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Die Absterberate ist der Anteil der Bäume in der 
Stichprobe, die zur Zeit der Erhebung noch stehen, je-
doch seit der vorhergehenden Erhebung abgestorben 
sind. Wie die folgenden drei Abbildungen zeigen, war 
die Absterberate 2020 überdurchschnittlich hoch. Vor 

Absterberate 

Abbildung 35: Absterberaten bei Laub- und Nadelbäumen sowie insgesamt

allem die Fichte und die Gruppe der anderen Laub-
bäume sind 2020 von einer im Vergleich zu den rest-
lichen Baumarten sehr hohen Absterberate betroffen. 
Bei der Buche konnte eine geringere Absterberate als 
im Vorjahr festgestellt werden.  

WALDZUSTANDSERHEBUNG 2020 / ABSTERBERATE

Ans$eg der Baum-Mortalität seit 2018
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Die Welt wird sich verändern!

atmospheric CO2 concentrations have declined (21). Several
warm periods offer possible geological analogs for the future: the
Early Eocene (ca. 50 Ma; hereafter the Eocene), the Mid-
Pliocene Warm Period (3.3–3.0 Ma; hereafter the Mid-
Pliocene), the Last Interglacial (LIG; 129–116 ka), and the
Mid-Holocene (6 ka). During the Eocene, the warmest sustained
state of the Cenozoic, global mean annual surface temperatures
were 13 °C ± 2.6 °C warmer than late 20th century temperatures
(22), there was no permanent ice, and atmospheric CO2 was ap-
proximately 1,400 parts per million volume (ppmv) (23). The Mid-
Pliocene is the most recent period with atmospheric CO2 com-
parable with the present (ca. 400 ppmv) (24), with mean annual
surface temperatures approximately 1.8 °C to 3.6 °C warmer than
preindustrial temperatures, reduced ice sheet extents, and increased
sea levels (25). During the LIG, global mean annual temperatures
were approximately 0.8 °C (maximum 1.3 °C) warmer than pre-
industrial temperatures (26), and amplified seasonality characterized
the northern latitudes (27). During the Mid-Holocene, tempera-
tures were 0.7 °C warmer than preindustrial temperatures (28),
with enhanced temperature seasonality and strengthened Northern
Hemisphere (NH) monsoons (27).
Recent historical intervals also provide potential analogs for near-

future climates (Fig. 1), including preindustrial climates (ca. 1850
CE) and a mid-20th century snapshot (1940–1970 CE). The pre-
industrial era represents the state of the climate system before the
rapid acceleration of fossil fuel burning and greenhouse gas emis-
sions, while the mid-20th century (“historical”) snapshot represents
the center of the meteorological instrumental period that is the
foundation for most societal estimates of climate variability and risk.
Here, we formally compare projected climates for the coming

decades with these six potential geohistorical analogs (Fig. 1)
using climate simulations produced by Earth system models
(ESMs). We focus on two Representative Concentration Path-
ways (RCPs), RCP4.5 and RCP8.5, and find geohistorical analogs
for projected climates for each decade from 2020 to 2280 CE. We
analyze simulations for three ESMs with simulations available for
the past and future periods considered here: the Hadley Centre
Coupled Model Version 3 (HadCM3), the Goddard Institute for
Space Studies Model E2-R (GISS), and the Community Climate
System Model, Versions 3 and 4 (CCSM) (SI Appendix, Tables S1
and S2). To assess the similarity between future and past climates,
we calculate the Mahalanobis distance (MD) based on a four-

variable vector of mean summer and winter temperatures and
precipitation (Materials and Methods). The climate for each ter-
restrial grid location for a given future decade is compared with all
points in a reference baseline dataset that comprises the climates
of all global terrestrial grid locations from all six geohistorical
periods (SI Appendix, Figs. S1 and S2). For each location, we
identify for each future climate its closest geohistorical climatic
analog (i.e., the past time period and location with the most
similar climate). We apply this global similarity assessment to each
future decade from 2020 to 2280 CE. Future climates that exceed
an MD threshold are classified as “no analog” (Materials and
Methods), indicating that they lack any close analog in the suite of
geological and historical climates considered here.

Results
Historical climates and preindustrial climates quickly disappear as
best analogs for 21st century climates for both RCP scenarios (Fig.
2). By 2040 CE, they are replaced by the Mid-Pliocene, which
becomes the most common source of best analogs in the three-
model ensemble and remains the best climate analog thereafter
(Fig. 2). Hence, RCP4.5 is most akin to a Pliocene commit-
ment scenario, with the planet persisting in a climate state most
similar to that of the Mid-Pliocene (Fig. 2). However, the pre-
industrial and historical baselines remain among the top three
closest analogs for RCP4.5 throughout the entire 2020–2280 pe-
riod (providing 18.1 and 16.8% of analogs at 2280 CE, re-
spectively), while the Mid-Holocene and the LIG provide 16.2 and
10.1% of matches, respectively, at 2280 CE. Among individual
models, the Mid-Pliocene is consistently one of the best analogs
for RCP4.5 climates, but its prevalence and the ranking of the
other geohistorical analogs tested vary among models (Fig. 2).
Conversely, for the RCP8.5 ensemble, the Eocene emerges as

the most common best analog (Fig. 2). The Mid-Pliocene
becomes the best climate analog slightly sooner, by 2030 CE,
but the prevalence of Eocene-like climates accelerates after 2050
CE, and future climates most commonly resemble the Eocene by
2140 CE. The historical and preindustrial time periods re-
main best analogs only briefly until 2030 CE. The switch to
Eocene-like climates occurs as early as 2130 CE (HadCM3)
and remains a close second until 2280 with GISS. Across all
models, the proportion of future climates with best matches

Fig. 1. Temperature trends for the past 65 Ma and potential geohistorical analogs for future climates. Six geohistorical states (red arrows) of the climate
system are analyzed as potential analogs for future climates. For context, they are situated next to a multi-timescale time series of global mean annual temper-
atures for the last 65 Ma. Major patterns include a long-term cooling trend, periodic fluctuations driven by changes in the Earth’s orbit at periods of 104–105 y, and
recent and projected warming trends. Temperature anomalies are relative to 1961–1990 global means and are composited from five proxy-based reconstructions,
modern observations, and future temperature projections for four emissions pathways (Materials and Methods). Pal, Paleocene; Mio, Miocene; Oli, Oligocene.
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Global fossil CO2 emissions: 34.8 ± 2 GtCO2 in 2020, 53% over 1990
ProjecBon for 2021: 36.4 ± 2 GtCO2, 4.9% [4.1%–5.7%] higher than 2020

The 2021 projection is based on preliminary data and modelling.
Source: Friedlingstein et al 2021; Global Carbon Project 2021

Global Fossil CO2 Emissions

Uncertainty is ±5% for 
one standard devia@on 

(IPCC “likely” range)

https://essd.copernicus.org/preprints/essd-2021-386/
http://www.globalcarbonproject.org/carbonbudget/


Hanewinkel et al. (2013) Nature Climate Change, see also Hickler et al. 2012 GEB, Tokalender, Hickler et al. 2019 and Baumbach, … Hickler et al. 
2019 REC, Buras and Menzel 2019 Fron@ers in Plant Science
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Tree species and biome data 
 As response variable we used species distribution data from a pan-European, regularly 

distributed monitoring dataset from the International Co-operative Programme on Assessment 

and Monitoring of Air Pollution Effects on Forests (ICP Forest17,18 ), depicting presence or 

absence of 139 tree species for a wide range of climatic conditions. Figure 2 shows the spatial 

allocation of plots over Europe. Each country has set up a 16 km regular network, with plots 

allocated in forests only. The only exception of the 16 km rule is in northern Sweden, where 

plots were allocated in a 32km network.  

 

 

Fig. 2: Distribution of the ICP Forest Level Plots19 over Europe representing a 16x16 km grid (except 

northern Fennoscandia with a 32x32km grid). A total of 6129 plots were used, encompassing 139 tree 

species.  

 

We extracted the data from the inventory years 2004, with some updates from 2005 for 

countries that did not report in 2004. In summary, we had 139 tree species available 

Sta<s<sche Modellierung der Baumartenverbreitung unter Klimawandel
(und Abschätzung der ökonomischen Verluste: Milliarden Euro)



Einige Hauptbaumarten
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Buras and Menzel Projecting European Tree-Species Distributions

FIGURE 2 | Projected relative abundance probabilities for the four most abundant tree species Pinus sylvestris, Picea abies, Fagus sylvatica, and Quercus robur for
current analogs (left panels), RCP 4.5 analogs (mid panels), and RCP 8.5 analog (right panels). Relative abundance probability increases from gray over yellow to
green colors.

Frontiers in Plant Science | www.frontiersin.org 5 January 2019 | Volume 9 | Article 1986
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current analogs (left panels), RCP 4.5 analogs (mid panels), and RCP 8.5 analog (right panels). Relative abundance probability increases from gray over yellow to
green colors.
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Figure 4. 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. 

Winter temperatures, by contrast, 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 to-
wards 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 
lower Po-valley in the high RCP 8.5 variant are both the result of the higher summer 
temperature and continentality. 

  

Figure 4. 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.

3.2. Prevalence Trajectory Graphics
The prevalence trajectory graphics in Figure 5 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 3). The graphics of the low
and high RCP variants can be viewed in the supplement (Figure S2). 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 regions.

MeXe et al. 2021 in ”Sustainability”
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.3 Vergleich der Niederschlagsänderung

Da die Modelle (in der ReKliEs-De Auswertung) für den Referenzzeitraum 1971–
2000 zwischen 80 und 120 Frosttage simulieren (vgl. SUPPLEMENT RCP8.5 DATEI
ZU 03 fd), dort sind die absoluten Zahlen der simulierten Frosttage seit 1961 abge-
bildet), liegt der Rückgang der Frosttage im RCP8.5 in der Größenordnung von
mindestens einem Drittel bis zwei Drittel der heutigen Frosttage. Der untere Rand,
d.h. die stärksten simulierten Abnahmen der Frosttage sind jedoch in den beiden
Ensembles ähnlich.

7.3 Vergleich der Niederschlagsänderung zwischen
SRES A1B und RCP8.5

Die projizierten Niederschlagsänderungen im Sommer (Abb. 7.5, links) und Winter
(Abb. 7.5, rechts) zeigen unterschiedliche Signale.

Abbildung 7.5: Zeitlicher Verlauf der mittleren Änderung [%] für das ReKliEs-De Gebiet des Niederschlags
im Sommer (links) und Winter (rechts), 30-Jahre gleitendes Mittel (1986–2085 minus 1971–2000), für
die in ReKliEs-De ausgewerteten RCP8.5-Simulationen (farbige Linien) und die SRES A1B-Simulationen
(grauer Bereich). Die Legende findet sich in Abb. 7.2.

Im Sommer ist die simulierte Bandbreite der Niederschlagsänderung mit dem
Szenario RCP8.5 deutlich größer als mit dem Szenario SRES A1B. Mit beiden
Szenarien zeigen die meisten Klimaprojektionen zwar eine Abnahme des Som-
merniederschlages, mit dem Szenario RCP8.5 gibt es aber auch einige Projektionen,
die eine Zunahme des Sommerniederschlages simulieren (die Klimaprojektion, die
eine Zunahme von 40 % simuliert, ist vermutlich physikalisch nicht plausibel).
Einige Klimaprojektionen zeigen einen dramatischen Niederschlagsrückgang im
Sommer von bis zu –60 %.

Auch beim Winterniederschlag zeigen die Klimaprojektionen mit dem Szenario
RCP8.5 eine größere Bandbreite möglicher Änderungen als mit dem Szenario SRES
A1B. Im Winter wird die Bandbreite jedoch nur in eine Richtung erweitert: Der
Niederschlag könnte im Extremfall sogar um bis zu 40 % zunehmen.

31

For latest results see also Coppola et al. 2020 Journal of Geophysical Research - Atmospheres 



Dürregeschädigte und –tolerante 
Individuen unterschieden sich 
systemaCsch an mindestens 80 
Genorten
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Hohe gene(sche Varia(on vor Ort bei der Buche

Pfenninger et al. 2021 eLife



Frankfurter Stadtwald vor 120 Jahren

Fritz Wucherer: Bei den Schwanheimer Eichen, 1899; aus Fritz Wucherer: 1873 - 1948, ein Meister der Kronberger Malerkolonie im 20. Jahrhundert; Verlag Waldemar Kramer, 
Frankfurt am Main, 1986. http://www.kronberger-maler.de/maler/wucherer6.html. See also Hickler et al. (2012) Folgen des Klimawandels für die Biodiversität in Wald und 
Forst. Klimawandel und Biodiversität – Folgen für Deutschland (ed. by V. Mosbrugger, et al.). Wissenschaftliche Buchgesellschaft

„Ich habe in diesen 
Mittelgebirgen keinen 
einzigen Baum gefunden, der 
stark genug gewesen wäre, 
um einen Förster daran 
aufzuhängen“
(ein namentlich nicht bekannter 
hessischer Oberförster um 1800; 
Backhaus et al. 2000, Seite 22) 

http://www.kronberger-maler.de/maler/wucherer6.html


Geißklee-Bläuling

Plebejus argus

WaldbreXspiel

Pararge aegeria

C-Falter

Polygonia c-
album

Die Generalisten 
werden gewinnen!

Warren et al. 2001. Nature. See also Chen et al. 2011 Science, IPCC 2014 WG II

Schwarz: Vorkommen 1970-82
Rosa: Kolonisation bis 1995-99
Grün: lokales Aussterben  
zwischen 1970-82 und 1995-99

Wer hält mit und wer nicht?



Viele Insekten halten mit!
(hier 85 Spinnenarten in Großbritannien)

Chen et al. 2011 Science. 

latitude and elevation respectively, implying much
greater responses of species to climate warming
than previously reported (18). Most of the data
we analyzed are from the temperate zone and
from tropical mountains (table S1), where eco-
systems are at least partly temperature-limited;
different rates of change might be observed in
moisture-limited ecosystems (19).

Published studies have shown nonrandom
latitudinal and elevational changes (1, 7, 13–17)
but have not previously demonstrated a statis-
tical linkage between range shifts and levels
of warming. We found that observed latitudinal
and elevational shifts (the latter more weakly)
have been significantly greater in studies with
higher levels of warming (mean latitudinal shift
versus average temperature increase; N = 23 spe-
cies groups × regions, Pearson correlation coef-
ficient (r) = 0.59, P = 0.003; mean elevational
shift versus temperature increase; N = 31, r =
0.37, P = 0.042). Temperature gradients differ
across the world, so a given level of warming
leads to different expected range shifts of spe-
cies in different regions (20), assuming that spe-

cies track climate changes. To estimate the
expected shifts, we calculated the distances in
latitude (kilometers) and elevation (meters) that
species in a given region would have been re-
quired to move to track temperature changes
and thus to experience the same average tem-
perature at the end of the recording period as
encountered at the start (18) (table S1). We
found that both observed latitudinal and ele-
vation range shifts were correlated with predicted
distances (Fig. 1A, N = 20 species groups ×
regions, r = 0.65, P = 0.002 for latitude; Fig.
1B, N = 30 groups × regions, r = 0.39, P =
0.035 for elevation), so our analyses directly
link terrestrial range shifts to regional and study
differences in the warming experienced.

Despite reports that many species lag behind
climate change (21–23), nearly as many studies
of observed latitudinal changes fall above as
below the observed = expected line in Fig. 1A
(9 points above, 11 below; c2 = 0.20, 1 df, P =
0.65), suggesting that mean latitudinal shifts are
not consistently lagging behind the climate. The
lag in elevation response (Fig. 1B; 2 points above

the 1:1 line, 28 below; c2 = 22.53, 1 df, P <
0.001) is equally surprising because the required
distances to track climate are much shorter than
for latitudinal shifts (20). Real and apparent ele-
vation lags may arise if suitable new conditions
at higher elevations occur only in locations that
cannot be reached easily (for example, on other
mountain peaks), or they may reflect the topo-
graphic and microclimatic complexity of moun-
tainous terrain [for example, cooler locations
may be on poleward-facing slopes rather than
higher (24)]; the need for finer-resolution analy-
ses (25); and additional topographic, climatic, ge-
ological, and ecological constraints [for example,
causing declines in cloud forest species (26–28)].

Taxonomic differences are not consistent pre-
dictors of recent response rates. For example,
birds seem to have responded least in terms of
elevational shifts but had a slightly greater than
expected latitudinal shift (Fig. 1). Much greater
variation is associated with differences among
species within a taxonomic group than between
taxonomic groups (Fig. 2 and table S2). For lat-
itudinal studies, on average 22% (average of
N = 23 species groups × regions) of the species
actually shifted in the opposite direction to that
expected. Similarly, 25% of species shifted down-
hill rather than to higher elevations (average of
N = 29 species groups × regions). Thus, despite
an overall significant shift toward higher lati-
tudes and elevations, which is greatest where
the climate has warmed the most, and despite
around three-quarters of species shifting pole-
ward and to higher elevations, we found that
species have exhibited a high diversity of range
shifts in recent decades.

At least three processes are likely to generate
the high diversity of range shifts among species:
time delays in species’ responses, individualistic
physiological constraints, and alternative and in-
teracting drivers of change. Species may lag be-
hind climate change if they are habitat specialists
or immobile species that cannot colonize across
fragmented landscapes (17, 21–23), or if they
possess other traits associated with low extinc-
tion or colonization rates (29). Species may also
show individualistic physiological responses to
different aspects of the climate, such as different
sensitivities to maximum and minimum temper-
atures at critical times of their life cycles. These
sensitivities will combine with variable wait times
for different novel climatic extremes to take
place (30). Species are also affected to dif-
ferent extents by nonclimatic factors and by
multispecies interactions, which themselves de-
pend on a diversity of environmental drivers
(21, 28). For example, a species might retreat
toward the Equator at its poleward margin if it
contracts with habitat loss faster than it expands
through climate warming; whereas the poleward
range margin of a species that thrives in novel ag-
ricultural landscapes may spread at a rate exceed-
ing that expected, were warming the sole driver.

We found that rates of latitudinal and eleva-
tional shifts are substantially greater than reported

Fig. 2. Observed latitudinal shifts of the northern range boundaries of species within four exemplar
taxonomic groups, studied over 25 years in Britain. (A) Spiders (85 species), (B) ground beetles
(59 species), (C) butterflies (29 species), and (D) grasshoppers and allies (22 species). Positive
latitudinal shifts indicate movement toward the north (pole); negative values indicate shifts toward the
south (Equator). The solid line shows zero shift, the short-dashed line indicates the median observed
shift, and the long-dashed line indicates the predicted range shift.
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latitude and elevation respectively, implying much
greater responses of species to climate warming
than previously reported (18). Most of the data
we analyzed are from the temperate zone and
from tropical mountains (table S1), where eco-
systems are at least partly temperature-limited;
different rates of change might be observed in
moisture-limited ecosystems (19).

Published studies have shown nonrandom
latitudinal and elevational changes (1, 7, 13–17)
but have not previously demonstrated a statis-
tical linkage between range shifts and levels
of warming. We found that observed latitudinal
and elevational shifts (the latter more weakly)
have been significantly greater in studies with
higher levels of warming (mean latitudinal shift
versus average temperature increase; N = 23 spe-
cies groups × regions, Pearson correlation coef-
ficient (r) = 0.59, P = 0.003; mean elevational
shift versus temperature increase; N = 31, r =
0.37, P = 0.042). Temperature gradients differ
across the world, so a given level of warming
leads to different expected range shifts of spe-
cies in different regions (20), assuming that spe-

cies track climate changes. To estimate the
expected shifts, we calculated the distances in
latitude (kilometers) and elevation (meters) that
species in a given region would have been re-
quired to move to track temperature changes
and thus to experience the same average tem-
perature at the end of the recording period as
encountered at the start (18) (table S1). We
found that both observed latitudinal and ele-
vation range shifts were correlated with predicted
distances (Fig. 1A, N = 20 species groups ×
regions, r = 0.65, P = 0.002 for latitude; Fig.
1B, N = 30 groups × regions, r = 0.39, P =
0.035 for elevation), so our analyses directly
link terrestrial range shifts to regional and study
differences in the warming experienced.

Despite reports that many species lag behind
climate change (21–23), nearly as many studies
of observed latitudinal changes fall above as
below the observed = expected line in Fig. 1A
(9 points above, 11 below; c2 = 0.20, 1 df, P =
0.65), suggesting that mean latitudinal shifts are
not consistently lagging behind the climate. The
lag in elevation response (Fig. 1B; 2 points above

the 1:1 line, 28 below; c2 = 22.53, 1 df, P <
0.001) is equally surprising because the required
distances to track climate are much shorter than
for latitudinal shifts (20). Real and apparent ele-
vation lags may arise if suitable new conditions
at higher elevations occur only in locations that
cannot be reached easily (for example, on other
mountain peaks), or they may reflect the topo-
graphic and microclimatic complexity of moun-
tainous terrain [for example, cooler locations
may be on poleward-facing slopes rather than
higher (24)]; the need for finer-resolution analy-
ses (25); and additional topographic, climatic, ge-
ological, and ecological constraints [for example,
causing declines in cloud forest species (26–28)].

Taxonomic differences are not consistent pre-
dictors of recent response rates. For example,
birds seem to have responded least in terms of
elevational shifts but had a slightly greater than
expected latitudinal shift (Fig. 1). Much greater
variation is associated with differences among
species within a taxonomic group than between
taxonomic groups (Fig. 2 and table S2). For lat-
itudinal studies, on average 22% (average of
N = 23 species groups × regions) of the species
actually shifted in the opposite direction to that
expected. Similarly, 25% of species shifted down-
hill rather than to higher elevations (average of
N = 29 species groups × regions). Thus, despite
an overall significant shift toward higher lati-
tudes and elevations, which is greatest where
the climate has warmed the most, and despite
around three-quarters of species shifting pole-
ward and to higher elevations, we found that
species have exhibited a high diversity of range
shifts in recent decades.

At least three processes are likely to generate
the high diversity of range shifts among species:
time delays in species’ responses, individualistic
physiological constraints, and alternative and in-
teracting drivers of change. Species may lag be-
hind climate change if they are habitat specialists
or immobile species that cannot colonize across
fragmented landscapes (17, 21–23), or if they
possess other traits associated with low extinc-
tion or colonization rates (29). Species may also
show individualistic physiological responses to
different aspects of the climate, such as different
sensitivities to maximum and minimum temper-
atures at critical times of their life cycles. These
sensitivities will combine with variable wait times
for different novel climatic extremes to take
place (30). Species are also affected to dif-
ferent extents by nonclimatic factors and by
multispecies interactions, which themselves de-
pend on a diversity of environmental drivers
(21, 28). For example, a species might retreat
toward the Equator at its poleward margin if it
contracts with habitat loss faster than it expands
through climate warming; whereas the poleward
range margin of a species that thrives in novel ag-
ricultural landscapes may spread at a rate exceed-
ing that expected, were warming the sole driver.

We found that rates of latitudinal and eleva-
tional shifts are substantially greater than reported

Fig. 2. Observed latitudinal shifts of the northern range boundaries of species within four exemplar
taxonomic groups, studied over 25 years in Britain. (A) Spiders (85 species), (B) ground beetles
(59 species), (C) butterflies (29 species), and (D) grasshoppers and allies (22 species). Positive
latitudinal shifts indicate movement toward the north (pole); negative values indicate shifts toward the
south (Equator). The solid line shows zero shift, the short-dashed line indicates the median observed
shift, and the long-dashed line indicates the predicted range shift.
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latitude and elevation respectively, implying much
greater responses of species to climate warming
than previously reported (18). Most of the data
we analyzed are from the temperate zone and
from tropical mountains (table S1), where eco-
systems are at least partly temperature-limited;
different rates of change might be observed in
moisture-limited ecosystems (19).

Published studies have shown nonrandom
latitudinal and elevational changes (1, 7, 13–17)
but have not previously demonstrated a statis-
tical linkage between range shifts and levels
of warming. We found that observed latitudinal
and elevational shifts (the latter more weakly)
have been significantly greater in studies with
higher levels of warming (mean latitudinal shift
versus average temperature increase; N = 23 spe-
cies groups × regions, Pearson correlation coef-
ficient (r) = 0.59, P = 0.003; mean elevational
shift versus temperature increase; N = 31, r =
0.37, P = 0.042). Temperature gradients differ
across the world, so a given level of warming
leads to different expected range shifts of spe-
cies in different regions (20), assuming that spe-

cies track climate changes. To estimate the
expected shifts, we calculated the distances in
latitude (kilometers) and elevation (meters) that
species in a given region would have been re-
quired to move to track temperature changes
and thus to experience the same average tem-
perature at the end of the recording period as
encountered at the start (18) (table S1). We
found that both observed latitudinal and ele-
vation range shifts were correlated with predicted
distances (Fig. 1A, N = 20 species groups ×
regions, r = 0.65, P = 0.002 for latitude; Fig.
1B, N = 30 groups × regions, r = 0.39, P =
0.035 for elevation), so our analyses directly
link terrestrial range shifts to regional and study
differences in the warming experienced.

Despite reports that many species lag behind
climate change (21–23), nearly as many studies
of observed latitudinal changes fall above as
below the observed = expected line in Fig. 1A
(9 points above, 11 below; c2 = 0.20, 1 df, P =
0.65), suggesting that mean latitudinal shifts are
not consistently lagging behind the climate. The
lag in elevation response (Fig. 1B; 2 points above

the 1:1 line, 28 below; c2 = 22.53, 1 df, P <
0.001) is equally surprising because the required
distances to track climate are much shorter than
for latitudinal shifts (20). Real and apparent ele-
vation lags may arise if suitable new conditions
at higher elevations occur only in locations that
cannot be reached easily (for example, on other
mountain peaks), or they may reflect the topo-
graphic and microclimatic complexity of moun-
tainous terrain [for example, cooler locations
may be on poleward-facing slopes rather than
higher (24)]; the need for finer-resolution analy-
ses (25); and additional topographic, climatic, ge-
ological, and ecological constraints [for example,
causing declines in cloud forest species (26–28)].

Taxonomic differences are not consistent pre-
dictors of recent response rates. For example,
birds seem to have responded least in terms of
elevational shifts but had a slightly greater than
expected latitudinal shift (Fig. 1). Much greater
variation is associated with differences among
species within a taxonomic group than between
taxonomic groups (Fig. 2 and table S2). For lat-
itudinal studies, on average 22% (average of
N = 23 species groups × regions) of the species
actually shifted in the opposite direction to that
expected. Similarly, 25% of species shifted down-
hill rather than to higher elevations (average of
N = 29 species groups × regions). Thus, despite
an overall significant shift toward higher lati-
tudes and elevations, which is greatest where
the climate has warmed the most, and despite
around three-quarters of species shifting pole-
ward and to higher elevations, we found that
species have exhibited a high diversity of range
shifts in recent decades.

At least three processes are likely to generate
the high diversity of range shifts among species:
time delays in species’ responses, individualistic
physiological constraints, and alternative and in-
teracting drivers of change. Species may lag be-
hind climate change if they are habitat specialists
or immobile species that cannot colonize across
fragmented landscapes (17, 21–23), or if they
possess other traits associated with low extinc-
tion or colonization rates (29). Species may also
show individualistic physiological responses to
different aspects of the climate, such as different
sensitivities to maximum and minimum temper-
atures at critical times of their life cycles. These
sensitivities will combine with variable wait times
for different novel climatic extremes to take
place (30). Species are also affected to dif-
ferent extents by nonclimatic factors and by
multispecies interactions, which themselves de-
pend on a diversity of environmental drivers
(21, 28). For example, a species might retreat
toward the Equator at its poleward margin if it
contracts with habitat loss faster than it expands
through climate warming; whereas the poleward
range margin of a species that thrives in novel ag-
ricultural landscapes may spread at a rate exceed-
ing that expected, were warming the sole driver.

We found that rates of latitudinal and eleva-
tional shifts are substantially greater than reported

Fig. 2. Observed latitudinal shifts of the northern range boundaries of species within four exemplar
taxonomic groups, studied over 25 years in Britain. (A) Spiders (85 species), (B) ground beetles
(59 species), (C) butterflies (29 species), and (D) grasshoppers and allies (22 species). Positive
latitudinal shifts indicate movement toward the north (pole); negative values indicate shifts toward the
south (Equator). The solid line shows zero shift, the short-dashed line indicates the median observed
shift, and the long-dashed line indicates the predicted range shift.
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latitude and elevation respectively, implying much
greater responses of species to climate warming
than previously reported (18). Most of the data
we analyzed are from the temperate zone and
from tropical mountains (table S1), where eco-
systems are at least partly temperature-limited;
different rates of change might be observed in
moisture-limited ecosystems (19).

Published studies have shown nonrandom
latitudinal and elevational changes (1, 7, 13–17)
but have not previously demonstrated a statis-
tical linkage between range shifts and levels
of warming. We found that observed latitudinal
and elevational shifts (the latter more weakly)
have been significantly greater in studies with
higher levels of warming (mean latitudinal shift
versus average temperature increase; N = 23 spe-
cies groups × regions, Pearson correlation coef-
ficient (r) = 0.59, P = 0.003; mean elevational
shift versus temperature increase; N = 31, r =
0.37, P = 0.042). Temperature gradients differ
across the world, so a given level of warming
leads to different expected range shifts of spe-
cies in different regions (20), assuming that spe-

cies track climate changes. To estimate the
expected shifts, we calculated the distances in
latitude (kilometers) and elevation (meters) that
species in a given region would have been re-
quired to move to track temperature changes
and thus to experience the same average tem-
perature at the end of the recording period as
encountered at the start (18) (table S1). We
found that both observed latitudinal and ele-
vation range shifts were correlated with predicted
distances (Fig. 1A, N = 20 species groups ×
regions, r = 0.65, P = 0.002 for latitude; Fig.
1B, N = 30 groups × regions, r = 0.39, P =
0.035 for elevation), so our analyses directly
link terrestrial range shifts to regional and study
differences in the warming experienced.

Despite reports that many species lag behind
climate change (21–23), nearly as many studies
of observed latitudinal changes fall above as
below the observed = expected line in Fig. 1A
(9 points above, 11 below; c2 = 0.20, 1 df, P =
0.65), suggesting that mean latitudinal shifts are
not consistently lagging behind the climate. The
lag in elevation response (Fig. 1B; 2 points above

the 1:1 line, 28 below; c2 = 22.53, 1 df, P <
0.001) is equally surprising because the required
distances to track climate are much shorter than
for latitudinal shifts (20). Real and apparent ele-
vation lags may arise if suitable new conditions
at higher elevations occur only in locations that
cannot be reached easily (for example, on other
mountain peaks), or they may reflect the topo-
graphic and microclimatic complexity of moun-
tainous terrain [for example, cooler locations
may be on poleward-facing slopes rather than
higher (24)]; the need for finer-resolution analy-
ses (25); and additional topographic, climatic, ge-
ological, and ecological constraints [for example,
causing declines in cloud forest species (26–28)].

Taxonomic differences are not consistent pre-
dictors of recent response rates. For example,
birds seem to have responded least in terms of
elevational shifts but had a slightly greater than
expected latitudinal shift (Fig. 1). Much greater
variation is associated with differences among
species within a taxonomic group than between
taxonomic groups (Fig. 2 and table S2). For lat-
itudinal studies, on average 22% (average of
N = 23 species groups × regions) of the species
actually shifted in the opposite direction to that
expected. Similarly, 25% of species shifted down-
hill rather than to higher elevations (average of
N = 29 species groups × regions). Thus, despite
an overall significant shift toward higher lati-
tudes and elevations, which is greatest where
the climate has warmed the most, and despite
around three-quarters of species shifting pole-
ward and to higher elevations, we found that
species have exhibited a high diversity of range
shifts in recent decades.

At least three processes are likely to generate
the high diversity of range shifts among species:
time delays in species’ responses, individualistic
physiological constraints, and alternative and in-
teracting drivers of change. Species may lag be-
hind climate change if they are habitat specialists
or immobile species that cannot colonize across
fragmented landscapes (17, 21–23), or if they
possess other traits associated with low extinc-
tion or colonization rates (29). Species may also
show individualistic physiological responses to
different aspects of the climate, such as different
sensitivities to maximum and minimum temper-
atures at critical times of their life cycles. These
sensitivities will combine with variable wait times
for different novel climatic extremes to take
place (30). Species are also affected to dif-
ferent extents by nonclimatic factors and by
multispecies interactions, which themselves de-
pend on a diversity of environmental drivers
(21, 28). For example, a species might retreat
toward the Equator at its poleward margin if it
contracts with habitat loss faster than it expands
through climate warming; whereas the poleward
range margin of a species that thrives in novel ag-
ricultural landscapes may spread at a rate exceed-
ing that expected, were warming the sole driver.

We found that rates of latitudinal and eleva-
tional shifts are substantially greater than reported

Fig. 2. Observed latitudinal shifts of the northern range boundaries of species within four exemplar
taxonomic groups, studied over 25 years in Britain. (A) Spiders (85 species), (B) ground beetles
(59 species), (C) butterflies (29 species), and (D) grasshoppers and allies (22 species). Positive
latitudinal shifts indicate movement toward the north (pole); negative values indicate shifts toward the
south (Equator). The solid line shows zero shift, the short-dashed line indicates the median observed
shift, and the long-dashed line indicates the predicted range shift.
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Neue Arten kommen aus dem Süden

HLNUG 2019: Auswirkungen des Klimawandels auf hessische Arten und Lebensräume – Liste potenDeller Klimaverlierer 

1 Einleitung

Auswirkungen des Klimawandels 
auf die biologische Vielfalt

Die Vorhersage von Klimawandelauswirkungen auf 
die biologische Vielfalt hat sich in den letzten Jah-
ren zu einem aktiven Forschungsfeld entwickelt. 
Aufgrund der komplexen ökologischen Wechselwir-
kungen bei biologischen Systemen sind die Effekte je-
doch schwer abzuschätzen und werden teilweise nur 
unzureichend verstanden. Allerdings existieren deut-
liche Belege über die Auswirkungen der Klimaerwär-
mung auf bestimmte Teilaspekte. Gegenwärtig sind 
die Folgen des anthropogenen Klimawandels auf al-
len Kontinenten und in den Ozeanen nachweisbar. 
Sie führen zu Veränderungen der Physiologie, Phä-
nologie, des Verhaltens und der geographischen Ver-
breitung von Arten und beeinflussen Interaktionen 
von Artgemeinschaften. Der Klimawandel hat somit 
weitreichende Auswirkungen auf ganze Ökosysteme 
(Bellard et al. 2014, IPCC 2002 & 2018, Parmesan 
2006). 

Zwangsläufig lassen sich Auswirkungen aus den 
Veränderungen der Klimazonen und damit auch 
der Vegetationszonen ableiten. Wie einschneidend 
diese Auswirkungen auf die biologische Vielfalt sein 
werden, hängt maßgeblich davon ab, mit welcher 
Geschwindigkeit sie eintreten. Bei einer Temperatu-
rerhöhung von 1 °C ist von einer Verschiebung der 
Vegetationszonen um etwa 200 – 300 Kilometer in 
Richtung der Pole bzw. um 200 Höhenmeter aus-
zugehen (Jentsch & Beierkuhnlein 2003). Nach den 
Vorhersagen des IPCC (2002) kann es in den gemä-
ßigten Breiten je nach Klimaszenario zu einer Ver-
lagerung der Klimazonen um bis zu 1 200 km nach 
Norden kommen. In Europa existieren mittlerweile 
Felduntersuchungen und Modellberechnungen, die 
erste wichtige Hinweise zu den Konsequenzen der 
Klimaerwärmung für Lebensräume und Artenge-
meinschaften liefern. Demnach ist davon auszuge-
hen, dass Artengemeinschaften fragmentiert und neu 
kombiniert werden. Zudem ist mit teilweisen Verlus-
ten hochangepasster sensibler Arten und Arealaus-
weitungen gewöhnlicher Arten zu rechnen. 

Abb. 1: Der wärmeliebende Bienenfresser (Merops apiaster) aus dem Mittelmeerraum brütet inzwischen in vielen Regionen 
 Deutschlands. © lucaar/Fotolia
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Giglio et al. 2013. JGR, see also Andela et al. 2018 Science, Teckentrup, … Hickler et al. 2019 Biogeosciences

Die Welt brennt überall außer bei uns

GIGLIO ET AL.: ANALYSIS OF BURNED AREA

precedence when available. Prior to January 1998, the
GFED4 burned area time series was produced exclusively
from ATSR observations and the MDC64A1 burned area
climatology.

3.4. Ancillary Data Layers
[15] The daily and monthly GFED4 burned area data sets

incorporate updates to the ancillary data layers introduced
in GFED3. These include the following: (1) the distribu-
tion of burned area within each grid cell as a function
of fractional tree cover, based on the Townshend et al.
[2011] 250 m MODIS Collection-5 Vegetation Continu-
ous Fields product (MOD44B); (2) a breakdown of burned
area within the grid cell by land cover type, based on the

0.01 0.1 1 10 100

%/year

Figure 2. Mean annual area burned, expressed as the
fraction of each grid cell that burns each year, derived from
the July 1996 to August 2012 monthly GFED4 burned area
time series.

Friedl et al. [2010] 500 m MODIS Collection-5 land cover
product (MCD12Q1); and (3) the fraction of burned area
observed in organic peat in Indonesia. For the MODIS era,
we compiled these fields using the locations of individual
500 m MCD64A1 burned area pixels within each 0.25° grid
cell; for the pre-MODIS era, we compiled the fields based
on the locations of individual VIRS or ATSR active fire
pixels within each grid cell. As with GFED3, an addi-
tional monthly fire persistence data layer is provided in the
monthly burned area data set for its utility in identifying
deforestation fires [Giglio et al., 2006].

4. Analysis Using Monthly Time Series
4.1. Spatial Distribution and Monthly Time Series

[16] In Figure 2, we show the spatial distribution of
burned area for the July 1996 to August 2012 time period,
expressed as the average fraction of a grid cell that burns
each calendar year (see also Figures S2–S7 of Text S1). Par-
ticularly notable at this scale is the large contiguous patch
in southern Chad, the Central African Republic, and South
Sudan, which to first order burns in its entirety each year
(Figure S4 of Text S1). Fires in this sparsely populated open
savanna (comprising much of the East Sudanian savanna
ecoregion) are driven by the hot Harmattan trade winds
virtually unchecked during the dry season [Pereira et al.,
2000].

[17] The monthly burned area time series for each region
is shown in Figure 3. Because ATSR fire data were
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Kastner et al. 2014 Environmental Research LeXers
Siehe auch Kastner et al. 2021 One Earth

Values in Millions of ha

Wir beeinflussen die biologische Vielfalt weltweit!
(Hektar für Lebensmi0elimporte)

Environ. Res. Lett. 9 (2014) 034015 T Kastner et al

Figure 3. Croplands associated with interregional trade; the color of the regions shows rates of self-sufficiency (production/consumption).
Values in million hectares of cropland harvested per year; flows larger than 4 Mha are shown. The flows shown account for respectively 44%
(1987) and 58% (2008) of the total area related to interregional trade. Values are 3-year means around the respective year. Figure S3
(available at stacks.iop.org/ERL/9/034015/mmedia) presents the same picture for crop products aggregated in terms of dry matter biomass.

Table 1. Global trends in cropland area and the amounts of cropland associated with international, inter- and intraregional trade. Values are
3-year means around the respective year. Table S5 (available at stacks.iop.org/ERL/9/034015/mmedia) presents the same results for crop
products aggregated into dry matter biomass.

Area harvested (%) Annual changes rates (%)
1987 1997 2008 1987–1997 1997–2008 1987–2008

Global cropland area (Mhaayr�1) 1172 1217 1321 0.4 0.7 0.5
For domestic use 995 1012 1049 0.2 0.3 0.3
For export 178 205 272 1.4 2.6 2.1

Interregional tradeb 153 157 211 0.3 3.1 1.8
Intraregional tradeb 25 48 52 6.8 0.8 3.6

Global population (Mio capita) 5030 5887 6740 1.6 1.2 1.4

a 1 Mha = 1 million hectares = 104 km2 = 1010 m2.
b Discerning 11 world regions (see section 2).

products (figure S2 available at stacks.iop.org/ERL/9/034015/
mmedia); the reason being low domestic yields compared to
the import yields.

3.2. The effect of crop product trade on global area efficiency

Trade-induced area-efficiency gains are estimated by calculat-
ing how much land would have been needed to meet global
demand based only on domestic production, i.e. assuming
domestic yields. This calculation yields a cropland demand

significantly larger than the actual global extent of cropland
(table 2, 7% in 2008). The numbers reveal that presently
crop product trade flows from nations with higher yields to
nations with lower yields: in 2008, yields of importers were,
on average, 30% lower than those of exporters. The absolute
magnitude of this effect almost doubled during the two decades
covered in this study, from 43 to 88 Mha yr�1. In addition,
table 2 reveals that such an approach can cover just over two
thirds of the cropland area linked to international trade. The
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Zusammenfassung

• Ca. 300-500 km Verschiebung der Klimazonen (aus Südwesten)

• Mehr Extremereignisse (Dürren und Überschwemmungen)

• Wir brauchen diverse Landscha:en zur Risikostreuung

• Verteidigung des Status Quo nicht immer eine Op<on

• Klimaanpassung, Klimaschutz und Biodiversitätsschutz sind kein 
Gegensatz!


