafter. The assumption of 

RCP 8.5 is that society continues to increase emissions and that the population climbs up to 12 

billion by 2100. In the context of current developments in international decision making, 

population trends and growing economies, RCP 2.6 is an unlikely scenario and we are currently 

moving towards a RCP 4.5, 6.0 or even the 8.5 scenario (IPCC, 2021).  

1.2 Forests and the effects of climate change 

The role of forests as carbon sinks and their potential to mitigate climate change impacts has 

gained great attention in the past decades (IPCC, 2021; Nabuurs et al., 2015). About one third 

of the Earthôs land area is covered by forests, which store around 45% of the terrestrial carbon 

(Bonan, 2008). Forests absorb CO2 from the atmosphere through photosynthesis and store it in 

above- and belowground biomass or through decomposition of necromass as soil organic 

carbon. However, forests also emit CO2 into the atmosphere through cell respiration and the net 

carbon balance for e.g. European forests was calculated at an annual rate of about 100 Tg 

(Luyssaert et al., 2010), making them long-term carbon sinks. In temperate forests, tree biomass 

generally represents the largest C pool (Knohl et al., 2003; Lal, 2005; Seedre et al., 2015) and 

the biggest part is stored aboveground, while coarse and fine roots represent a lower percentage 

(Kalyn and Van Rees, 2006; Vogt et al., 1996). Forest biomass is influenced by tree species, 

stand structure and stand age (Glatthorn et al., 2018; Leuschner and Ellenberg, 2017), where 

with increasing age biomass usually is accumulated (Pregitzer and Euskirchen, 2004). In 

managed forests these factors frequently underly silvicultural decision making, which strongly 

influences the sequestration potential of a forest (Borrass et al., 2017; Spathelf et al., 2018). 

Equally important for C accumulation are forest site characteristics such as climate, soil fertility 

and moisture, which can be stimulating or limiting factors (Babst et al., 2013; Gustafson et al., 

2017; Oren et al., 2001). The effects of climate change on forest ecosystems and their carbon 

stocks are not always evident and while it is assumed that a higher frequency of drought periods 

will augment tree mortalities in Central Europe (Schuldt et al., 2020; Walker et al., 2021), rising 

temperatures, increased CO2-levels and longer growing seasons can also stimulate tree growth. 

For example, in temperate European forests that are not limited by water, forest productivity 

and thus carbon sequestration, is expected to increase due to climate change effects (Gutsch et 

al., 2016; Lindner et al., 2010). Contrarily again, higher risks of extreme weather events such 

as storms extended droughts and ensuing wildfires are predicted to trigger carbon releases into 

the atmosphere (Lindroth et al., 2009; Vautard et al., 2019). 
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Forests play an important role in the global water cycle and also here, the effects of climate 

change are highly debated and at times controversial (Ellison et al., 2012; Luo et al., 2018). 

When precipitation infiltrates the forest ground either as direct throughfall, stemflow or 

following crown interception, it is absorbed by the vegetation and returned to the atmosphere 

through transpiration. The forest streamflow or water balance is determined by the precipitation 

amount, the loss through evapotranspiration (sum of transpiration and evaporation after 

interception with crown, stem or forest floor) and the change in water storage (Roberts, 2009). 

Forests store water and thus control flooding or flood routing, a function which can be lost when 

soils are fully saturated during or after extreme rainfall events (Eisenbies et al., 2007; Scherrer 

et al., 2007). This again affects forest soils as increased streamflow and flooding cause erosion 

(Fuhrer et al., 2006) with high impacts notably in poorly managed forests (Grace, 2004; Luo et 

al., 2018). Further projected impacts on the forest water cycle include lower soil moisture and 

reduced groundwater recharge or streamflow (Eckhardt and Ulbrich, 2003; Fuhrer et al., 2006; 

Reich et al., 2018). Carbon and nutrient dynamics of soils also depend on climate as the 

decomposition of organic matter is limited by temperature and water availability. Soil C stocks 

may either decrease due to accelerated decomposition and increased fire events or augment 

because of increased plant-derived C accumulation in the soil (Davidson and Janssens, 2006; 

Walker et al., 2021). Other expected climate change effects on forest ecosystems are declines 

or shifts in biodiversity (Mooney et al., 2009; VanDerWal et al., 2013) where species 

distribution adapts to warmer temperatures by retreating poleward or to higher elevations whilst 

again other species will benefit from climate warming with extended distribution ranges 

(Boisvert-Marsh et al., 2014; Chen et al., 2011; Hickling et al., 2006; Sittaro et al., 2017). 

1.3 Beech and oak, two key species in deciduous forests of Central Europe 

European Beech (Fagus sylvatica L.) is a mesophytic broadleaf tree endemic to Europe, 

which ecologically is the most important natural tree species. Its biology and ecology are well 

known, and it is characterized as occurring across a wide range of soil conditions and having a 

distribution range that is largely limited by climate (Fang and Lechowicz, 2006; Huntley et al., 

1989; Leuschner and Ellenberg, 2017). Its vast distribution range in Europe is explained by an 

oceanic climate, where warm water from the Gulf Stream is carried with the North Atlantic 

Current towards the European continent creating warm and moist air masses. Westerly winds 

then carry these marine air masses far into the continent, which is facilitated by the lowland 

characteristics of western Europe. This produces a humid, temperate climate with cool winters 

and warm wet summers favouring beech domination. By nature, Germany would be 90% 

forested, of which about 67% would be occupied by beech-dominated forests (Bohn et al., 
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2000). Beech is very shade-tolerant and dominance in forests results in a reduction of light 

levels in the understory favouring its natural regeneration (Bolte, 2016). It is not particularly 

soil-sensitive and grows on a wide variety of soils, however it prefers moderately fertile soils 

which are lightly acidic or basic (pH 3.5ï8.5). However, even highly acidic conditions are 

tolerated, provided that the mineral soil contact is guaranteed and there is no excessively thick 

raw humus cover. It therefore has no real nutrient deficiency limit (Leuschner and Ellenberg, 

2017; Walthert et al., 2013). It grows well where the root system can easily penetrate into the 

soil and optimal growth is in humid mesic conditions with soft soils on calcareous or volcanic 

parent material. On the contrary, it does not flourish on sites that are regularly flooded, 

waterlogged or on compacted soils (GeÇler et al., 2007; Packham et al., 2012). Despite its 

flexibility and broad climatic amplitude, beech depends on moderate temperatures and 

sufficient humidity. It is sensitive to drought, hot summers, very cold winters, and late frosts 

making it more vulnerable to water stress when compared to oaks and other coniferous species 

(Granier et al., 2007; Kasper et al., 2022; Leuschner and Ellenberg, 2017; Paule, 1995). Its 

thermal optimum is -1ÁC monthly mean for the coldest month of January and up to +18ÁC for 

the warmest month of July (Bohn et al., 2000; Huntley et al., 1989). Beech is widespread across 

Europe and can be found from Sicily in the South to Bergen in southern Norway. 

Longitudinally, its range is from the Cantabrian Mountains in the West to the Carpathians and 

Balkan Mountains in the East (Figure 1). At the southern and south-eastern part of its range it 

is normally present at higher altitudes (Bohn et al., 2000; Houston Durrant et al., 2016; Packham 

et al., 2012). High summer temperatures, drought and water availability are limiting factors for 

the distribution of beech in southern Europe, but continentality and frost also limits its range in 

north-eastern and eastern regions (Fang and Lechowicz, 2006).  

Sessile oak (Quercus petraea (Mattuschka) Liebl.) is a large, deciduous tree native to most 

of Europe which is also one of the most economically and ecologically important species. It 

occurs at many sites as a main component of temperate deciduous mixed forests with a large 

ecological amplitude, sometimes also dominating forests at low and mid elevations (Bohn et 

al., 2000; Leuschner and Ellenberg, 2017). Sessile oak has a good re-sprouting ability, 

coppicing easily and deep taproots allow good access to water thus giving it structural stability 

against windthrow and a droughts resistance (Jones, 1959; Praciak et al., 2013). Sessile oak 

sprouts leaves relatively late in the year (AprïMay), what also makes it tolerant to late frost, 

unless temperatures are very low (Praciak et al., 2013). The canopy of the light-demanding tree 

permits light to pass through, promoting regeneration of many tree species and enriching forest 

diversity (Leuschner and Ellenberg, 2017). Its main competitor in deciduous forests of Europe 
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is beech, in the presence of which it usually is unable to dominate on mesic stands. Therefore, 

sessile oak typically dominates on semi-dry or dry to warm soils, which are often slightly acidic, 

e.g. two-layer soils of loose sand on hardened clay, or shallow and rocky soils as on hill tops or 

slopes (Jones, 1959; Praciak et al., 2013). It often occurs with hornbeam (Carpinus betulus) and 

other deciduous tree species and is then assigned to the Carpinion betuli alliance (oak-

hornbeam forests) replacing beech when out of its ecological range (Leuschner and Ellenberg, 

2017). Sessile oak occurs across most of Europe, extending northwards to southern Scandinavia 

and southwards to the northern Iberian Peninsula, South Italy and eastwards to the Balkan 

Peninsula and Turkey (Bohn et al., 2000; Eaton et al., 2016) (Figure 1). At the southern and 

south-eastern range limits sessile oak can mix and even hybridize with other drought-tolerant 

Quercus species from the Mediterranean or Pannonian zone, such as Q. pubescens, Q. frainetto 

and Q. cerris (Eaton et al., 2016) thus forming thermophilic oak forests of the order Quercetalia 

pubescenti-petraeae or similar. 

 

Figure 1: Distribution map of beech (in blue, left panel) and sessile oak (in red, right panel) over Europe, 

based the Euforgen data base (www.euforgen.org). Black triangles mark locations of natural, isolated 

populations or introduced populations (distribution maps created by Jan Kasper). 

1.4 Beech and oak in near-natural forests in Germany today 

European beech and sessile oak are two major forest tree species in temperate Europe and 

often form mixed stands with similar distribution ranges (Figure 1). As climatic conditions in 

Europe are predicted to rise and become more arid, changing competition dynamics between 

beech and oak are likely to favour oak, when climatic thresholds for beech are surpassed. 

Generally, oak forests (Quercetalia robori-petraeae and Quercetalia pubescenti-petraeae) are 

expected to replace beech forests (Luzulo-Fagion and Fagetalia sylvaticae) on warmer and drier 

sites and on a forest management level, beech forests are already being discussed to be 

supplemented or substituted by oak species to adapt to climate change risk (Dolos et al., 2016; 

Mette et al., 2013; Pretzsch et al., 2013; Schmidt, 2009).  
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To map the distance of the current distribution range for beech and sessile oak to the climatic 

distribution edge (rear edge / warm pole and leading edge / cold pole) in natural forest reserves 

in Germany, marginality indices were calculated. These indices specify the distance of a tree 

species to its niche edge, relating the probability of occurrence at a site to a standard threshold 

(Heinrichs et al., 2016; Mellert et al., 2016). Originally, in calculating marginality (as applied 

in Heinrichs et al. 2016), negative index values indicate climatic conditions within the niche 

(core and extended range zones), while positive values indicate conditions outside of the niche 

(occasional or no-occurrence zones). A further development of this index by Mellert et al. 

(2016) is based on the level of probability indicating the species distance to its "rear edge", 

where calculations are based on generalized additive models using climatic predictors (from 

WorldClim Version 1 data (Hijmans et al., 2005)) such as mean precipitation, mean summer 

temperature (JunïAug), min. temperature in January and the Ellenberg Climate Quotient (EQ) 

to calculate the probability of occurrence. A uniform default threshold of occurrence 

(Probability of occurrence = 0.5) is achieved via truncation weighting (Barbet-Massin et al., 

2012). For details of calculation method see Mellert et al. (2016). Following this method, the 

marginality index for various points in German natural forests for beech and sessile oak are 

presented in Figure 2 (calculated by K.H. Mellert for the NEMKLIM project). The max. of the 

marginality index is at 2, which is reached for the occurrence of a species at the cold pole of the 

distribution (leading edge). Here, climatic conditions are not in the optimal range for the tree 

species but are expected to move toward optimal when climate warming is taken into account. 

For occurrences in the optimal range, the margin index is close to 1. If the occurrence of a 

species is in areas that face the "rear edge", they are < 1. Following Austin and Van Niel (2011) 

the marginality values < 1 can be interpreted as: 1ï0.7 optimal; 0.7ï0.4 intermediate; 0.4ï0.1 

marginal "rear edge" and < 0.1 occurrences unlikely to absent. From Figure 2 it becomes clear 

that few ñleading edgeò beech forests remain (mainly in mountainous regions) and most beech 

sites in Central Germany are at their ñoptimalò range (Ò 1) of occurrence while beech stands 

towards north-eastern Germany are already at their intermediate (Ò 0.7) range. Contrarily for 

sessile oak no stands were at marginality indices below ñintermediateò (> 0.7) and a clear 

threshold at the ñleading edgeò is observable. This shows that ñclimate buffersò for beech forest 

occurring at the ñleading edgeò in Germany are low and ongoing temperature rise is likely going 

to lead to declining habitat suitability.  
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Figure 2: Marginality indices (calculated by K.H. Mellert for the NEMKLIM project) based on 

generalized additive models (details in Mellert et al. (2016)) for various points in German natural forest 
reserves for beech (left graphic) and sessile oak (right graphic). The maximum of the marginality index 

is at a value of 2 [dark blue] which is reached for a species at the cold pole of the distribution. For 

occurrences in the optimal range, the margin index is > 1 [also dark blue]. Following the classification 
of Austin and Van Niel (2011) if the occurrences is facing the "Rear Edge" (marginality values < 1) they 

can be interpreted as follows: 1ï0.7 optimal [green in the map]; 0.7ï0.4 intermediate [yellowïorange]; 

0.4ï0.1 marginal "rear edge" [red]; < 0.1 [dark red] occurrences unlikely to absent (distribution maps 

created by K.H. Mellert). 

1.5 A possible future climate for Central Europe 

While long-term weather records and changing environment show that climate change is 

reality, future scenarios for forest ecosystems are difficult to predict or model. This is where the 

possibility of a space-for-time approach (Pickett, 1989) comes into play. The idea is to look at 

forests exhibiting analogue climatic conditions, predicted for reference regions. Despite 

limitations such as differences in forest management legacies, species pools, continentality or 

day length (Leuschner and Ellenberg, 2017; Meusel and Jager, 1992; Willner et al., 2009), a 

look at forests in corresponding analogue climates can provide valuable information on climate 

stability of native tree species and show alternatives for future silviculture. 

To find climate analogue forest sites, Kºlling and Zimmermann (2014) performed a principal 

component analysis (PCA) representing Europe in a multidimensional space as a function of 

three climate variables considered biologically informative for tree growth. The variables for 

the three axes of the PCA were: mean January temperature, mean summer temperature (Juneï

August) and mean growing season precipitation (MayïSeptember). In their analysis a projected 
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increase or decrease of these input variables at a certain location shifts the position in the 

ordination space to locations where these conditions are currently found. Kºlling and 

Zimmermann (2014) used three climate change scenarios (RCP 2.6, RCP 4.5 and RCP 8.5) for 

climate projections, simulating mean temperature, for the reference period 1961ï1990, to rise 

between 1.3 and 3.3 ÁC for the future reference period 2061ï2080. Starting from the climate 

region of Kitzingen (in Central Germany) and assuming the climates for beech forest there will 

change towards milder winters and warmer summers ï reflecting increased early-season 

transpiration and late-season dryness on summer ï southwestern France was identified as a 

climate analogue region (details see Kºlling and Zimmermann (2014). For the NEMKLIM 

project, Kºlling applied the same selection query for climate analogue regions corresponding 

to a beech forest (German national forest inventory point 19288) near Gºttingen (Central 

Germany) with the results depicted Figure 3.  

The PCA-predicted warming scenarios show climate analogue regions towards the South 

(milder winters and warmer summers), towards the South-West (milder winters and decreasing 

summer precipitation) and towards the South-East (warmer summers, decreasing summer 

precipitation combined with cold winters). Concerning the climate warming projected for 

winters in Central Germany, the reference region of southern France used by Kºlling and 

Zimmermann (2014) is probably better reproduced by the more oceanic climate. However, the 

continental cold winters and hot summers in south-eastern Europe (e.g. western Romania) 

account better for extreme weather events such as late spring frosts, extreme droughts and heat, 

which are also predicted to increase (Kodra et al., 2011; Salinger, 2005; Schªr et al., 2004; 

Schºnwiese et al., 2005). This increase in extreme events is likely to restrict the distribution of 

frost-sensitive species (Liu et al., 2018; Ma et al., 2019) and the more continental south-eastern 

climates represent a natural distribution limit, thus may also simulate a better scenario for 

Central Germany concerning viable species pools. 
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Figure 3: Climate warming projections for a beech forest reference point (German national forest 

inventory point 19288) in the centre of the distribution range of European beech (Central Germany). 

The red-, orange- and green-coloured regions of Europe are climate analogue for the climate in 50 years 
according to the IPCC (2013) scenarios: RCP 2.6, 4.5 and 8.5. They were identified following a principal 

component analysis representing Europe as a function of mean January temperature, mean summer 

temperature (JuneïAugust) and mean growing season precipitation (MayïSeptember). The projected 
values for these climate variables were matched within the ordination space with locations in Europe 

currently having these conditions. Depicted are the mean temperature increase (likely range) in Kelvin 

as well as the location of the study transects in western Romania, where A and B are located within the 
climate scenario RCP 2.6 and C is within the range of scenario RCP 4.5 (calculations and mapping done 

for the NEMKLIM project by C. Kölling, unpublished). For details on methodology, see Kölling and 

Zimmermann (2014).  

For a ñfine tuningò of our ñspace for timeò approach, we subsequently looked for sites within 

the research area (Figure 3), where elevation gradients induce a natural climatically driven shift 

from beech to oak forests (beechïoak ecotone), serving as ñin-the-fieldò-models for predicted 

shifts in species dominance. Therefore, the Ellenberg Quotient (EQ) (Ellenberg, 1963) was 

used, which is calculated by dividing the July temperature (Ὕπχ) by annual average 

precipitation (ὖὥὺ).  

Ὁὗ Ὕπχὖὥὺϳ ρzπππ 

The EQ was initially derived from phytosociological relev®s, where forests had developed 

without strong human disturbance and results showed that beech dominates for EQ < 20, 

whereas the oak share tends to increase for EQ 20ï30 and oak dominance is expected for an 

EQ > 30 (Ellenberg, 1963). These EQ values as a rough orientation for climatic thresholds of 

beech and oak have been confirmed (Dolos et al., 2016; Mellert et al., 2016), as well as their 

utility as proxies for predicting beech and oak dominance (Cz¼cz et al., 2011; Mette et al., 2013; 

Stojanoviĺ et al., 2013). 
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The climate analogue research area in western Romania exposed EQ > 20, except for 

restricted areas at high altitudes (Figure 4). The results show that the western lowlands and the 

lower mountain fringes receive too much warmth from the Pannonian Plain (EQ > 30), 

excluding them, but the deciduous forests at the foothills of the Apuseni Mountains and the 

south-western Carpathians, extending from submontane/montane elevation downwards, were 

suitable (Figure 4). At these sites the EQ transitions over elevation from values around 20 to 

values around 30 and greater, thus shifting climates from beech to oak favouring. Exemplary 

conditions were found in the Zarand Mountain range (Muntii Zarandului), at the western 

foothills of the Southern Carpathian Mountain chain (Muntii Pioana Ruscai), both in 

westernmost Romania and at the foot of the southern Banat Mountains (Muntii Semenic AlmŁj) 

in south-western Romania. The study transects were respectively located in the county Arad 

(Milova) transect A (46.1Á N/21.8Á E) and in the county CaraἨ-Severin (Maciova) transect B 

(45.5Á N/22.2Á E) both north-east and south-east of Timisoara and the county Orsova (EĸelniŞa) 

transect C (44.7Á N/22.3Á E) close to river Danube (Figure 4).  

To ensure comparability between sites all transects depicting the elevation gradients were 

demarcated on hill crests, mounting from South to North, so that hill flanks predominantly have 

an East-South-West slope orientation (Figure A1ï3 in the Appendix). The study sites were 

delineated within a 250 m buffer range around transects that started in the semi-mountainous 

range from beech dominated forests at higher elevation (> 600 m a.s.l) and then declined 

towards the planar-colline oak forests of the warm temperate climate of the western lowlands 

and foothills (< 350 m a.s.l) (DoniἪŁ, 1992) (see Chapter 1.6). To verify that the climate shift at 

the elevation transects correspond with current and future climates for beech in Central 

Germany, we computed the modified Ellenberg Quotient (EQm) which, as ratio between mean 

summer (JunïAug) temperature (ὓὛὝ) and mean summer (JunïAug) precipitation (ὓὛὖ), 

focuses on the climatic growth limiting summer period (Br®da et al., 2006; Hohnwald et al., 

2020; Mellert et al., 2016). 

Ὁὗά ὓὛὝὓὛὖϳ ρπππ 

Results were compared with a study by Walentowski et al. (2017) using the ñFranconian 

Plateauò as reference region, in which the EQm was calculated from WorldClim 1.4, with a 30 

arcsec resolution (Hijmans et al., 2005) for current climates (reference period 1951ï2000) and 

projected future climates (reference period 2061ï2080). Walentowski et al. (2017) calculated 

future climates using means of 63 climate scenarios from 19 global climate models (GCMs) for 

four RCP scenarios (RCP 2.6, RCP 4.5, RCP 6.0 and RCP 8.5), however for the NEMKLIM 
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project only RCP 2.6, RCP 4.5 and RCP 8.5 were used (Table 1, with details of methodology 

in Walentowski et al. (2017)).  

Table 1: Current and projected temperature and precipitation data as well as the modified Ellenberg 

Quotient for the Franconian Plateau (Worldclim 1.4, with 30 arcsec resolution, Hijmans et al. 2005). 
ñCurrentò represents the periodic average of 1950ï2000, and for RCP 2.6, 4.5, and 8.5 a periodic average 

of 2061ï2080 for 15, 19, 12 and 17 atmospheric-oceanic global circulation models respectively, were 

averaged. Original table and details of methodology in Walentowski et al. (2017). 

Climate variables  Current RCP2.6 RCP4.5 RCP8.5 

Annual Mean Temperature °C 8.4 10.4 11.2 12.5 

Mean Temperature of Warmest Quarter (MST) °C 16.8 19.1 20.2 21.8 

Annual Precipitation mm 678 713 703 704 

Precipitation of Warmest Quarter (MST) mm 211 215 198 190 

Modified Ellenberg Quotient (EQm)  EQm<80 80<EQm<89 89<EQm<102 EQm>102 

 

Figure 5 shows the distribution of current and projected summer climates for a beech forest 

on the ñFranconian Plateauò within our study region and for the elevation transects in this 

doctoral study. Also shown in Figure 5 are occurrence data for beech from the Romanian 

National Forest Inventory (NFI) for 1218 plots (data provided by the National Institute for 

Research and Development in Forestry ñMarin Draceaò). The NFI data shows that beech is 

dominant for current climates on the ñFranconian Plateauò (EQm < 80), still occurs for 

predicted RCP 2.6 climates and becomes scarce to not present for scenarios RCP 4.5 and RCP 

8.5 (which are currently the most realistic). 
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Figure 4: Map of the research area in western Romania (see Figure 3) used for selection of the three 

study transects (A, B, C). The colour gradient marks the calculated Ellenberg Quotient (EQ) based on 
WorldClim Version 2 data (Fick and Hijmans, 2017). Transects A and B are located within EQ values 

20ï30 and C is within the range of 20ï35 (EQ distribution map created by Jan Kasper). 

A 

B

 

C 
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A 
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B 

Figure 5. Map of the research area in western Romania (see Figure 3) with the three study transects (A, 
B, C). Record points of the Romanian National Forest Inventory (1218 plots) map the occurrence of 

beech forests. The colour gradient marks different modified Ellenberg Quotient (EQm) calculated for a 

reference beech forest on the ñFranconian Plateauò for the current (period 1961ï1990) and predicted 

(period 2061ï2080) climates, using the RCP scenarios: RCP 2.6, RCP 4.5, and RCP 8.5 and data from 
WorldClim 1.4 (Hijmans et al. 2005). Transects A and B are located within the climate scenario RCP 

2.6 and C is within the range of scenario RCP 4.5 (EQm distribution map created by Jan Kasper and 

details of methodology and reference site in Walentowski et al. (2017)). 
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1.6 Study area characteristics 

Climate 

The climate of Romania can be subdivided into subcontinental with warm and humid 

climatic influences from the West and continental with cold and dry influences from the East 

(Frey and Lºsch, 2010). Our study sites have a typical climate for mixed deciduous beech and 

oak forests (CfaïCfb according to Kºppen and Geiger) of the western lowland (Fischer, 2003; 

Horvat et al., 1974). According to the Chelsa v1.2 Climate data (Karger et al., 2017), the mean 

annual temperature for the period from 1979ï2013 is in Milova 10.8 ÁC, in Maciova 11.1 ÁC 

and in EĸelniŞa 11.9 ÁC and the annual mean precipitation (Pm) is 690 mm, 791 mm and 598 

mm, respectively (Table 2, bottom end of transects). For all sites monthly precipitation is lowest 

in winter (JanuaryïFebruary) and highest in June, where it is followed by a hot period with low 

rainfalls, similar to a Mediterranean climate. July and August are the hottest months and winters 

are cold with the lowest temperature in January resulting in a high annual temperature range 

(Table 2), typical for a continental climate. Annual rainfall is reduced over elevation with a 

lapse rate assumed to be + 45 mm yearī1/100 m and temperature with a lapse rate of about ī 

0.5 K/100 m (Maruĸca, 2017). Particularly, the mean summer temperature (MST) is closely 

correlated with elevation (Table 2) and influences tree species distribution (Hohnwald et al., 

2020; Primicia et al., 2015). Over the last 60 years temperatures (here MST) has risen markedly 

on all transects, whereas precipitation (here MSP) shows no clear changes (Table A1 in the 

Appendix).  

Physical Geography 

Geographically, Romania lies between central and south-eastern Europe and belongs to the 

central Europe geobotanical zone covering the biogeographic regions Pannonian, Continental, 

Alpine, Steppic and Black Sea defined by the European Environment Agency (Frey and Lºsch, 

2010; Walentowski et al., 2015). Western and Central Romania can be subdivided into the 

geographic units: Eastern Carpathians, Southern Carpathians, Apuseni Mountains, Dobrogea, 

Skythian platform, Moesian platform and the Transylvanian Basin (Burchfiel, 1976; 

Walentowski et al., 2015). The study site A (Milova) is in the Southern Apuseni Mountains, 

which have their boundary along the Mures Valley and rise out of the loess-covered Pannonian 

Plains forming separated hills with steep valleys. The region around Milova is on the foothills 

of the Apuseni Mountain range and lies at the fringes of the Pannonian Basin in the Zarand 

Mountains, with Mesozoic sedimentary rocks as main parent material (Walentowski et al., 

2015). The Southern Carpathians extend to the West, neighbouring with the Eastern Carpathians 
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and then bend South to the Danube River. The northern boundary is defined by the 

Transylvanian Basin, the Southern Apuseni Mountains and the Pannonian Basin. The Southern 

Carpathians consist of a complex overthrust of tectonic plates from West to East (Walentowski 

et al., 2015), where the western foothills form the geological basis for transect B (Maciova) and 

the southern foothills the basis for transect C (EĸelniŞa). Maciova (B) is on the Getic allochthon 

tectonic plate (Burchfiel, 1976) formed by alternating sediment layers of sandy, conglomerate 

molasse of marls, sandy marls, siliceous limestone and mudstone. EĸelniŞa is located at the 

Danubian tectonic plate and consists of carbonate shale and sandstone which is covered by marl 

and mudstone. A detailed description of the geology and biogeography of the study regions is 

available in Walentowski et al. (2015). 

Soil 

All sites had mesotrophic soil conditions basing on silicate parent material which were 

crystalline sand- and mudstone in the case of A and B and marl- and limestone in the case of 

Transect C. However, parent material was barely reached during soil sampling as the soil 

forming layer was dominantly a leached, post-glacial loess or loam layer covering the bedrock. 

Soil rooting layers were evolved on all sites with min. depths of 70 cm (= max. profile depth) 

before reaching the parental rock. Soil texture for all soils ranged from soil fraction sizes sandyï

silt to siltyïloam and derived potential available water capacity (pAWC in %) ranged from a 

min. of 23% and a max. of 35%. All soils were within the silicate buffer range and pH levels 

were slightlyïmoderately acidic (pH 4.60ï5.27). Soils were generally classified as Cambisols 

(German soil classification ñBraunerdenò) and in some rare cases as Luvisols (German soil 

classification ñParabraunerdenò). Results pooled per forest type in each transect are depicted in 

Table A5 (in the Appendix). A full overview on the methodology and all soil analysis results is 

in Kasper et al. (2021) (see Chapter 2) and for more information on the classification of soil 

types and soil profile documentation the reader is referred to the B. Sc. thesisôs from Grºning 

(2019) and Loris (2019). 
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Table 2: Location of the three transects with longitude (Long.) and latitude (Lat.), elevation (Elev.) and 

climatic characteristics of the highest (top end) and lowest (bottom end) plots (see Figures A1ïA3 in 

the Appendix). The highest elevation plots are located in typical beech forests, the lowest plots in typical 
oak forests and are in proximity to the transect localities. Given are for a reference period (1979ï2013) 

the annual mean temperature (Tm), temperature of the warmest month (Tmax), temperature of the 

coldest month (Tmin), mean temperature of warmest quarter (MST), mean annual precipitation (Pm), 

precipitation of the wettest month (Pmax), precipitation of the driest month (Pmin), and precipitation of 

the warmest quarter (MSP) according to the CHELSA v1.2 climate data (Karger et al., 2017). 

Transect 

(locality) 

Transect 

position 
Long. Lat. 

Elev. 

m 

Tm 

C° 

Tmax 

C° 

Tmin 

C° 

MST 

C° 

Pm 

mm yr-1 

Pmax 

mm 

Pmin 

mm 

MSP 

mm 

A 

(Milova) 

Top end 21.8135 46.1973 759 7.9 23.4 -6.5 18.2 892 125 48 254 

Bottom end 21.8022 46.1290 216 10.8 26.5 -6.5 21.2 690 132 52 248 

B 

(Maciova) 

Top end 22.2460 45.5749 719 8.2 23.8 -7.1 18.6 951 100 54 216 

Bottom end 22.2116 45.5248 256 11.1 26.9 -4.0 21.7 791 81 41 157 

C 

(EĸelniŞa) 

Top end 22.3188 44.7754 907 7.8 23.6 -3.8 18.3 844 106 45 201 

Bottom end 22.3578 44.7173 147 11.9 28.0 -3.5 22.6 598 69 40 137 

 

Forest stand history 

Similar forest management legacies were important on all sites. The stand age span was 60+ 

years in the dominant canopy layer except for one T. tomentosa stand for transect B (Kasper et 

al., 2022) (see Chapter 3). For all three transects, occasional wood-cutting and coppicing had 

been conducted before the 1960s at low intensities. Since then, the forests were transferred to 

state-ownership and supervised by local forest authorities according to management plans, and 

previously coppiced stands were allowed to grow into high forests (¥der et al., 2021). The 

legacy of former coppicing in form of the presence of multi-stemmed trees is still visible in 

most stands. They were managed according to common Romanian silvicultural schemes, in 

which stands are lightly to moderately thinned (5ï15% of stand volume) from the pole-wood 

stage up to an age three quarters of the harvest age (Nicolescu, 2018). Salvage and sanitary 

loggings were also irregularly conducted at low intensity (< 5% of stand volume). Records of 

the local forest authorities demonstrate that no major harvest operations have occurred in the 

last 20 years at all sites (¥der et al., 2021). 

Forest vegetation 

In western Romania mesic beech forests occur in humid climate at elevations above 500/600 

m a.s.l. They are dominated by beech (usually Festuco drymeiae-Fagetum / alliance Symphyto 

cordati-Fagion) with occasional species such as Acer platanoides, Acer pseudoplatanos, 

Carpinus betulus and Prunus avium occurring in the dominant tree layer. Pure beech forests are 

gradually replaced by mesic mixed beech-hornbeam and hornbeam-oak forests (Carpino-
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Fagetum and Lathyro hallersteinii-Carpinetum / alliance Lathyro hallersteinii-Carpinion) with 

decreasing elevation. Next to Q. petraea and F. sylvatica, Tilia tomentosa, C. betulus and 

different Acer spp. determine the main canopy layer and heat indicator species such as Sorbus 

torminalis and Acer campestris start to become present (Bohn et al., 2000; Coldea et al., 2015; 

DoniἪŁ, 1992; Indreica et al., 2017; Kasper et al., 2021). Numerous variations of classifying the 

social groups in the mixed forest zone exist and are quite divergent (Oberdorfer, 1992). Towards 

the colline belt these mixed forests give way to thermophilic oak forests (< 300/400 m) 

characterized by different oak species in the dominant canopy layer and C. betulus, A. 

campestris and S. torminalis in the under-story. In comparison to western Europe, Pannonian 

oak species such as Turkey oak (Q. cerris) and Hungarian Oak (Q. frainetto) are frequently 

present (Figure 6) forming the Pannonian-Balkan Turkey oak forests (Potentillo micranthae-

Quercetum dalechampii / alliance Quercion confertae) (DoniἪŁ, 1992; Heinrichs et al., 2016; 

Indreica et al., 2017; Kasper et al., 2021; Walentowski et al., 2015).  

 

Figure 6: Distribution map of Turkey Oak (Q. cerris), Hungarian Oak (Q. frainetto) and Silver Lime (T. 
tomentosa) over south-eastern Europe, based the Euforgen data base (www.euforgen.org) (distribution 

maps created by Jan Kasper). 

At this elevation beech forests are found only extra-zonally on northern slopes or in valleys 

with higher humidity, representing ñrear edgeò populations, while plains and slopes with 

southern exposition are covered by thermophilic oak forests (DoniἪŁ, 1992; Lenoir et al., 2013; 

Maclean et al., 2015). T. tomentosa as a species of the south-east European flora (Figure 6) also 

http://www.euforgen.org/
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plaid an important role in the forests of the study region. Frequently encountered in the mixed 

beech-hornbeam and hornbeam-oak forest zone, the species also formed pure stands which are 

thought to be a result of timber extraction in the distant past as T. tomentosa is able to rapidly 

colonize forest gaps (Dinic et al., 1999; Radoglou et al., 2009).  

1.7 Project framework and data collection  

Project framework  

The thesis was conducted in the framework of the NEMKLIM project (https://blogs.hawk-

hhg.de/nemklim) as module 4 ñTree Vitality Analysisò and investigates climatically induced 

transitional zones from beech to oak dominated forests at natural beechïoak ecotones over 

elevation. The field work took place in the summers of 2018 and 2019 and compromised the 

collection of a wide range of data. Focus was the analysis of dendrological cores, to identify 

climate change impacts on the dominant tree species in the beechïoak ecotone. The 

dendrological analysis on all transects was supported by environmental data acquisition through 

forest inventories and soil sampling.  

Forest inventories 

Objectives of the inventories were information on species composition, identification of 

forest types, information on stand vitality as well as forest- and tree population structures. 

Furthermore, geographical characteristics and forest management legacies were assessed. The 

inventory design was systematic sampling with circular, nested area plots for all trees with a 

diameter at breast height (DBH) Ó 7 cm. Sample plots were distributed according to a square 

grid (200 x 200) with a north-south orientation and a random starting point (Figure A1ïA3 in 

the Appendix). Table A2 (in the Appendix) depicts the transect lengths (m), inventory area sizes 

(ha), samples sizes (n) and sample intensities (%) for the three inventory sites. Details of the 

forest inventory methods and results are described in Kasper et al. (2021) (see Chapter 2) and 

in the B. Sc. thesisôs from R¿mping (2019) and Schmidt (2020). 

Dendrological sampling 

The vegetation gradients on the three transects reflected the altitudinal zonation of forest 

communities in western Romania, which was verified by the results of the forest inventories 

(Kasper et al., 2021) (see Chapter 2). Five dominant tree species of the four identified forest 

types in the beechïoak ecotone (see Tables A2ïA3 in the Appendix) were selected for 

dendrochronological study, e. g. F. sylvatica as the dominant species of the moist mesic beech 

forests, Q. petraea, Q. frainetto and Q. cerris as the dominant species of the subhumid-
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thermophilic oak forests, and F. sylvatica, Q. petraea and T. tomentosa as a typical element of 

the subhumid mixed beech-oak-hornbeam forests in the transition zone. In addition, north-

facing F. sylvatica stands were sampled at colline elevation as ñrear-edgeò xeric beech forests, 

which exist within the thermophilic oak forest zone in pockets of moister microclimates. In 

total we thus sampled five species and, in case of F. sylvatica, two site types. Here for in Mayï

June 2018 and 2019, 30ï60 wood cores per forest type and transect were collected, resulting in 

92ï153 cores per tree species. All selected trees were dominant trees of the upper canopy within 

most cases > 40 cm DBH, which were free of signs of pathogen attack, pre-senescent leaf 

abscission, canopy dieback, or other damage. For every cored tree, we recorded the DBH, 

height and stem coordinates (means of height and DBH). As tree cores were sampled after the 

beginning of the growing season, the last half-year ring was omitted from analysis and tree ring 

series collectively ended in 2017. Details of the tree ring analysis methods and results are 

described in (Kasper et al., 2022) (see Chapter 3) 

Soil sampling 

Soil samples were taken approximately every 50 mï100 m in altitude following the transect 

crest (Figure A1ïA3 in the Appendix). For transects A and B, 13 samples were taken along the 

transect with a southern slope exposition and additionally 3 samples were taken on xeric beech 

forests outside from the transects with northern slope orientation. For transect C, due to its 

higher elevation, 15 sample plots were taken along the transect with a southern slope exposition 

and 3 with northern slope orientation for xeric beech forests (in this case they were located on 

the transects). Details of the soil analysis methods and results are described in Kasper et al. 

(2021) (see Chapter 2) and in the B. Sc. theses from Grºning (2019) and Loris (2019). 

1.8 Hypotheses and research questions 

Discrete hypotheses and research questions guiding this doctoral study were: 

Chapter 2: 

H1) Tree species diversity increases with the transition from beech to oak dominance, as beech 

dominance suppresses light and warmth-loving species.  

H2) The aboveground biomass C storage decreases from beech to oak dominance, as drought-

affected forests accumulate less biomass.  
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H3) Soil organic carbon (SOC) storage decreases from beech to oak dominance, as higher 

temperatures favour mineralization.  

H4) The C stock decrease in biomass is primarily a tree species effect, while the decrease in 

SOC is mainly a climatic (elevation) effect.  

Chapter 3:  

Q1) Which climatic factors (precipitation, temperature, or climatic aridity) are the dominant 

limiting factors of radial growth in beech, linden and oak in the natural beechïoak ecotone? 

Q2) Do long-term trends in radial growth differ between mesic and xeric (rear-edge) beech 

stands as well as between beech, linden and oak species?  

Q3) What relationship exists between long-term radial growth trends and trends in summer 

temperature, summer precipitation and climatic water balance in the five species, and what are 

climatic thresholds for growth decline?  

Q4) Do the five species differ in their growth response to severe 20th century summer droughts?  

Chapter 4:  

Q1) How do beech, silver linden and the three oak species differ in their climate sensitivity of 

growth?  

Q2) Did the climate sensitivity of the five species change from the mid-20th century to the 

period with pronounced warming since the 1980s?  

Q3) Do the five species differ in their between-population growth synchronicity and how did 

the recent warming affect the synchronicity?  

Q4) Do mesic and xeric (rear-edge) beech populations differ in their climate sensitivity and 

synchronicity of climate stress response?  

In a ñtime for space approachò and with these hypotheses guiding the research, the overall 

goal of this doctoral study was to deliver results from an ñin the fieldò model depicting possible 

scenarios and effects of climate warming for Central European beech forests regarding their 

distribution ranges, vitality, carbon sequestration function and economic productivity in the 

future.   
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1.10 Appendix 

Tables 

Table A1: Averages calculated for mean summer temperature (MST) in °C and mean summer 

precipitation (MSP) in mm, from the extracted CHELSAcruts climate data timeseries for the periods 

1960ï1979, 1980ï1999 and 2000ï2016 (Karger et al., 2017). 

 Transect A Transect B Transect C Mean (A+B+C) 

Period 60ï79 80ï99 00ï16 60ï79 80ï99 00ï16 60ï79 80ï99 00ï16 60ï79 80ï99 00ï16 

MST 18.6 19.0 20.4 18.9 19.4 20.8 19.5 20.0 21.4 19.0 19.5 20.9 

MSP 232.4 216.8 229.9 281.6 259.8 274.0 187.0 170.2 180.9 233.7 215.6 228.3 

 

Table A2: Transect length, inventoried forest area, number of inventory plots, sampling intensity (plot 

area per forest area in %), and total sampled areas in the three transects (AïC). All plots had a size of 

314.2 m2. 

Transect Length [m] Area [ha] Plots [n] Samp. int. [%] Samp. area [m2] 

A 6694 357.7 90 0.79 28278 m2 

B 6696 352.5 90 0.79 28278 m2 

C 7465 405.0 100 0.76 31416 m2 
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Table A3: Basal area in percent of stand total (BArel), stem density (Ntot), mean DBH, mean tree height (H), basal area in absolute figures (BAtot;) for each tree 

species averaged over all plots for transects AïC. Given are also the number of inventory plots (size = 314.2 m²) per transect (n). Coniferous species (Larix 

decidua, Pinus spp. and Picea abies) and other rarely encountered broadleaf tree species (Acer tataricum, Q. robur, Salix spp., T. cordata) were categorized into 

the classes Other coniferous or Other deciduous. 

 Transect A (n=90) Transect B (n=90) Transect C (n=100) 

 BArel Ntot DBH H BAtot BArel Ntot DBH H BAtot BArel Ntot DBH H BAtot 

Species (%) (ha-1) (cm) (m) (m² ha-1) (%) (ha-1) (cm) (m) (m² ha-1) (%) (ha-1) (cm) (m) (m² ha-1) 

A. campestre 0.2 5.0 13.3 16.2 0.1 0.1 1.5 17.7 19.3 0.0 0.3 4.8 14.8 9.7 0.1 

A. platanoides 1.4 11.7 22.7 22.6 0.6 0.4 2.9 25.1 25.2 0.2 0.4 2.2 27.9 19.9 0.2 

A. pseudoplatanus 1.3 7.8 27.4 21.0 0.5 0.1 0.7 22.5 20.3 0.0 1.3 7.0 28.3 19.9 0.6 

Betula spp.      2.2 18.3 24.3 22.4 0.9      

C. betulus 5.7 111.1 15.0 17.0 2.3 11.0 159.9 17.6 18.4 4.5 3.8 70.0 14.7 12.8 1.6 

C. orientalis           1.1 44.6 10.8 9.1 0.5 

F. excelsior           0.1 1.3 16.9 13.4 0.0 

F. ornus           3.0 86.9 12.6 10.4 1.2 

F. sylvatica 27.1 128.0 29.7 29.2 10.7 42.5 244.0 26.1 26.2 17.3 35.2 263.6 22.6 22.9 14.7 

Other coniferous 1.9 21.2 20.3 23.3 0.8 0.9 17.6 16.1 17.9 0.4 0.0 2.9 8.6 7.3 0.0 

Other deciduous 0.3 1.8 19.8 17.1 0.1 0.3 2.6 21.6 20.9 0.1      

P. avium 1.8 18.4 20.1 20.3 0.7 1.4 10.6 24.3 23.8 0.6      

Populus spp. 0.0 1.1 10.5 6.4 0.0 2.9 11.7 32.2 28.5 1.2 0.2 1.9 23.5 18.8 0.1 

Q. cerris 3.6 20.5 28.7 22.6 1.4 3.2 9.5 41.0 31.2 1.3 0.7 4.5 26.8 13.5 0.3 

Q. frainetto 1.8 11.7 26.7 21.5 0.7 0.7 1.5 44.5 20.6 0.3 2.4 18.1 24.6 14.8 1.0 

Q. petraea 26.9 163.0 26.8 25.2 10.6 9.3 46.1 30.5 25.0 3.8 26.0 172.5 26.6 18.3 10.8 

R. pseudoacacia      0.5 6.2 20.0 20.1 0.2 0.5 6.0 19.5 12.2 0.2 

S. torminalis 0.3 5.0 15.1 12.9 0.1 0.1 1.8 11.2 9.4 0.0 0.5 9.5 15.2 11.5 0.2 

T. tomentosa 27.4 316.2 19.1 21.3 10.8 22.7 117.8 29.2 28.2 9.3 24.2 211.7 21.5 19.2 10.1 

Ulmus spp. 0.3 3.9 18.0 25.1 0.1 1.7 6.2 28.1 25.0 0.7 0.3 3.5 19.3 14.1 0.1 

Totals  827.3   39.4  660.8   40.8  909.7   41.8 
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Table A4: Basal area in percent of stand total (BArel), stem density (Ntot), mean DBH, mean tree height (H) and basal area in absolute figures (BAtot) for all 

tree species pooled over three transects (AïC) for: moist mesic beech forests & low-elevation xeric beech forests (plots with BArel of F. sylvatica > 66%), sub-

humid / thermophilic oak forests (plots with BArel of Quercus species > 66%), post-disturbance linden forests (plots with BArel of T. tomentosa: > 66%), sub-
humid mixed beech-oak-hornbeam forests, and all other forests. Given are also the number of inventory plots per forest type (n). Plots with an absolute basal 

area (×BAtot;) < 10 mĮ ha-1 were classified as non-forests (n=15) and excluded. Coniferous species (Larix decidua, Pinus spp. and Picea abies) and other rarely 

encountered broadleaf tree species (Acer tataricum, Q. robur, Salix spp., T. cordata) were categorized into the classes Other coniferous or Other deciduous. 

 

Moist mesic & "rear-edge" xeric 
beech forests (n=69) 

Sub-humid mixed beech-oak-
hornbeam forests (n=106) 

Sub-humid / thermophilic oak 
forests (n=52) 

Post-disturbance linden forests 
(n=38) 

Species 
BArel Ntot DBH H BAtot BArel Ntot DBH H BAtot BArel  Ntot  DBH  H BAtot  BArel  Ntot  DBH  H BAtot  

(%) (ha-1) (cm) (m) (m² ha-1) (%) (ha-1) (cm) (m) (m² ha-1) (%) (ha-1) (cm)  (m) (m² ha-1) (%) (ha-1) (cm)  (m) (m² ha-1) 

A. campestre 0.0 0.5 16.8 15.6 0.0 0.3 5.1 17.3 15.5 0.1 0.2 5.5 11.8 10.5 0.1 0.1 5.0 10.1 14.4 0.0 

A. platanoides 0.7 4.6 29.4 26.8 0.3 1.0 6.9 24.6 21.6 0.4 0.4 4.9 18.9 19.7 0.1 0.4 5.9 18.9 20.4 0.2 

A. pseudoplatanus 0.4 2.8 26.6 24.3 0.2 2.0 10.8 28.1 19.5 0.8 0.1 0.6 33.2 22.8 0.1 0.1 0.8 20.0 21.1 0.0 

Betula spp. 0.5 3.7 28.8 28.2 0.2 1.4 11.1 25.3 23.2 0.6 0.0 0.6 15.0 - 0.0   
    

C. betulus 1.4 20.3 18.3 18.4 0.6 13.3 202.1 16.8 18.0 5.5 3.2 68.6 14.1 13.4 1.2 3.8 117.3 13.3 14.5 1.9 

C. orientalis   
    0.6 19.5 11.5 10.1 0.2 0.9 36.1 10.4 8.1 0.3 0.2 13.4 9.5 8.7 0.1 

F. excelsior   
    0.1 1.2 16.9 13.4 0.0 

          
F. ornus 0.1 2.3 13.3 10.0 0.0 1.9 50.4 13.2 11.0 0.8 1.4 49.0 11.3 8.8 0.5 0.5 16.8 12.4 12.2 0.2 

F. sylvatica 89.1 559.6 26.8 28.1 41.1 23.6 154.7 23.8 24.9 9.7 2.9 40.4 16.0 16.9 1.1 3.3 46.9 18.0 22.5 1.6 

Other coniferous   
    2.3 32.4 18.4 21.5 1.0   

      
    

Other deciduous 0.1 0.9 28.5 32.8 0.1 0.2 4.8 14.8 16.3 0.1 0.4 1.2 24.1 21.4 0.1 0.0 0.8 7.0 7.3 0.0 

P. avium 0.5 1.8 40.7 29.6 0.3 1.6 16.2 20.5 21.7 0.6 0.5 4.9 16.7 14.0 0.2 1.2 12.6 22.9 23.2 0.6 

Populus spp. 0.3 2.3 26.8 22.4 0.1 2.3 8.1 34.6 29.0 1.0 0.2 3.1 16.7 18.2 0.1 0.0 0.8 19.0 20.7 0.0 

Q. cerris 0.2 0.5 44.3 31.8 0.1 1.4 8.4 27.2 22.4 0.6 10.6 42.2 33.4 23.4 4.0   
    

Q. frainetto   
    1.0 2.4 43.3 20.8 0.4 7.4 52.6 24.6 16.8 2.8   

    
Q. petraea 3.1 17.1 31.4 25.9 1.4 19.1 119.5 26.9 21.5 7.9 66.2 360.5 27.9 22.4 25.0 7.7 88.0 21.8 21.2 3.7 

R. pseudoacacia       1.0 10.5 20.0 14.7 0.4 0.0 0.6 10.0 9.7 0.0       

S. torminalis 0.0 0.5 19.3 12.1 0.0 0.4 6.6 16.1 12.9 0.2 0.5 12.2 13.0 10.4 0.2 0.1 4.2 12.8 11.2 0.1 

T. tomentosa 3.3 17.5 30.0 23.6 1.5 24.8 190.7 22.7 22.4 10.2 5.1 49.0 19.9 17.7 1.9 82.4 917.2 21.3 23.7 39.9 

Ulmus spp. 0.2 1.8 26.7 26.6 0.1 1.6 8.7 23.6 20.1 0.7       0.2 5.0 16.2 23.4 0.1 

Total  636.2     46.2  869.3     41.3  733.3     37.8  1234.7     48.5 
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Table A5: Results (means and SD of the pooled data from the three depths 0ï10 cm, 10ï20 cm and 20ï40 cm) of soil physical and chemical analyses in the 

different forest types in the transects A, B, and C with the corresponding sample size (n). Soil texture (contents of sand, silt and clay) and water storage capacity 

at a matric potential > -1.5 (pAWC) were only determined for the 20ï40 cm layer. Abbreviations: Soil texture = dominant soil texture class, Sand = Sand content 
[in %], Silt= Silt content [in %], Clay = Clay content [in %], pAWC = Plant-available water capacity in [%], pH= pH in H2O, B.D.= Bulk soil density [g cm-3], 

SOC = soil organic carbon concentration [%], STN = soil total nitrogen concentration [%], Pav = resin-exchangeable P [µg g-1], C / N = C / N ratio [g g-1], Ca+2
ex 

= BaCl2-exchangeable Ca+2 pool [molc m
-2], K+

ex = BaCl2-exchangeable K+ pool [molc m
-2], Mg+2

ex = BaCl2-exchangeable Mg+2 pool [molc m
-2], CEC = cation 

exchange capacity [µmolc g
-1], BS = base saturation [%]. No soil analyses were conducted in the post-disturbance linden forests. 

 Moist mesic beech forests Low-elevation xeric beech forests Sub-humid mixed beech-oak-hornbeam forests Sub-humid / thermophilic oak forests 

Transect A (n=3) B (n=3) C (n=4) A (n=3) B (n=3) C (n=3) A (n=5) B (n=7) C (n=8) A (n=5) B (n=3) C (n=3) 

Soil 
texture 

 

sandy silt sandy silt 
high-silty 

sand / silty-

loamy sand 

sandy silt sandy silt 
medium 

loamy sand 
sandy silt / silty 

loam 
sandy silt / silty-

loamy sand 
high-medium 

silty sand 
sandy silt / 

poor silty sand 
silty-loamy 

sand 
high-medium 

silty sand 

Clay 0.02 (0.03) 0.08 (0.04) 0.09 (0.07) 0.01 (0.01) 0.01 (0.02) 0.10 (0.07) 0.07 (0.09) 0.09 (0.10) 0.05 (0.05) 0.06 (0.08) 0.20 (0.09) 0.01 (0.01) 

Silt 0.73 (0.08) 0.56 (0.10) 0.44 (0.03) 0.63 (0.07) 0.66 (0.07) 0.21 (0.14) 0.53 (0.14) 0.72 (0.20) 0.41 (0.14) 0.75 (0.11) 0.49 (0.14) 0.38 (0.04) 

Sand 0.25 (0.05) 0.36 (0.08) 0.48 (0.06) 0.36 (0.06) 0.33 (0.06) 0.68 (0.09) 0.4 (0.19) 0.19 (0.13) 0.54 (0.11) 0.19 (0.11) 0.31 (0.23) 0.61 (0.03) 

pAWC 0.30 (0.01) 0.30 (0.04) 0.29 (0.11) 0.26 (0.03) 0.35 (0.12) 0.25 (0.03) 0.23 (0.04) 0.34 (0.07) 0.27 (0.04) 0.33 (0.06) 0.33 (0.06) 0.27 (0.02) 

B. D. 1.15 (0.17) 1.05 (0.18) 0.85 (0.15) 1.20 (0.20) 0.81 (0.23) 0.91 (0.16) 1.36 (0.13) 1.01 (0.22) 0.96 (0.18) 1.24 (0.17) 1.11 (0.13) 1.05 (0.08) 

pH 5.20 (0.26) 5.05 (0.42) 5.03 (0.34) 4.96 (0.25) 4.72 (0.15) 4.60 (0.16) 5.19 (0.46) 5.28 (0.4) 5.27 (0.30) 5.03 (0.29) 4.91 (0.17) 5.03 (0.23) 

SOC 1.45 (0.70) 1.68 (1.02) 2.16 (0.95) 1.26 (0.70) 1.26 (0.74) 1.56 (0.80) 1.37 (0.67) 1.26 (0.58) 1.53 (0.96) 1.44 (0.90) 1.12 (0.55) 0.99 (0.44) 

STN 0.12 (0.06) 0.14 (0.08) 0.16 (0.07) 0.09 (0.05) 0.10 (0.05) 0.07 (0.03) 0.12 (0.06) 0.12 (0.05) 0.11 (0.07) 0.13 (0.07) 0.12 (0.05) 0.07 (0.02) 

Pav 3.46 (2.16) 2.25 (1.07) 33.36 (22.07) 1.63 (0.92) 0.67 (0.50) 2.49 (1.36) 7.44 (5.64) 8.13 (11.76) 16.44 (18.2) 6.49 (5.46) 1.26 (0.60) 3.08 (1.92) 

C/N 11.87 (1.23) 11.60 (2.98) 14.10 (3.12) 13.46 (1.27) 12.77 (1.80) 21.78 (2.36) 10.96 (1.01) 10.31 (2.29) 13.79 (1.74) 10.94 (1.09) 9.29 (0.97) 14.27 (2.15) 

Ca²ϕex 4.34 (1.35) 4.19 (3.90) 2.92 (1.73) 1.04 (0.54) 0.33 (0.23) 0.24 (0.15) 3.7 (3.38) 6.54 (4.17) 2.32 (2.05) 2.46 (2.44) 2.78 (2.63) 1.22 (0.47) 

K+
ex 0.18 (0.09) 0.08 (0.02) 0.12 (0.10) 0.12 (0.03) 0.07 (0.03) 0.09 (0.05) 0.20 (0.13) 0.11 (0.07) 0.19 (0.18) 0.23 (0.19) 0.12 (0.06) 0.11 (0.06) 

Mg²ϕex 1.02 (0.48) 0.63 (0.32) 0.56 (0.43) 0.43 (0.22) 0.18 (0.15) 0.06 (0.03) 0.70 (0.53) 1.83 (1.09) 0.55 (0.39) 0.95 (0.49) 1.28 (1.07) 0.74 (0.36) 

CEC 85.7 (23.3) 96.7 (32.6) 86.0 (27.0) 50.2 (14.6) 60.9 (13.0) 34.7 (13.6) 56.1 (21.1) 123.6 (44.8) 58.6 (33.8) 66.5 (16.5) 91.08 (26.0) 51.5 (5.0) 

B.S. 58.2 (17.6) 44.5 (31.9) 48.2 (26.0) 28.5 (14.5) 11.6 (6.8) 13.8 (7.2) 52.2 (30.0) 59.3 (29.8) 52.9 (24.6) 41.1 (24.2) 35.62 (22.8) 39.0 (15.6) 
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Figures 

 

Figure A1: Study transect A (Milova): sampling design showing the elevation transect (North ï South 
orientation) with the contour lines (10 m and 50 m steps), the inventoried area with the inventory points 

and soil samples as well as slope aspects (N-E-S-W). 




































































































































































































































































































































