Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 March 2021 d0i:10.20944/preprints202103.0684.v1

Article
Climate analogues for temperate European forests —forestry

practice profits from silvicultural evidence in twin regions

Tobias Mette'*, Susanne Brandl' and Christian Kolling?

1 LWF - Bavarian State Institute of Forestry, Hans-Carl-von-Carlowitz-Platz 1, 85354 Freising, Germany; to-
bias.mette@lwf.bayern.de (T.M.); susanne.brandl@lwf.bayern.de (S.B.)

2 AELF Roth - Food, Agriculture and Forestry Office Roth; Johann-Strauf3-Str. 1, 91154 Roth; chris-
tian.koelling@aelf-rh.bayern.de (C.K.)

* Correspondence: tobias.mette@lwf.bayern.de; Tel.: +49-8161-4591-223

Abstract: Climate analogues provide forestry practice empirical evidence of how forests are man-
aged in “twin” regions, i.e. regions where the current climate is comparable to the expected future
climate at a site of interest. But the uncertain future climate creates uncertainty in how to adapt the
forests. We therefore investigate how the uncertainty in future climate affects tree species suitabil-
ity and whether there is a common underlying pattern. Like most studies we employ different en-
semble variants of RCP 4.5 and 8.5. But instead of focusing on a single point in future time, we re-
solve each variant in a climate trajectory from 2000 to 2100. We calculate climatic distances between
the climate trajectories of our site of interest and the current climate in Europe, generating maps
with twin regions from 2000 to 2100. Forest inventories from the twin regions allow us to trace the
changes in the prevalence of 23 major tree species. We find that it is not the direction but rather the
velocity of the change that differs between the scenarios. We use this pattern to propose a tree
species suitability concept that integrates the uncertainty in future climate. Twin regions provide
further information on silvicultural practices, pest management, product chains etc.

Keywords: climate analogue; climate change; model ensemble; twin region; analogue region; na-
tional forest inventories; species suitability; forest adaptation; forestry practice; Europe

1. Introduction

Climate change is a major threat to European forests [1, 2]. The mean annual tem-
perature has increased 1.7-1.9 °C from the pre-industrial reference to the last decade —
way stronger than the global average of 0.94-1.03 °C [3]. Climate models predict temper-
ature to rise another 0.9-3.5 °C (climate models in Table 1 for Europe). While Northern
Europe experiences a drastic temperature rise, for Southern Europe a further reduction of
summer precipitation has probably more severe consequences [1, 4]. Forests react to
climate change not gradually but rather suddenly as a consequence climatic extremes [5,
6]. Only recently, a series of three exceptionally dry summers has led to a widespread
forest dieback in Middle Europe — media and science coined the term “Forest crisis’ [7, 8].
The dieback affected not only the boreal tree species Norway spruce and Scots pine but
also native temperate tree species like European beech and others [9-11]. Foresters, forest
owners and society are startled — is this the beginning of the extirpation of our forests?
How could it come that far? Where will it lead us?

Forest science has a long history of investigating tree species-climate relations and of
consistently warning about adverse consequences of climate change [12-15]. And of not
reaching forestry at its basis? We do not share this point of view as forest institutions and
organisations are well aware of bridging the gap between science and practice [16, 17].
There may yet be two strong arguments why forest owners hesitate to adapt their forests
to a new climate. First, climate change remains an abstract risk as long as people are not
affected personally [18, 19]. Second, the introduction of new tree species requires daring
something unknown and local knowledge is scarce [20, 21]. It is this second argument
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that our article is targeting at: via climate analogues we identify regions where such new
species are already cultivated — in a climate similar to what we expect in future.

Climate analogues are well-established in climate impact research [22-36]. The most
common way in climate analogues identifies a future climate for a certain site of interest
and searches for sites with a similar or analogue current climate. As in [26, 27] we adopt
the term “twin regions” for the analogue sites. All of the above mentioned studies rely on
temperature and precipitation — ranging from simple annual aggregations as in [34], to
more complex aggregations like interannual variability and parameter sets as in [27]. All
studies employ some kind of similarity or dissimilarity definition — ranging from a sim-
ple binning [34] to normalized indices like a standardized Euclidean distance [30, 36], for
comparison c.f. [37]. Whether simple or complex what counts is that: “The appropriate-
ness of a specific analogy in a specific situation [...] does not concern the number of sim-
ilarities two objects share but rather the significance of the similarities.” [24].

For the future climate of the site of interest, most of the mentioned studies work with
climate ensembles and two or more scenarios. Ensembles smooth periodic trends inher-
ent in the chaotic nature of climate models while different scenarios account for the un-
certainty in future climate pathways [38]. Although each study uses its own set of sce-
narios most of them determine a climate shift in the order of 0.5-5 km per year [34, 39- 41].
[40-44] consternate that natural tree species migration is too slow fueling a controversal
debate on assisted migration [45- 50].

The project ANALOG also employs climate analogues as a means of communication
and guidance to forest owners to promote forest adaption to climate change. The project
is realized in cooperation between forest owner organizations and governmental institu-
tions in the area of the local office for food, agriculture and forestry AELF Roth near
Nuremberg, Germany [51]. Our climate analogue approach builds upon three parame-
ters: summer temperature, winter temperature and summer precipitation. These param-
eters are important especially in temperate and boreal regions where temperature limits
the vegetation period typically to 4-8 months [52] (pp 41-44), and proved successful and
robust in predicting tree species distribution and growth in temperate Europe [53, 54].
Like most climate analogues we search where the climate future at a given site — as pro-
jected by different ensembles — is realized under today’s climate conditions. What is
unique about our approach is that we resolve the projected climate change in a
time-climate trajectory of six 20-year time steps from 2000 to 2100. For a given climate
scenario the time trajectory corresponds to a climate trajectory which in analogue terms
translates into a spatial-geographic trajectory. A pan-European data set on tree species
occurrence [55] allows us determining species prevalence in the twin regions and deriv-
ing species prevalence trajectories for a chosen climate scenario. For the most abundant
tree species these trajectories are astonishingly smooth — considering that prevalence is
not modelled but purely empirical. Methods and results of the analogues have been
published in different formats and for different sites [56-59].

More than the typical “start-to-end” analogues that compare a current “start” cli-
mate with some “end” climates at the end the 21st century, the analogue trajectories
emphasize the dynamic character of climate change and the transient character of any
forest management decision. So, more confusion, more uncertainty? Not necessarily. We
noted early that the species trajectories from 2000 to 2100 of the RCP 4.5 ensemble coin-
cide with the species trajectories of the RCP 8.5 from 2000 to approximately 2060. This has
implications for a tree species’ suitability assessments, and led us to a distinction of three
species groups [56-59]: (1) those with a strongly declining prevalence already at the be-
ginning of this century, (2) those with a prevalence peak during this century, and (3)
those where prevalence starts increasing only towards the end of this century.

In this paper, we examine in detail the relation of climate, geographic and species
trajectories between different ensembles arrangements of a large set of RCP 4.5 and RCP
8.5 models. Our main question is how the species prevalence trajectories differ between
the climate scenarios, and what conclusions can be drawn for adaptive measures in for-
estry. To focus results and discussion on the main question we discuss technical limita-
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tions and alternatives directly in the methods. The investigation is demonstrated for the
city of ‘Roth’ near Nuremberg, Germany, in the center of the focal region of the project
“ANALOG”.

2. Materials and Methods

Climate data are the backbone of climate analogues. To find climate analogues (or
“twins”) requires comparing current climate data and future climate data [24]. The cur-
rent climate can be regionalized from measurement-based data sources with high accu-
racy. In contrast, uncertainty is part of the nature of the future climate projections [38].
Spatial, temporal and parametric resolution, extent and accuracy of the data have to be
chosen according to the aim of the study, data availability, and processing resources.

For our climate analogues we restrict ourselves to the two most prominent, availa-
ble, and intensively studied climate parameters: 2 m air temperature and precipitation. A
monthly temporal resolution is sufficient, for the spatial resolution we need 1 km or 30
arc” raster data. The spatial extent should at least cover Europe. The temporal extent
should preferably cover the last decades in the case of the current climate and the 21st
century in the case of the future scenarios. For spatial consistency the current climate
should consist of one single data set. For the future scenarios we need to consider a range
of emission scenarios and climate models to account for the uncertainty of climate future.

Evaluating our criteria, our choice for the current climate data fell upon CHELSA
[60]. The data are based on a downscaling of ERA interim climatic reanalysis to a resolu-
tion of 30 arc” world-wide from 1979 to 2013, monthly. In case of temperature statistical
downscaling is used, in case of precipitation “orographic predictors including wind
fields, valley exposition, and boundary layer height” [60] are incorporated. The monthly
resolution of the data gives more flexibility in terms of choosing a reference period than
periodically aggregated data like worldClim [61, 62].

For the future climate projection we downloaded 10 RCP 4.5 and 10 RCP 8.5 climate
models from the EURO-CORDEX domain [63, 64]. The EURO-CORDEX initiative pro-
vides climate change projections of Europe where regional climate models (RCMs) were
used to downscale global climate models (GCMs). Table 1 specifies the four GCMs and
the three RCMs that were used for the RCP 4.5 ensemble and the RCP 8.5 ensemble of our
study. To avoid processing efforts for (bias) adjustment we selected the adjusted model
data in EUR11-resolution (~12 km) from the CLIPC-project [65]. The adjustment was
carried out distribution based [66] and used EURO4M-MESAN data [67] from 1989-2010
as reference. At the local scale climate may still vary considerably due to topoclimatic
effects. To account for this local climate variability we employ a simple delta adjustment
method [68] that calculates the local difference in mean annual temperature and the ratio
of the annual precipitation sum of the 12 km resolved climate model data to the 1 km
resolved CHELSA data using 1989-2010 as common reference period.

Based on earlier studies [53, 54], we focus our climate analogues on three climate
parameters that we identified as basic yet robust parameters in predicting tree species
distribution and growth in temperate Europe:

* seasonal mean temperature from June to August (meteorological summer);
*  seasonal mean temperature from June to August (meteorological winter);
*  seasonal precipitation sum from June to August (meteorological summer).

For the current climate we average the mentioned climate parameters from the
CHELSA data from 1989 to 2010 (the adjustment period of the climate models). The cur-
rent climate serves as a reference in two ways: (a) as the climate where we look for twin
regions of the projected future climate of a site, (b) as the reference climate which we use
for a local adjustment of the climate models.

Table 1. Climate models in this study. Global climate models (GCMs) and regional climate models
(RCMs) used to downscale the GCMs (n = 10 RCP 4.5 models and 10 RCP 8.5 models). Data from
EURO-CORDEX in EUR 11" resolution, monthly 1971-2100, adjusted as in [21].

Global climate mod- Regional climate models
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els CCLM44-8-17,  RCA4, Rossby Centre, REMO, GERICS,
CLM-community [69] Norway [70] Germany [71]

CNRM-CM5, CER-
FACS, France [72]
EC-Earth, European

r1 (RCP 4.5/ 8.5) r1 (RCP 4.5/ 8.5)

12 (RCP 4.5/ 8. 12 (RCP 4.5/ 8.
consortium [73] r12 (RCP4.5/8.5)  r12 (RCP 4.5/8.5)

HadGEM2-ES, Had-
ley Center, UK [74]

MPI-ESM-LR, MPI-M, r1 (RCP 4.5/ 8.5)
r1 (RCP 4.5/ 8.5) r1 (RCP 4.5/ 8.5) 2 (RCP 45/85)

r1 (RCP 4.5/ 8.5) r1 (RCP 4.5/ 8.5)

Germany [75]

Climate trajectories from 2000 to 2100 are calculated for each of the mentioned cli-
mate parameters and for each of the 20 climate models (10 for RCP 4.5, 10 for RCP 8.5).
Each trajectory consists of six 20-year time steps (average of 20-year intervals): 2000
(1991-2010), 2020 (2011-2030), ..., 2100 (2091-2110). Since there are no data beyond 2100,
we make the following assumptions for the last interval: in the case of temperature the
trend from 2071-2100 continues rising linearly to 2110; in the case of precipitation the
average for 2091-2100 holds true for the entire interval.

In other studies, we aggregated the RCP 4.5 and RCP 8.5 the climate trajectories of
our climate models to one mean trajectory for each RCP [56-58]. In this study we added
two different aggregations for each RCP and distinguish them as ‘low” and ‘high’ vari-
ants from the ‘mean’ variant. While in the mean variant all climate models are averaged
with even weights, in the low and high variant weights are shifted towards models with
a lower or a higher summer temperature in 2100 (Table S-1). The weights are assigned by
fitting a beta distribution on an assumed Gaussian distribution of summer temperature
in the models. For the low variant, the beta distribution is left-sided and its weights re-
turn the negative standard deviation, for the high variant vice versa. Looking at Table S-1
one can see that the low variant weights the CNRM models strongest and the high vari-
ant the HadGEM models. The same model weights are also applied to winter tempera-
ture and summer precipitation. Effectively, the low, mean, and high variants contain
different shares but all models. This procedure reduces decadal variabilities and con-
serves the covariation between the climate parameters.

Focal region of the project “ANALOG” is the region of Nuremberg where the
hotspots (by its actual meaning) are the Pegnitz and Rednitz valleys. In the latter lies the
demonstration site of this study, the city of ‘Roth’. As displayed in Table 2, the climate in
2000 (1991-2010) has an annual mean temperature of 9.5 °C and an annual precipitation
sum of 677 mm. With 18.3 °C in summer and 0.9 °C in winter, and a precipitation max-
imum in summer (208 mm), the climate can be characterized as warm-humid
(sub)continental. In 2100, the summer temperature has risen by +1.3 °C (RCP 4.5 low) to
+5.5 °C (RCP 8.5 high) with almost equal intervals between the variants. Due to the co-
variation between the climate parameters, both in the case of RCP 4.5 and RCP 8.5, the
models with a high rise in summer temperature are also the models with a stronger re-
duction in summer precipitation. In 2100, the summer precipitation has changed by
+4 %°C (RCP 4.5 low) to -22 % (RCP 8.5 high). The delta in winter temperature is almost
equal within the RCP variants (RCP 4.5 +2.4 °C, RCP 8.5 +4.9 °C). This has an important
consequence: (a) in the high variants summer temperature rises stronger than winter
temperature: climate becomes more continental, and (b) in the low variants summer
temperature rises less strong than winter temperature: climate becomes more oceanic.

Table 2. Climate parameters 2000 and 2100 in the six RCP variants for site Roth.

RCP variant Temperature (°C) Precipitation (mm)

Year Annual Summer Winter Annual Summer Winter
All 2000 9.48 18.33 0.89 677 208 145
RCP 4.5 low 2100 11.20 19.67 3.32 789 216 176
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RCP45mean 2100 11.55 20.35 3.25 750 213 172
RCP 4.5high 2100 11.81 20.91 3.39 709 195 172
RCP 8.5 low 2100  13.08 21.49 5.6 836 209 223

RCP85mean 2100 13.85 22.85 5.85 797 190 214
RCP 8.5 high 2100 14.34 23.81 5.84 727 162 196

Figures 1 (a) and (b) show the summer temperature trajectories and summer pre-
cipitation trajectories of the six RCP variants for the site Roth on a time axis from
1950-2100. Summer temperatures in the mean, low and high variants split up instantly
after 2000, but the RCPs behind the variants only split up after 2040. Figure 1 (c) plots the
summer temperature and summer precipitation trajectories directly against each other.
Despite some variation the relation is not random but follows an overall trend (or corri-
dor) of decreasing summer precipitation with increasing summer temperature.

To quantitative how similar two climates are we need a climatic distance metric
(dis-/similarity index). Plotting the three climate parameters summer temperature, winter
temperature and summer precipitation in a Cartesian coordinate system a simple Eu-
clidean distance can be calculated between any two points by extracting the square root
of the sum of the squared differences for each parameter. This procedure is very common
[37]. The question, however, is how to scale the parameters to each other — clearly, trees
are much less sensitive to 1 mm difference in summer precipitation than 1 °C difference
in summer temperature. A common approach is some sort of normalization, e.g. by the
standard variation over a 30 year time period [36]. To find a normalization that reflects
the tree species’ sensitivity to our three climate parameters we evaluated species distri-
bution models of 33 tree species in Europe (Mette unpubl.). Employing strongly penal-
ized generalized additive models [41] we can determine the tree species sensitivity over
the range of each climate parameter. For the climate parameter range in this study (Table
2) we can simplify the normalization as follows:

climDist ~ sqrt(diff(tjs/0.7)2+ diff(taje/1.1)2+ diff(pja/40)?) 1)

with climDist = climatic distance, tja = summer temperature in °C, tdajf = winter tem-
perature in °C and pj= = summer precipitation in mm. In Eq. 1, a climatic distance of 1
[unit] corresponds to 0.7 °C difference in summer temperature or 1.1 °C difference in
winter temperature or 40 mm difference in summer precipitation or — as an example for a
combination: 0.4 °C diff(tja), 0.6 °C diff(tsr) and 25 mm diff(pja). Note, that the climatic
distance quantifies only the magnitude but not the direction of a climatic difference, i.e.
contains no information which climate parameter deviates how strong and whether the
deviation is positive or negative. As long as the relation between the normalization con-
stants is respected, the quantity of the scaling parameters is not important. It would only
change the magnitude of the climatic distance. For the constants in Eq. 1, 90 % of Ger-
many lies within a climatic distance below 3.5 [units] from the reference climate of the
site Roth (cf. Figure S-1).

Twin regions are regions where the current climate is very similar to the future cli-
mate of a certain site of interest (for a selected set of climate parameters). In our case, we
determined twin regions in the current climate in Europe (CHELSA 1989-2010) for each
of the six 20-year time steps (2000-2100) of each of the six variants. We generate one twin
regions maps for each RCP variant and assign the different time steps distinct colors.
Regions that are analogue to two or more time steps are assigned to the latest one. We
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Figure 1. Climate trajectories for site Roth displaying the three RCP 4.5 and RCP 8.5 variants: (a) summer temperature
1950-2100, (b) summer precipitation 1950-2100, (c) summer temperature vs. summer precipitation. Noisy grey lines in
(a/b) display the model data, the black line in (a/b) the gridded temperature and precipitation data from [76].

thereby transform the time-climate trajectories into spatial-geographic trajectories. The
term “trajectory” is of limited adequacy as the time steps do not align like pearls on a
string but are rather dispersed due to the strong influence of topography. No climate is
absolutely identical, and twin regions have to be defined as regions within a certain cli-
matic distance. The distance threshold is essentially a compromise. It should be loose
enough to provide statistically robust information and strict enough to exclude too dis-
tant, useless information. We set the threshold according to our requirements on a robust
estimate of tree species prevalence to a value of 1.5 [units]. Once the twin regions are de-
fined, they can be studied in more detail in terms of geology, soils, landscape etc. to find
the most comprehensive possible match. Apart from scientific data exploitations, twin
regions can be explored on-site by everyone. The latter argument makes twin regions an
extremely useful tool in communicating climate change and demonstrating ways to build
climate-resilient future forests.

We are most interested in the tree species prevalence in the twin regions as an indi-
cation which tree species are climate-resilient under the expected future climate of our
site of interest. One of the most common approaches is climate-sensitive species distri-
bution models (SDMs, [41, 77-80]). For the climate analogues approach we can choose a
more direct way by looking at the species spectrum in the twin regions. To estimate the
tree species prevalence in the twin regions we used the national forest inventory data of
21 countries joined in a pan-European occurrence data set [55]. The data set is very handy
as it is open access, harmonized in terms of species names and uses a common 1 km ge-
ographic reference grid. Still, differences in survey methods and grid densities of the na-
tional inventories may confound a comprehensive analysis [81]. To avoid such problems
we first of all made sure that all the species in our analysis were actually part of the sur-
veyed species spectrum in the NFIs of the twin regions. Second, we adjusted differences
in grid density by applying a country-specific plot representation factor (km? forest area
per plot, cf. Table S-2) — well aware that regional grid differences cannot be reconstructed.
What remains unsolved is that, for instance, larger plot sizes, clustered plots or smaller
diameter thresholds all increase the probability for a species’” occurrence — especially of
rare species.

The tree occurrence data set yields a total number of 558282 observations for 242 tree
species in 21 countries. In our analysis we focus on 23 species that were among the three
most abundant species in at least one time step of at least one RCP variant. In the figures
the species names were coded with an intuitive abbreviation of the scientific name (genus
+ species). For all 23 species we determine the absolute species prevalence prevabs from
the occurrence data in the twin regions of each time step (i) and each RCP variant (j):
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Table 3. Names and abbreviation of 23 major European tree species in the focus of our study. Prevalence data for selected
countries from [55]. Prevalence = plot number with species/ total plot number (%). FIN = Finland, NOR = Norway, SWE =
Sweden, DEU = Germany, AUS = Austria, CHE = Switzerland, FRA = France, ITA = Italy, ESP = Spain

Species name Prevalence in selected countries’ NFIs (%)
English Scientific Abbreviation FIN NOR SWE DEU AUS CHE FRA ITA ESP
European larch Larix decidua Lar.decid. 0 0 02 120 349 O 1,0 95 0
Norway spruce Picea abies Pic.abies 65,6 55,2 755 564 84,5 674 82 13,7 0
Douglas fir Pseudotsuga menziesii Ps.menz. 0 0 0 94 04 07 39 08 02
Scots pine Pinus sylvestris Pin.sylv. 84,3 472 759 39,1 243 88 126 6,3 143
Black pine Pinus nigra Pin.nigra 0 0 0 06 1,8 01 39 59 10,8
maritime pine Pinus pinaster Pin.pinast. 0 0 0 0 0 0 70 21 161
common birch Betula pendula Bet.pend. 274 35 57 230 95 53 93 28 02
European beech Fagus sylvatica Fag.sylv. 0 02 15 509 344 433 21,1 189 59
mountain maple Acer pseudoplatanus Ac.pseu. 0 01 0 160 147 191 45 69 0.2
hornbeam Carpinus betulus Carp.bet. 0 0 03 136 77 21 173 44 0
pedunculate oak Quercus robur Qu.robur 0,1 0 53 249 82 34 260 18 54
sessile oak Quercus petraea Qu.petr. 0 0 0 21,1 74 45 206 46 20
Common ash Fraxinus excelsior Frax.exc. 01 1,0 12 16,8 14,8 16,0 12,1 6,0 0,9
field maple Acer campestre Ac.camp. 0 0 0 23 L7 13 63 77 08
wild service tree Sorbus torminalis Sor.torm. 0 0 0 06 03 01 29 14 01
sweet cherry Prunus avium Pr.avium 0 0,1 03 50 30 32 61 79 02
chestnut Castanea sativa Cast.sat. 0 0 0 08 14 33 11,9 163 3,8
Turkey oak Quercus cerris Qu.cerris 0 0 0 0 ,8 01 02 212 0
hop hornbeam Ostrya carpinifolia Ostr.carp. 0 0 0 0 0 05 02 20 O
black locust Robinia pseudoacacia Rob.pseu. 0 0 0 1,5 1,5 05 32 66 03
Manna ash Fraxinus ornus Frax.ornus 0 0 0 0 0 01 02 215 O
pubescent oak Quercus pubescens Qu.pub. 0 0 0 0 01 08 12,7 30,2 2,8
holm oak Quercus ilex Qu.ilex 0 0 0 0 0 0 51 10,1 26,1
prevabs(i,j) = sum(nPlotsoc(i,j) X repFac)/ sum(nPlotsau(i,j) x repFac) (2)

nPlotsocc(i,j) refers to the number of plots in the twin region (i,j) where the species
occurs, nPlotsan(ij) to all plots, and repFac to the NFI-plot representation factors that
balances different densities between the countries. Once the absolute prevalence has been
calculated for all time steps we can calculate a relative species prevalence prevr from
prevabss by dividing through the maximum prevalence of the species in any of the time
steps of any RCP variant:

prevre(i,j) = prevabs(i,j) / max(prevabs) 3)

Like the favourability measure in SDMs, the relative species prevalence prevrei(i,j)
ensures that each species maximum prevalence is set to 1 (=100%). It thereby normalizes
different absolute prevalences between the species. Unlike in SDMs the maximum prev-
alence max(prevabs) is derived only for the twin regions. The true maximum prevalence
may lie outside the climate space covered by the twin regions. But as long as we select the
most abundant species we assume that each of the species is a valid silvicultural option
and the trend of the relative occurrence reflects the climate-sensitivity correctly.

The relative prevalence of the most abundant tree species has become a standard
output of the “ANALOG”-project [56-58]. In what has been nicknamed the “icicle”
graphs we plot the relative prevalence of all species as horizontal bars (y-axis) from 2000
to 2100 (x-axis). The thickness of the bar indicates the relative prevalence at a certain time
step. Decreasing thickness from left (2000) to right (2100) indicates decreasing prevalence
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Figure 2. Twin region maps for site Roth (a) RCP 4.5 mean variant, (b) RCP 8.5 mean variants.

in the twin regions along the climate trajectory, increasing thickness increasing preva-
lence. The species are ordered according to the year where they reach their maximum
relative prevalence, separately for conifers and broadleaves. Grey numbers on the below
the x-axis tell the number of plots in the twin regions for each 20-year time step. Grey
numbers on the right vertical axis count the occurrences in all twin regions for each spe-
cies (weighted by country-specific representation factor). Asterisks <*> in the species bars
mark the three species with the highest absolute prevalence in each 20-year time step.

All analyses and graphics were done in R-Studio [82] with support of the raster and
rgdal packages [83, 84].

3. Results

3.1. Twin regions map

The twin regions maps in Figure 2 visualize how the future time-climate-trajectories
for the site Roth turn into a spatial-geographic trajectory in Europe’s current climate.
Figure 2 (a) shows the twin regions for the RCP 4.5 mean variant, Figure 2 (b) for the RCP
8.5 mean variant. For the time steps 2000, 2020 and 2040 the RCP 4.5 and RCP 8.5 twin
regions are very similar since their climate trajectories do not diverge much (c.f. Figure 1).
The 2000 twin regions (grey) cover the vicinity of Roth itself — the Bavarian Triassic and
Danube valley, large parts of the plains of Eastern Germany and Poland, and the Elbe
valley in Czech Republic. The 2020 twin regions (light blue) are situated mainly in East-
ern Germany and in the mountain ranges between the West-German Pfalz and the
French Morvan. The 2040 twin regions (green) are concentrated in the Rhine-Main-valley
and the lower altitudes bordering the French Morvan. A smaller 2040 twin region is
formed by the Weinviertel in Austria and the bordering Moraval valley in Czech Mol-
davia. From 2040 onwards the RCP 4.5 and 8.5 analogues separate. In RCP 8.5, the upper
Rhine valley remains mainly a 2040 twin region (green), only the hottest spots become a
2060 twin region (yellow). In RCP 4.5, the upper Rhine valley covers twin region from
2040 (green) to 2100 (dark red). The Saone valley between Dijon and Lyon is a 2100 twin
region in RCP 4.5, while in RCP 8.5 it is a twin region for 2040 at Dijon and 2060 at Lyon.
Only the lowest parts of the rivers Saone and Rhone near Lyon are 2080 twin region
(orange). 2100 twin regions in RCP 8.5 are found downstream the Rhone valley between


https://doi.org/10.20944/preprints202103.0684.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 March 2021 d0i:10.20944/preprints202103.0684.v1

(d)

Figure 3. Twin region maps for site Roth (a) low RCP 4.5 variant, (b) low RCP 8.5 variant, (c) high
RCP 4.5 variant, (d) high RCP 8.5 variant.

Valence and Montelimar. Larger twin regions for 2080 and 2100 in RCP 8.5 can also be
found in the upper Po valley in Italy and the Istrian peninsula in Croatia.

The twin region maps in Figure 3 complement Figure 2 by visualizing the low and
high variants of the RCP 4.5 and RCP 8.5. As pointed out in Table 2, the low resp. high
variants exhibit a weaker resp. stronger increase in summer temperature 2100, and a
weaker resp. stronger decrease in summer precipitation in 2100 compared to the mean
variant. Winter temperatures, on the contrary, are very similar between the variants. This
makes the low variants more oceanic and the high variants more continental compared to
the mean variant. From a geographic perspective, the twin regions of the low variant
should therefore shift northwards and of the high variant southwards compared to the
mean variants. From a time perspective, the twin regions of the low variant should shift
towards later times and of the high variant towards earlier times compared to the mean
variant. In both the RCP 4.5 and the RCP 8.5 variants, the time shift is clearly visible: ar-
eas that are green (2040) or yellow (2060) in the low variant become blue (2020) or green
(2040) in the high variant. The upper Rhine valley, for instance, is a 2060 twin region in
the low RCP 8.5 variant but a 2040 twin region in the high variant. In the low RCP 4.5
variant, the valley is even dark red (2100) while green (2040) in the high variant. The
geographic north-south shift, however, is hardly observable. More obvious is an
east-west (continentality) shift between the variants. In the low RCP 8.5 variant, e.g.,
oceanic regions like the French Gascogne become twin regions. The twin regions in the
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Figure 4. “Icicle graphs” showing relative prevalence from 2000 to 2100 of 23 major tree species in the twin regions of the
RCP 4.5 and RCP 8.5 mean variants for site Roth. Grey numbers below the x-axis indicate the number of NFI-plots in the
twin regions of each time step; grey numbers on the right vertical axis the total number of species occurrence in the plots
of all twin regions from 2000 to 2100. Asterisks <*> in the species cones mark the three species with the highest absolute
prevalence in each 20-year time step. Species abbreviations as in Table 3.

lower Po-valley in the high RCP 8.5 variant are both the result of the higher summer
temperature and continentality.

3.2.”Icicle graphs”: Tree species relative prevalence

The “icicle graphs” (as they are commonly nicknamed) in Figure 4 display the relative
prevalence of 23 major tree species in the twin regions along the geographic trajectories of
the RCP 4.5 and RCP 8.5 mean variant for the site Roth (corresponding to Figure 2). The
icicle graphs of the RCP variants can be viewed in the supplement (Figure S-2). The grey
numbers below the axis indicate that the number of plots in the twin regions are highest
for 2000 and 2020 and decrease towards 2100 — in the RCP 8.5 much stronger than in the
RCP 4.5. The grey numbers on the right vertical axis are high especially for species with
high prevalence between 2000 and 2060. Low counts are typical for species with low
prevalence in general or a high prevalence in the much scarcer 2080- and 2100-twin re-
gions.

From top to bottom the species list in Figure 4 starts with European larch and Norway
spruce — both species with an early steep decrease even in the RCP 4.5 scenario although
spruce is in 2000 still among the most abundant species. Douglas fir decreases already
slower and maintains almost 50 % of its highest prevalence in the RCP 4.5 2100. It de-
clines sharply in the RCP 8.5 between 2060 and 2080. Scots pine is a special case. Alt-
hough it appears to decline similarly steep as larch and spruce it stakes out through its
high absolute prevalence. It is the most abundant species in RCP 4.5 2000 and 2020, and
keeps throughout all scenarios a higher absolute prevalence than Douglas fir (cf. Figure
5). Even in RCP 8.5 2100 it is present on 4 % of all plots (compared to 52 % in 2000). In
contrast to Scots pine black pine increases from 2000 to 2100, especially in the more con-
tinental high variants of RCP 4.5 and 8.5 (Figure S-2). Maritime pine only becomes prev-
alent in the RCP 8.5 2100 (2080 in the high RCP 8.5 variant). Among the broadleaved tree
species silver birch is the first to decrease followed by European beech. Both decline in
RCP 8.5 between 2060 and 2080. Yet, until 2040 beech is among the most abundant spe-
cies in RCP 4.5 and 8.5. Mountain maple which is known for its preference of moist nu-
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Figure 5. Absolute prevalence of 10 major tree species in the twin regions of the RCP 8.5 mean
variant for site Roth, now with summer temperature on the x-axis. Time scales below the x-axis
relate the summer temperature in the six RCP variants to the scale of the x-axis.

trient-rich sites decreases later than beech after 2080 (RCP 8.5). Hornbeam, pedunculate
and sessile oak are the most abundant species between 2040 and 2100 in RCP 4.5 and
between 2040 and 2060 in RCP 8.5 (pedunculate oak in the low RCP 8.5 variant even until
2100, cf. Figure S-2). Common ash, field maple, wild service tree and wild cherry have in
common that they occur at all times in all scenarios. Common ash is the most prevalent of
them except for the RCP 8.5 2100 where wild cherry becomes more prevalent. Chestnut,
Turkey oak and European hop-hornbeam all exhibit prevalence values below 5 % in 2000.
Chestnut reaches above 10 % already in 2040 and ranges among the most abundant spe-
cies between 2060 and 2100 (high RCP 4.5 variant), 2080 and 2100 (low RCP 8.5 variant)
and 2060 (high RCP 8.5 variant). Hop-hornbeam and Turkey oak play little role in the
mean and low variants, but in the continental high variants they keep a prevalence above
10 % from 2040 onwards. Hop-hornbeam becomes one of the most abundant species from
2060 to 2100 in the high RCP 4.5 variant. Black locust, manna-ash and pubescent oak join
the game only after 2060 in the RCP 8.5 (but 2040 in the high RCP 4.5 and RCP 8.5 vari-
ants). All three rank among the most abundant species in the mean and high RCP 8.5
variant in 2080 and 2100 (pubescent oak also in other variants). Field elm and holm oak
start to increase as late as 2100 in the mean and high RCP 8.5 variant, but even here do
not reach the prevalence of the three previous species.

3.3. Tree species absolute prevalence

The “icicle graphs” in Figure 3 and 4 show that for a given point in time the species spec-
trum clearly differs between the RCP variants. We now scrutinise how strong the dif-
ferences are for a given point in climate, i.e. we substitute time on the x-axis by the climate
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Figure 6. Absolute prevalence of 12 major tree species in the twin regions of the six RCP variants
for site Roth. The summer temperature on the x-axis scales from 18.3 to 22.8 °C, the absolute
prevalence on y-axis from 0 to 0.5 (similar to Figure 5). Species abbreviations c.f. Table 3. Grey
number in brackets behind species name indicates variance explained by RCP 8.5 mean variant.

parameter summer temperature. In Figure 5, this is done with the absolute prevalence of
the 23 tree species using the data of the RCP 8.5 mean variant. The time scales below the
x-axis relate the summer temperature in each of the six RCP variants to the summer
temperature on the x-axis: The low RCP 4.5 variant exhibits the weakest temperature rise
from 18.3 to 19.6 °C, the high RCP 8.5 variant exhibits the strongest from 18.3 to 23.8 °C.
The other RCP variants fill the gap almost evenly. Consequently, for the low RCP 4.5
variant we expect the weakest and slowest change in the species spectrum between 2000
and 2100, for the high RCP 8.5 variant the highest and fastest change. From a common
start in 2000 (18.3 °C) with dominance of Scots pine, European beech and Norway spruce,
in 2100 the low RCP 4.5 variant has reached 19.7 °C and passes through the hornbeam,
pedunculate and sessile oak-optimum. Beech is still strong but already declining. In the
RCP 4.5 mean variant 2100 (20.3 °C), hornbeam, pedunculate and sessile oak are still
prevalent but decline, while pubescent oak and chestnut are on the rise and already ex-
hibit high prevalence. Also, manna-ash, black locust and hop-hornbeam gain in preva-
lence. This trend continues through the high RCP 4.5 variant (20.9 °C, 2100) and the low
RCP 8.5 variant (21.4 °C, 2100) with chestnut and hop-hornbeam reaching their preva-
lence maximum in the low RCP 8.5 variant in 2100. In the RCP 8.5 mean variant, the
species spectrum in 2100 (22.8 °C) is dominated by pubescent oak, black locust, man-
na-ash, field elm, wild cherry, holm oak, chestnut and hop-hornbeam.

Because the species prevalence plotted in Figure 5 corresponds to the RCP 8.5 mean
variant it is important to know where there are differences in the actual species preva-
lence in the other RCP variants. This is done in Figure 6 for twelve of the 23 species with
the same axes as in Figure 5. The thick black line represents the RCP 8.5 mean variant that
was displayed in Figure 5. The general trend whether species’ prevalence rises or de-
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clines is fairly similar between the variants. Especially, the prevalence of Norway spruce,
Scots pine, European beech, chestnut, black locust and pubescent oak are close to the RCP
8.5 mean variant (>70 % explained variance). Yet, there are also interesting differences
between the RCP variants. Hornbeam, pedunculate and sessile oak have higher preva-
lence in the low RCP variants (blue), and lower prevalence in the high RCP variants (red)
— Turkey oak, hop-hornbeam, and manna-ash the opposite. Differences between the two
variants are that (for a given summer temperature) the low variants have higher summer
precipitation and winter temperatures (cf. Table 2 and Figure 1). Especially the summer
precipitation of the high RCP 4.5 variant is between 2040 and 2080 lower than the RCP 8.5
mean variant. This leads to a temporary early and strong decrease in the case of horn-
beam, pedunculate and sessile oak, and a temporary early and strong increase in Turkey
oak, hop-hornbeam, manna-ash and pubescent oak in the high RCP 4.5 variant.

4. Discussion

Our main result is that over a range of RCP 4.5 and RCP 8.5 ensemble variants—
covering a temperature delta of 1.75-4.9 °C between 2000 and 21000 — the prevalence
curves of important tree species match very well when the time axis for each ensemble is
scaled to a temperature axis (Figure 5). There is a reason to it. The time trajectories of the
regarded climate parameters summer temperature, winter temperature and summer
precipitation lie within a more or less narrow “corridor” in all variants: with an increase
in summer temperature, winter temperature also increases and summer precipitation
decreases (c.f. Figure 1(c)). Effectively, the projected future climate of site Roth becomes
more mediterranean (hotter and drier summers). This trend corresponds to the overall
climate gradient from temperate to southern Europe — an advantage when searching
climate analogues. Differences between the variants are mainly due to a different
warming of summer and winter. The low RCP 4.5 and RCP 8.5 variants are more oceanic
the high variants more continental; the mean variants lie in between. Species like sessile
oak, pedunculate oak and hornbeam have a more oceanic distribution at their southern
distribution edge, species like Turkey oak, hop-hornbeam and manna-ash have a more
continental distribution. The most notable deviation from the common climate corridor is
the high variant of the RCP 4.5. From 2040 to 2080, summer precipitation is lower than
the other variants. Due to the overall gradient of decreasing summer precipitation to-
wards southern Europe the “twin” regions shift south — an effect in the same direction as
an increase in temperature. The species prevalence curves in Figure 6 for the high RCP
4.5 variant are therefore a bit advanced compared to the other variants.

The absolute prevalence of the 23 most abundant tree species in Figure 5 start al-
ready with a beech peak which turns into sessile oak-pedunculate oak-hornbeam peak
which is followed by a strong rise in pubescent oak, manna-ash and black locust.
Chestnut and hop hornbeam never dominate but have a prevalence peak between the
temperate sessile/ pedunculate and the Mediterranean pubescent oak. The prevalence
curves resemble typical dose-response functions [85]. Scots pine deviates somewhat from
the typical Gaussian-like function. Following an initial exponential decline the tail as-
sumes a linear shape.

Of course the vicinity of species on a climate scale or a geographic scale is distinct
from the temporal scale. In other words: whereas analogues (and predictions from spe-
cies distribution models do not differ in this respect) can substitute space for time the
forests cannot. Species change will not be gradual and not happen by all by itself. The
“legacy of the established” is very strong due to forest-inherent resilience and forestry
tradition [86-88]. Shifts in the tree ranges at the cold edge are too slow [40, 43, 89, 90], to
keep pace with the expected shifts in climate [41, 91] and the gap is widening. Conse-
quence is a climatic debt [92], extinction debt [93] or resilience debt [88] which is bound to
be “catalyzed by disturbance” [6]. To work towards healthy forest and forest functions in
a changing climate requires an actively assisted shift in the species spectrum [42, 44, 45,
48, 49].
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A first intuitive question may ask “what” this species spectrum should look like in
2100, 80 years from now. An optimist may take the RCP 4.5 as basis for his decision, a
pessimist the RCP 8.5 — who will be right? Well, it’s the question that’s wrong. More than
anything the icicle graphs (Figure 4) shows that climate change and the species preva-
lence in the twin regions is dynamic and will also not stop in 2100. But if the difference
between an RCP 4.5 and RCP 8.5 lies rather in the velocity of the change and not in the
direction (Figure 5) then the critical question for forestry is not “what” climate change
brings but rather “how fast”. Arguably, this is a very reductionist view, and we will cer-
tainly come back to the limitations. But for now, let us follow the line of thought because
it has strong implications for climate adaptive forestry. We call it here — for the first time —
the 0-3-0 principle based on a concept developed in [56-58].

For this 0-3-0 principle we divide the species spectrum of the icicle graphs in Figure
4 into three groups. We assume consensus that no matter what scenario we look at some
species are to be depreciated. In the case of site Roth, larch and spruce prevalence
strongly declines already in 2000 while maritime pine and holm oak prevalence starts to
rise only beyond 2100 (RCP 4.5) resp. 2060 (RCP 8.5). These two edges of the species
spectrum constitute the bordering Os of the 0-3-0 principle. Scots pine may not necessarily
count to first 0-group but requires at least caution; the decline in prevalence is strong and
it is not clear how far the persistence even in climates of extremely hot and dry summers
is due to local provenances [94-96]. The same doubts apply to birch, a typical pioneer
species, however, in contrast to Scots pine rather tolerated by forestry than actively
promoted [97]. The focus of a climate adaptive forestry lies therefore on the species in the
center of the icicle graphs. These species can be further divided into three subgroups —
hence, the 3 in the 0-3-0 principle: (a) species with maximum prevalence today and 2020
(beech, mountain maple, Douglas fir), (b) species with a maximum prevalence until 2100
in RCP 4.5 or 2060 in RCP 8.5 (hornbeam, sessile oak, pedunculated oak, common ash,
field maple, wild service tree, sweet cherry), (c) species with a maximum prevalence in
2080 or later in RCP 8.5, but rising after 2020 (chestnut, Turkey oak, hop hornbeam, black
locust, manna ash, pubescent oak). Species from group (a) are strong and vital today.
Especially beech is so competitive that it will outgrow oak (group b). Yet, even in RCP 4.5
it is group (b) that has the best prognosis until the end of the century. Depending on their
shade tolerance species from this group have to be actively relieved from the competitive
beech [86, 87, 98]. “Alternative” species from group (c) are typically not under cultivation
today but in case of a stronger climate change may play a crucial role already towards the
end of the century [99]. We therefore recommend enriching forests already today with
these species alternatives. For these species, attention should be paid not to select sites
prone to late frost as arctic cold spells are common in Middle Europe [100, 101]. The
classification of the species spectrum into “risky — secure — future” is actively promoted
in media and communication of the ANALOG project [57, 59].

So, in the end, we respond to the broad range of possible climate future scenarios
with one single concept? Yes we do, because there is no alternative. On the one hand, we
cannot foresee future and any if-then option like “if climate change comes mild then ...,
but if climate change comes hard then ...” is basically another question and not an an-
swer. On the other hand, to exclude species of subgroup (a) which are most vital between
2020 and 2040 because they have bad prognosis for the end of the century would mean to
defy silvicultural reality. To promote large scale forest conversion with alternative
(sub)mediterranean species (subgroup c) that are still little known is also not realistic, but
forestry is strongly advised to gain experience with these species today (StMELF 2020).
The key of a climate adaptive forestry is therefore species mixture — a general demand in
any forest climate change literature [15, 102-105]. However, it is not just any mixture but a
mixture that considers elements of each the three subgroups (a-c). It is a mixture that
neither establishes nor sustains itself. As pointed out, the important subgroup (b) can
only survive in mixture with subgroup (a) today if it is actively promoted. The alternative
species (subgroup c) must be actively migrated. Optimized planting schemes w.r.t. the
difficult to obtain and expensive alternative species are published in [106].
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The classification of tree species according to the 0-3-0 principle was derived from
climate analogues. This analogue approach has some advantages and disadvantages but
the results are in accordance with other distribution based approaches, the most promi-
nent ones being species distribution models [41, 77-80]. Species distribution models
(SDMs) work with prevalence, too. In contrast to the analogue approach they define each
species’ own climate niche with a set of “personalized” variables — in some cases also in-
cluding soil variables [41]. The prevalence in SDM is derived from integration over the
entire species occurrence and not limited to a more or less narrow corridor as in ana-
logues. This allows robust estimates also for less abundant species. So, if SDMs are more
specific and stable what is the benefit of analogues? We see the main benefit in the di-
rectness of the evidence. The explicit geographic realization in form of a climate twin
makes it possible to see and visit the evidence [18, 20]. To overcome century-old tradi-
tions requires daring something new — practical knowledge from twin regions can be
critical for a success especially with the alternative species. This practical knowledge
comprises information on species regeneration, growth, thinning, harvest, provenances,
mixture, soil preferences, calamities, biodiversity, wood value chain etc. The absolute
prevalence in Figure 5 also presents the silvicultural reality in the twin regions better
than the relative prevalence. Ultimately, we recommend using analogue climates and
SDMs as a source for mutual verification and complimentary information.

What has to be kept in mind, though, is that this silvicultural reality in the twin re-
gions is also changing. For site Roth, the upper Rhine valley was presented as a twin re-
gion for 2040-2060 in the RCP 8.5 mean variant. However, that was with respect to the
climate conditions in the reference period 1991-2010. Twenty years later, the conditions
have changed, especially as a consequence of the extremely dry summers 2018-2020. The
upper Rhine valley today would not present us the 2040-2060 analogy but rather the
2060-2080 analogy in a period of strong change. Due to the adaption lag, forestry practice
20 years ago is still present in the legacy of the forests and foresters. But the recent de-
velopment has shown clearly the dynamics of forests under climate change. These dy-
namics contradict any search for a new final equilibrium in the next 150 years — even if
we constrain greenhouse gas emissions to the rather mild RCP 4.5 scenario. Experience
has taught we are not to expect gradual dynamics but rather sudden changes in reaction
to climatic extremes [5, 6]. Mixing species of different climatic niches like in the 0-3-0
principle reduces the risk of large scale forest dieback and still permits a flexible adjust-
ment towards a milder or harder climate change in the course of the 21st century.

Supplementary Materials: A word document with supplementary Tables S-1 and S-2 and Figures
S-1 and S-2 is available online at www.mdpi.com/xxx/s1

Author Contributions: Conceptualization, T.M., C.K,; methodology, T.M., S.B., C.K; software,
T.M., S.B,; validation, T.M., S.B., C.K.; formal analysis, T.M., S.B., C.K,; investigation, T.M., S.B.,
CK.; resources, TM., S.B.,, CK,; data curation, T.M.; writing—original draft preparation, T.M.;
writing —review and editing, T.M., S.B., C.K.; visualization, T.M., S.B.; supervision, C.K.; project
administration, T.M., C.K,; funding acquisition, T.M., C.K.. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the German forest climate funds of the federal ministry of
food and agriculture and the federal ministry for the environment, nature conservation and nuclear
safety on behalf of a decision of the German Bundestag, grant number 22WK514405. The APC was
funded by Bavarian state institute of forestry.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the man-
uscript, or in the decision to publish the results.

1.  Kovats, R,; Valentini, R.; Bouwer, L.M.; Georgopoulou, E.; Jacob, D.; Martin, E.; Rounsevell, M.; Soussana, J.-F. Europe: Chapter
23. In Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part B: Regional Aspects.: Contribution of Working Group II to the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change; IPCC WG2, Ed.; Cambridge University Press: Cam-
bridge, 2014; pp 1267-1326, ISBN 9781107415386.


https://doi.org/10.20944/preprints202103.0684.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 March 2021 d0i:10.20944/preprints202103.0684.v1

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

Forest Europe. State of Europe’s forests 2020, Madrid, 2020. Online https://foresteurope.org/state-europes-forests-2020-report
(accessed 03/2021).

EEA - European Environmental Agency. Indicator assessment. Global and European temperatures. Available online:
https://www.eea.europa.eu/ds resolveuid/35d56669¢1274e179b08dff5de5694a7.

Forzieri, G.; Girardello, M.; Ceccherini, G.; Spinoni, ]J.; Feyen, L.; Hartmann, H.; Beck, P.5.A.; Camps-Valls, G.; Chirici, G.;
Mauri, A.; et al. Emergent vulnerability to climate-driven disturbances in European forests. Nat. Commun. 2021, 12, 1081,
doi:10.1038/s41467-021-21399-7.

Easterling, D.R.; Meehl, G.A.; Parmesan, C.; Changnon, S.A.; Karl, T.R.; Mearns, L.O. Climate extremes: Observations, model-
ing, and impacts. Science 2000, 289, 20682074, doi:10.1126/science.289.5487.2068.

Thom, D.; Rammer, W.; Seidl, R. Disturbances catalyze the adaptation of forest ecosystems to changing climate conditions.
Glob. Chang. Biol. 2017, 23, 269-282, d0i:10.1111/gcb.13506.

Bernhard Schuldt; Allan Buras; Matthias Arend; Yann Vitasse; Carl Beierkuhnlein; Alexander Damm; Mana Gharun; Thorsten
E.E. Grams; Markus Hauck; Peter Hajek; et al. A first assessment of the impact of the extreme 2018 summer drought on Central
European forests. Basic and Applied Ecology 2020, doi:10.1016/j.baae.2020.04.003.

Buras, A.; Rammig, A.; Zang, C.S. Quantifying impacts of the 2018 drought on European ecosystems in comparison to 2003.
Biogeosciences 2020, 17, 1655-1672, d0i:10.5194/bg-17-1655-2020.

Rigling, A.; Etzold, S.; Bebi, P.; Brang, P.; Ferretti, M.; Forrester, D.; Gértner, H. Wie viel Trockenheit ertragen unsere Walder?
Lehren aus extremen Trockenjahren. Forum fiir Wissen (WSL-Berichte) 2019, 78, 39-51.

Walthert, L.; Ganthaler, A.; Mayr, S.; Saurer, M.; Waldner, P.; Walser, M.; Zweifel, R.; Arx, G. von. From the comfort zone to
crown dieback: Sequence of physiological stress thresholds in mature European beech trees across progressive drought. Sci.
Total Environ. 2021, 753, 141792, doi:10.1016/j.scitotenv.2020.141792.

Mette, T.; Falk, W. Extreme Trockenheit — wie sie auf Vitalitait und Anbaurisiko von Waldbaumen wirkt: Was passiert, wenn
Witterungsextreme den Toleranzbereich von Waldbdumen iiberschreiten? LWF aktuell 2020, 126, 30-34.

The greenhouse effect, climatic change, and ecosystems; Bolin, B.; Doos, B.R.; Jager, J.; Warrick, R.A., Eds.; John Wiley & Sons Ltd:
Chichester, 1986, ISBN 978-0471910121.

Climate Change. The IPCC Impacts Assessment.: Working Group 2 Contribution to the First Assessment Report of the Intergovernmental
Panel on Climate Change; IPCC WG2, Ed.; Australian Government Publishing Service: Canberra, 1990.

Forests and Climate Change (S.1.); Dale, V., Ed., 2000.

Lindner, M.; Maroschek, M.; Netherer, S.; Kremer, A.; Barbati, A.; Garcia-Gonzalo, J.; Seidl, R.; Delzon, S.; Corona, P.; Kolstrom,
M.; et al. Climate change impacts, adaptive capacity, and vulnerability of European forest ecosystems. Forest Ecology and
Management 2010, 259, 698-709, doi:10.1016/j.foreco.2009.09.023.

Wissenschaftlicher Beirat Waldpolitik beim BMEL. Eckpunkte der Waldstrategie 2050. Stellungnahme, Berlin, 2020. Online:
https://www.bmel.de/SharedDocs/Downloads/DE/ Ministerium/Beiraete/waldpolitik/stellungnahme-waldstrategie-2050.html
(accessed 03/2021)

European Commission. Green Paper. On Forest Protection and Information in the EU: Preparing forests for climate change, Brussels,
2010.

Blennow, K.; Persson, J.; Tomé, M.; Hanewinkel, M. Climate change: Believing and seeing implies adapting. PLoS One 2012, 7,
€50182, doi:10.1371/journal.pone.0050182.

Aguiar, F.C,; Bentz, J.; Silva, ].M.; Fonseca, A.L.; Swart, R.; Santos, F.D.; Penha-Lopes, G. Adaptation to climate change at local
level in Europe: An overview. Environmental Science & Policy 2018, 86, 38—-63, doi:10.1016/j.envsci.2018.04.010.

Sousa-Silva, R.; Verbist, B.; Lomba, A.; Valent, P.; Sugkeviés, M.; Picard, O.; Hoogstra-Klein, M.A.; Cosofret, V.-C.; Bouriaud, L.;
Ponette, Q.; et al. Adapting forest management to climate change in Europe: Linking perceptions to adaptive responses. Forest
Policy and Economics 2018, 90, 22-30, doi:10.1016/j.forpol.2018.01.004.

Coll, L.; Ameztegui, A.; Collet, C.; Lof, M.; Mason, B.; Pach, M.; Verheyen, K.; Abrudan, L; Barbati, A.; Barreiro, S.; et al.
Knowledge gaps about mixed forests: What do European forest managers want to know and what answers can science pro-
vide? Forest Ecology and Management 2018, 407, 106-115, doi:10.1016/j.foreco.2017.10.055.

Howe, G.M. Agro-Climatic Analogues. Nature 1948, 161, 983-984, d0i:10.1038/161983a0.

Boshell, F.; Neild, R.E. A computer-statistical procedure to determine agroclimatic analogues for tea production in Colombia.
Agricultural Meteorology 1975, 15, 221-230, d0i:10.1016/0002-1571(75)90006-0.

Glantz, M. Societal Responses to Climate Change: Forecasting by Analogy.; Westview Press: Boulder, Colorado, 1988.

Williams, J.W.; Jackson, S.T. Novel climates, no-analog communities, and ecological surprises. Frontiers in Ecology and the
Environment 2007, 5, 475-482, d0i:10.1890/070037.

Ungar, ].; Peters-Anders, J.; Loibl, W. Climate Twins — An Attempt to Quantify Climatological Similarities. In Environmental
Software Systems. Frameworks of eEnvironment. 9" IFIP WG 5.11 International Symposium, ISESS 2011, Brno, CZ, 27.-29.6.;
Hfebicek, J., Schimak, G., Denzer, R., Eds.; Springer: Berlin, 2011; pp 428—436.

Rohat, G.; Goyette, S.; Flacke, J. Twin climate cities—an exploratory study of their potential use for awareness-raising and
urban adaptation. Mitig Adapt Strateg Glob Change 2017, 22, 929-945, d0i:10.1007/s11027-016-9708-x.

Ford, ].D.; Keskitalo, E.C.H.; Smith, T.; Pearce, T.; Berrang-Ford, L.; Duerden, F.; Smit, B. Case study and analogue methodol-
ogies in climate change vulnerability research. WIREs Clim Change 2010, 1, 374-392, doi:10.1002/wcc.48.

Kélling, C.; Zimmermann, L. Klimawandel gestern und morgen: Neue Argumente kénnen die Motivation zum Waldumbau
erhohen. LWF aktuell 2014, 27-31.



https://foresteurope.org/state-europes-forests-2020-report
https://www.eea.europa.eu/ds_resolveuid/35d56669c1274e179b08dff5de5694a7
https://www.bmel.de/SharedDocs/Downloads/DE/_Ministerium/Beiraete/waldpolitik/stellungnahme-waldstrategie-2050.html
https://doi.org/10.20944/preprints202103.0684.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 March 2021 d0i:10.20944/preprints202103.0684.v1

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Ramirez-Villegas, J.; Lau, C.; Kohler, A.-K,; Signer, J.; Jarvis, A.; Arnell, N.; Osborne, T.; Hooker, J. Climate analogues: finding
tomorrow’s agriculture today: Working paper no. 12., Cali, Colombia, 2011. Available online: www.ccafs.cgiar.org (accessed
03/2021).

Ozolindius, R.; Lekevicius, E.; Stakénas, V.; Galvonaité, A.; Samas, A.; Valiukas, D. Lithuanian forests and climate change:
Possible effects on tree species composition. Eur | Forest Res 2014, 133, 51-60, doi:10.1007/s10342-013-0735-9.

Sybertz, J.; Reich, M. Assessing Climate Change Induced Turnover in Bird Communities Using Climatically Analogous Re-
gions. Diversity 2015, 7, 36-59, d0i:10.3390/d7010036.

Fitzpatrick, M.C.; Dunn, R.R. Contemporary climatic analogs for 540 North American urban areas in the late 21 century. Nat.
Commun. 2019, 10, 614, doi:10.1038/s41467-019-08540-3.

Ackerly, D.D,; Loarie, S.R.; Cornwell, W.K.; Weiss, S.B.; Hamilton, H.; Branciforte, R.; Kraft, N.J.B. The geography of climate
change: Implications for conservation biogeography. Diversity and  Distributions 2010, 16, 476-487,
doi:10.1111/7.1472-4642.2010.00654.x.

Buras, A.; Menzel, A. Projecting Tree Species Composition Changes of European Forests for 2061-2090 Under RCP 4.5 and RCP
8.5 Scenarios. Front. Plant Sci. 2018, 9, 1986, doi:10.3389/fpls.2018.01986.

Veloz, S.; Williams, ].W.; Lorenz, D.; Notaro, M.; Vavrus, S.; Vimont, D.]. Identifying climatic analogs for Wisconsin under
21st-century climate-change scenarios. Climatic Change 2012, 112, 1037-1058, doi:10.1007/s10584-011-0261-z.

Grenier, P.; Parent, A.-C.; Huard, D.; Anctil, F.; Chaumont, D. An Assessment of Six Dissimilarity Metrics for Climate Analogs.
Journal of Applied Meteorology and Climatology 2013, 52, 733-752, doi:10.1175/JAMC-D-12-0170.1.

Collins, M.; Knutti, R.; Arblaster, J.; Dufresne, J.-L.; Fichefet, T.; Friedlingstein, P.; Gao, X.; Gutowski Jr., W.]J.; Johns, T.; Krinner,
G.; et al. Chapter 12: Long-term Climate Change: Projections, Commitments and Irreversibility. In Climate change 2013: The
physical basis.: Working Group I contribution to the Fifth assessment report of the Intergovernmental Panel on Climate Change; IPCC, Ed.;
Cambridge University Press: Cambridge, 2014; pp 1029-1136, ISBN 978-1-107-66182-0.

Loarie, S.R.; Duffy, P.B.; Hamilton, H.; Asner, G.P.; Field, C.B.; Ackerly, D.D. The velocity of climate change. Nature 2009, 462,
1052-1055, doi:10.1038/nature08649.

Iverson, L.R.; Schwartz, M.W.; Prasad, A.M. How fast and far might tree species migrate in the eastern United States due to
climate change? Global Ecology and Biogeography 2004, 13, 209-219, doi:10.1111/j.1466-822X.2004.00093.x.

Thurm, E.A.; Hernandez, L.; Baltensweiler, A.; Ayan, S.; Rasztovits, E.; Bielak, K.; Mladenov Zlatanov, T.; Hladnik, D.; Balic, B.;
Freudenschuss, A.; et al. Alternative tree species under climate warming in managed European forests. Forest Ecology and
Management 2018, 430, 485-497, doi:10.1016/j.foreco.2018.08.028.

Aitken, S.N.; Yeaman, S.; Holliday, J.A.; Wang, T.; Curtis-McLane, S. Adaptation, migration or extirpation: Climate change
outcomes for tree populations. Evol. Appl. 2008, 1, 95-111, d0i:10.1111/j.1752-4571.2007.00013.x.

Zhu, K.; Woodall, CW.; Clark, J.S. Failure to migrate: Lack of tree range expansion in response to climate change. Glob Change
Biol 2011, 18, 1042-1052, d0i:10.1111/j.1365-2486.2011.02571 .x.

Aitken, S.N.; Bemmels, ].B. Time to get moving: Assisted gene flow of forest trees. Evol. Appl. 2015, 9, 271-290,
doi:10.1111/eva.12293.

Williams, ML.I.; Dumroese, R.K. Preparing for Climate Change: Forestry and Assisted Migration. Journal of Forestry 2013, 111,
287-297, d0i:10.5849/jof.13-016.

McLachlan, J.S.; Hellmann, J.J.; Schwartz, M.W. A framework for debate of assisted migration in an era of climate change.
Conserv. Biol. 2007, 21, 297-302, d0i:10.1111/§.1523-1739.2007.00676.x.

Kreyling, J.; Bittner, T.; Jaeschke, A.; Jentsch, A.; Jonas Steinbauer, M.; Thiel, D.; Beierkuhnlein, C. Assisted Colonization: A
Question of Focal Units and Recipient Localities. Restoration Ecology 2011, 19, 433440, doi:10.1111/j.1526-100X.2011.00777 x.
Pedlar, J.H.; McKenney, D.W.; Aubin, I.; Beardmore, T.; Beaulieu, J.; Iverson, L.; O’Neill, G.A.; Winder, R.S.; Ste-Marie, C.
Placing Forestry in the Assisted Migration Debate. BioScience 2012, 62, 835-842, d0i:10.1525/bi0.2012.62.9.10.

Iverson, L.R.; Prasad, A.M.; Peters, M.P.; Matthews, S.N. Facilitating Adaptive Forest Management under Climate Change: A
Spatially Specific Synthesis of 125 Species for Habitat Changes and Assisted Migration over the Eastern United States. Forests
2019, 10, 989, doi:10.3390/£10110989.

Gomory, D.; Krajmerovd, D.; Hrivnak, M.; Longauer, R. Assisted migration vs. close-to-nature forestry: what are the prospects
for tree populations under climate change? Central European Forestry Journal 2020, 66, 63-70, d0i:10.2478/forj-2020-0008.

Brandl, S. ANALOG - Waldzukunft zum Anfassen (Projekt C 43): Klimaanalogien als Informations- und
Kommunikationsmittel in der Klimawandelanpassung der Walder um  Niirnberg.  Available online:
https://www.lwf.bayern.de/boden-klima/baumartenwahl/263859/index.php (accessed 03/2021).

Schultz, J. Die Okozonen der Erde, 5., vollstandig iiberarbeitete Auflage; Verlag Eugen Ulmer: Stuttgart, 2016, ISBN
9783825246280.

Brandl, S.; Mette, T.; Falk, W.; Vallet, P.; Rotzer, T.; Pretzsch, H. Static site indices from different national forest inventories:
Harmonization and prediction from site conditions. Ann For Sci 2018, 75, 739, d0i:10.1007/s13595-018-0737-3.

Kolling, C.; Mette, T.; Knoke, T. Waldertrag und Anbaurisiko in einer unsicheren Klimazukunft. Schweizerische Zeitschrift fur
Forstwesen 2016, 167, 29-38, d0i:10.3188/sz£.2016.0029.

Mauri, A.; Strona, G.; San-Miguel-Ayanz, J. EU-Forest, a high-resolution tree occurrence dataset for Europe. Scientific Data
2017, 4, 160123, doi:10.1038/sdata.2016.123.

Kolling, C.; Mette, T. Walder im Klimawandel — Neues Klima erfordert neue Baumarten. In Wald in der Vielfalt méglicher
Perspektiven.: Von der Pluralitit lebensweltlicher Beziige und wissenschaftlichen Thematisierungen; Jenal, C., Berr, K., Eds.; Springer,
2021 in press.



http://www.ccafs.cgiar.org/
https://www.lwf.bayern.de/boden-klima/baumartenwahl/263859/index.php
https://doi.org/10.20944/preprints202103.0684.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 March 2021 d0i:10.20944/preprints202103.0684.v1

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Brandl, S.; Mette, T, Kolling, C. ANALOG - Waldzukunft zum Anfassen. Available online:
https://www.waldwissen.net/de/waldwirtschaft/waldbau/forstliche-planung/analog-waldzukunft-zum-anfassen (accessed
03/2021).

Mette, T.; Kolling, C. Die Zukunft der Kiefer in Franken: Eine Zeitreise in den Klimawandel. LWF aktuell 2020, 14-17.

Kélling, C.; Mette, T.; Brandl, S.; Walter, K.; Kérner, A.; Dauer, S.; Stapff, M. Klima-Atlas Roth - Waldzukunft zum Anfassen, Roth,
2021.

Karger, D.N.; Conrad, O.; Béhner, J.; Kawohl, T.; Kreft, H.; Soria-Auza, R.W.; Zimmermann, N.E.; Linder, H.P.; Kessler, M.
Climatologies at high resolution for the earth’s land surface areas. Scientific Data 2017, 4, 170122, doi:10.1038/sdata.2017.122.
Hijmans, R.J.; Cameron, S.E.; Parra, ].L.; Jones, P.G.; Jarvis, A. Very high resolution interpolated climate surfaces for global land
areas. Int. ]. Climatol. 2005, 25, 1965-1978, doi:10.1002/joc.1276.

Fick, S.E.; Hijmans, R.J. WorldClim 2: New 1-km spatial resolution climate surfaces for global land areas. International Journal of
Climatology 2017, 37, 4302-4315, doi:10.1002/joc.5086.

Jacob, D.; Petersen, J.; Eggert, B.; Alias, A.; Christensen, O.B.; Bouwer, L.M.; Braun, A.; Colette, A.; Déqué, M.; Georgievski, G,;
et al. EURO-CORDEX: New high-resolution climate change projections for European impact research. Regional Environmental
Change 2014, 14, 563-578, d0i:10.1007/s10113-013-0499-2.

EURO-CORDEX. EURO-CORDEX - Coordinated Downscaling Experiment - European Domain. Available online:
https://www.euro-cordex.net/ (accessed 03/2021).

Wilcke, R.; Barring, L.; Dobler, A.; Nikulin, G.; Vautard, R.; Vrac, M.; Braconnot, P.; Otto, J.; Erik, J. Climate model data for Europe:
CLIPC DELIVERABLE (D -N° 6.1), 2014. Available online: http://www.clipc.eu/content/content.php?htm=45 (accessed
03/2021).

Yang, W.; Andréasson, J.; Phil Graham, L.; Olsson, J.; Rosberg, J.; Wetterhall, F. Distribution-based scaling to improve usability
of regional climate model projections for hydrological climate change impacts studies. Hydrology Research 2010, 41, 211-229,
d0i:10.2166/nh.2010.004.

Haggmark, L.; Ivarsson, K.-L.; Gollvik, S.; Olofsson, P.-O. Mesan, an operational mesoscale analysis system. Tellus A: Dynamic
Meteorology and Oceanography 2016, 52, 2-20, doi:10.3402/tellusa.v52i1.12250.

Moreno, A.; Hasenauer, H. Spatial downscaling of European climate data. Int. ]. Climatol. 2016, 36, 1444-1458,
doi:10.1002/joc.4436.

Keuler, K.; Radtke, K.; Kotlarski, S.; Liithi, D. Regional climate change over Europe in COSMO-CLM: Influence of emission
scenario and driving global model. metz 2016, 25, 121-136, doi:10.1127/metz/2016/0662.

Strandberg, G.; Barring, L.; Hansson, U.; Jansson, C.; Jones, C.; Kjellstrom, E.; Kolax, M.; Kupiainen, M.; Nikulin, G,;
Samuelsson, P.; et al. CORDEX scenarios for Europe from the Rossby Centre regional climate model RCA4; RMK Report Meteorology
and Climatology No. 116, Norrképing, SW, 2014.

Teichmann, C.; Eggert, B.; Elizalde, A.; Haensler, A.; Jacob, D.; Kumar, P.; Moseley, C.; Pfeifer, S.; Rechid, D.; Remedio, A.; et al.
How Does a Regional Climate Model Modify the Projected Climate Change Signal of the Driving GCM: A Study over Different
CORDEX Regions Using REMO. Atmosphere 2013, 4, 214-236, doi:10.3390/atmos4020214.

Voldoire, A.; Sanchez-Gomez, E.; Salas y Mélia, D.; Decharme, B.; Cassou, C.; Sénési, S.; Valcke, S.; Beau, 1.; Alias, A.; Cheval-
lier, M.; et al. The CNRM-CMB5.1 global climate model: Description and basic evaluation. Clim Dyn 2013, 40, 2091-2121,
doi:10.1007/s00382-011-1259-y.

Hazeleger, W.; Severijns, C.; Semmler, T.; Stefanescu, S.; Yang, S.; Wang, X.; Wyser, K; Dutra, E.; Baldasano, ].M.; Bintanja, R.;
et al. EC-Earth. Bull. Amer. Meteor. Soc. 2010, 91, 1357-1364, d0i:10.1175/2010BAMS2877.1.

Collins, W.J.; Bellouin, N.; Doutriaux-Boucher, M.; Gedney, N.; Halloran, P.; Hinton, T.; Hughes, J.; Jones, C.D.; Joshi, M,;
Liddicoat, S.; et al. Development and evaluation of an Earth-System model - HadGEM2. Geosci. Model Dev. 2011, 4, 1051-1075,
doi:10.5194/gmd-4-1051-2011.

Popke, D.; Stevens, B.; Voigt, A. Climate and climate change in a radiative-convective equilibrium version of ECHAMS. |. Adv.
Model. Earth Syst. 2013, 5, 1-14, d0i:10.1029/2012MS000191.

DWD Climate Data Center (CDC). Raster der Monatsmittel der Lufttemperatur (2m) fiir Deutschland, Version 1.0; Raster der
Monatssumme der Niederschlagshohe fur Deutschland, Version v1.0. Available online:
https://www.dwd.de/DE/leistungen/cdc/climate-data-center.html (accessed 03/2021).

Guisan, A.; Zimmermann, N.E. Predictive habitat distribution models in ecology. Ecological Modelling 2000, 135, 147-186,
doi:10.1016/S0304-3800(00)00354-9.

Elith, J.; Leathwick, J.R. Species Distribution Models: Ecological Explanation and Prediction Across Space and Time. Annu. Rev.
Ecol. Evol. Syst. 2009, 40, 677-697, doi:10.1146/annurev.ecolsys.110308.120159.

Falk, W.; Mellert, K.H. Species distribution models as a tool for forest management planning under climate change: Risk
evaluation of Abies alba in Bavaria. Journal of Vegetation Science 2011, 22, 621-634, doi:10.1111/j.1654-1103.2011.01294 x.
Dyderski, M.K,; Paz, S.; Frelich, L.E.; Jagodzinski, A.M. How much does climate change threaten European forest tree species
distributions? Glob. Chang. Biol. 2018, 24, 11501163, doi:10.1111/gcb.13925.

Tomppo, E.; Gschwantner, T.; Lawrence, M.; McRoberts, R.E. National Forest Inventories; Springer Netherlands: Dordrecht,
2010, ISBN 978-90-481-3232-4.

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna: Vienna,
2018.

Hijmans, R.J. raster: Geographic Data Analysis and Modeling.; R Foundation for Statistical Computing, 2020.



https://www.waldwissen.net/de/waldwirtschaft/waldbau/forstliche-planung/analog-waldzukunft-zum-anfassen
https://www.euro-cordex.net/
http://www.clipc.eu/content/content.php?htm=45
https://www.dwd.de/DE/leistungen/cdc/climate-data-center.html
https://doi.org/10.20944/preprints202103.0684.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 March 2021 d0i:10.20944/preprints202103.0684.v1

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Bivand, R.; Keitt, T.; Rowlingson, B. rgdal: Bindings for the ‘Geospatial’ Data Abstraction Library’; R Foundation for Statistical
Computing, 2019.

Pretzsch, H. Forest Dynamics, Growth and Yield; Springer Berlin Heidelberg: Berlin, Heidelberg, 2009, ISBN 978-3-540-88306-7.
Mette, T.; Dolos, K.; Meinardus, C.; Brauning, A.; Reineking, B.; Blaschke, M.; Pretzsch, H.; Beierkuhnlein, C.; Gohlke, A,;
Wellstein, C. Climatic turning point for beech and oak under climate change in Central Europe. Ecosphere 2013, 4, art145,
doi:10.1890/ES13-00115.1.

Hohnwald, S.; Indreica, A.; Walentowski, H.; Leuschner, C. Microclimatic Tipping Points at the Beech-Oak Ecotone in the
Western Romanian Carpathians. Forests 2020, 11, 919, d0i:10.3390/f11090919.

Johnstone, ].F.; Allen, C.D.; Franklin, ].F.; Frelich, L.E.; Harvey, B.].; Higuera, P.E.; Mack, M.C.; Meentemeyer, R.K.; Metz, M.R.;
Perry, G.L.W; et al. Changing disturbance regimes, ecological memory, and forest resilience. Frontiers in Ecology and the Envi-
ronment 2016, 14, 369-378, doi:10.1002/fee.1311.

Woodall, CW.; Oswalt, C.M.; Westfall, ].A.; Perry, C.H.; Nelson, M.D.; Finley, A.O. An indicator of tree migration in forests of
the eastern United States. Forest Ecology and Management 2009, 257, 1434-1444, doi:10.1016/j.foreco.2008.12.013.

Renwick, K.IM.; Rocca, M.E. Temporal context affects the observed rate of climate-driven range shifts in tree species. Global
Ecology and Biogeography 2015, 24, 44-51, doi:10.1111/geb.12240.

Iverson, L.; Prasad, A.; Matthews, S. Modeling potential climate change impacts on the trees of the northeastern United States.
Mitig Adapt Strateg Glob Change 2008, 13, 487-516, d0i:10.1007/s11027-007-9129-y.

Lenoir, J.; Svenning, J.-C. Climate-related range shifts - a global multidimensional synthesis and new research directions.
Ecography 2015, 38, 15-28, d0i:10.1111/ecog.00967.

Talluto, M.V.; Boulangeat, I.; Vissault, S.; Thuiller, W.; Gravel, D. Extinction debt and colonization credit delay range shifts of
eastern North American trees. Nat Ecol Evol 2017, 1, 637, d0i:10.1038/s41559-017-0182.

Semerci, A.; Semerci, H.; Caliskan, B.; Cigek, N.; Ekmekgi, Y.; Mencuccini, M. Morphological and physiological responses to
drought stress of European provenances of Scots pine. Eur | Forest Res 2017, 136, 91-104, doi:10.1007/s10342-016-1011-6.
Taeger, S.; Zang, C.; Liesebach, M.; Schneck, V.; Menzel, A. Impact of climate and drought events on the growth of Scots pine
(Pinus sylvestris L.) provenances. Forest Ecology and Management 2013, 307, 30-42, doi:10.1016/j.foreco.2013.06.053.

Matias, L.; Gonzélez-Diaz, P.; Jump, A.S. Larger investment in roots in southern range-edge populations of Scots pine is asso-
ciated with increased growth and seedling resistance to extreme drought in response to simulated climate change. Environ-
mental and Experimental Botany 2014, 105, 32-38, d0i:10.1016/j.envexpbot.2014.04.003.

Dubois, H.; Verkasalo, E.; Claessens, H. Potential of Birch (Betula pendula Roth and B. pubescens Ehrh.) for Forestry and
Forest-Based Industry Sector within the Changing Climatic and Socio-Economic Context of Western Europe. Forests 2020, 11,
336, doi:10.3390/f11030336.

Stimm, K.; Heym, M.; Uhl, E.; Tretter, S.; Pretzsch, H. Height growth-related competitiveness of oak (Quercus petraea (Matt.)
Liebl. and Quercus robur L.) under climate change in Central Europe. Is silvicultural assistance still required in mixed-species
stands? Forest Ecology and Management 2021, 482, 118780, doi:10.1016/j.foreco.2020.118780.

StMELF. Baumarten fiir den Klimawald. Leitlinien, Miinchen, 2020. Available online:
http://www.waldbesitzer-portal.bayern.de/klimawald-baumarten (accessed 03/2021).

Francis, J.A.; Vavrus, S.J. Evidence for a wavier jet stream in response to rapid Arctic warming. Environ. Res. Lett. 2015, 10,
14005, doi:10.1088/1748-9326/10/1/014005.

Vries, H. de; Haarsma, R.J.; Hazeleger, W. Western European cold spells in current and future climate. Geophys. Res. Lett. 2012,
39, n/a-n/a, d0i:10.1029/2011GL050665.

Bolte, A.; Ammer, C.; Lof, M.; Madsen, P.; Nabuurs, G.-].; Schall, P.; Spathelf, P.; Rock, J. Adaptive forest management in cen-
tral Europe: Climate change impacts, strategies and integrative concept. Scandinavian Journal of Forest Research 2009, 24, 473-482,
doi:10.1080/02827580903418224.

Jandl, R.; Spathelf, P.; Bolte, A.; Prescott, C.E. Forest adaptation to climate change —is non-management an option? Ann For Sci
2019, 76, 95, d0i:10.1007/s13595-019-0827-x.

Paul, C; Brandl, S.; Friedrich, S.; Falk, W.; Hartl, F.; Knoke, T. Climate change and mixed forests: How do altered survival
probabilities impact economically desirable species proportions of Norway spruce and European beech? Ann For Sci 2019, 76,
363, doi:10.1007/s13595-018-0793-8.

Kolling, C.; Beinhofer, B.; Hahn, A.; Knoke, T. Wie soll die Forstwirtschaft auf neue Risiken im Klimawandel reagieren?: Wer
streut, der rutscht nicht. AFZ/ DerWald 2010, 18-22.

Kolling, C.; Rothkegel, W.; Rupert, O. Das Nelderrad als sparsames und wirksames Pflanzschema. AFZ/ DerWald 2020, 75.



http://www.waldbesitzer-portal.bayern.de/klimawald-baumarten
https://doi.org/10.20944/preprints202103.0684.v1

