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Abstract

Key message In the center of the species’ distribution
range in Germany, European beech stands show con-
tinued climate-change-related growth decline since the
1980s at low elevations, but growth increase at high
elevations.

Abstract Contradicting reports exist about the climate-
change sensitivity of European beech (Fagus sylvatica),
showing either a sensitive response of radial growth to dry and
hot summer episodes and long-term growth decline with
recent warming, or apparent insensitivity of growth and a
remarkable potential for post-stress recovery. With a den-
droecological study along an altitudinal transect in the center
of the species’ distribution range in south-western Germany,
we analyzed the climate response of radial growth with vari-
ation in altitude (110-1230 m) and associated temperature
(10.6-35°C  MAT) and  precipitation  change
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(755-1788 mm year—' MAP). Climate sensitivity analysis
showed that annual stem increment was strongly limited at
low elevations (110-300 m) by low precipitation in April/
May, but by low summer temperatures at 1230 m. At inter-
mediate elevation (640 m), indications of both moisture and
temperature limitation were found. The differences in climate
sensitivity were linked to contrasting long-term growth trends.
At 110-300 m, radial growth has continually decreased since
about the 1980s, while it has increased at 1230 m. Our results
from the four stands suggest for the study region that the
abiotic control of beech radial growth switches from moisture
to temperature limitation at a threshold situated between 160
and 235 mm of precipitation in April/May (which corre-
sponds to 200 and 313 mm of precipitation in June—August),
in accordance with dendroecological results from other Cen-
tral European lowland regions. This indicates that, with fur-
ther warming and drying of the climate, beech may suffer in
lowland and lower montane regions of Central Europe from
reduced vitality and productivity, whereas it may profit from
warming in montane to upper montane elevation. We con-
clude that climate-change-related growth decline is more
widespread in the center of the species’ distribution range than
previously thought, which is highly relevant for forestry
planning.

Keywords Climate sensitivity - Fagus sylvatica -
Elevation - Global warming - Moisture limitation -
Temperature limitation - Tree-ring width

Introduction

European beech (Fagus sylvatica L.) is the most wide-

spread and abundant tree species of the natural forest
vegetation of Central Europe and one of the economically
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most important timber trees of this region (Ellenberg and
Leuschner 2010). The species’ distribution range lies in the
more oceanic parts of Europe, and numerous den-
drochronological and ecophysiological studies suggest that
European beech is more drought sensitive than other
Central European broad-leaved tree species, such as the
oaks (Quercus petraea (Matt.) Liebl. and Q. robur L.),
hornbeam (Carpinus betulus L.), ash (Fraxinus excelsior
L.), linden (Tilia cordata L.), or Norway spruce (Picea
abies (H.) Karst.) (Kocher et al. 2009; Zang et al. 2014;
Zimmermann et al. 2015). Since global warming has
already resulted in higher growing season temperatures
and, in various regions of Central Europe, reduced summer
precipitation during the last decades (Schonwiese and
Janoschitz 2008; TPCC 2013; Lindner et al. 2014), and
ongoing climate change is predicted to further increase the
severity and frequency of hot and dry summers (Bindoff
et al. 2013), the tolerance of European beech to summer
drought and heat has raised some concern about its future
in Central European forests (e.g., Gessler et al. 2007;
Hacket-Pain et al. 2016).

European beech has been found to respond to soil water
shortage with reductions of stomatal conductance, sap flow
rate, drops in minimum and maximum leaf water poten-
tials, and increased fine root mortality that are more severe
than in the other widespread European broad-leaved spe-
cies (Leuschner et al. 2001; Kocher et al. 2009). In Central
and Western European broad-leaf mixed forests with
beech, oak, hornbeam, maple, or linden, climate-change-
related reductions in stem increment were more pro-
nounced in beech than in other co-occurring tree species
(Cavin et al. 2013; Zimmermann et al. 2015). Climate—
growth analysis in beech forests of Western, Central, and
South-eastern Europe revealed a consistent positive
response to high precipitation in the growing season
(mainly May to July) and a negative effect of high tem-
peratures in the growing season and the previous summer
(Jump et al. 2006; Scharnweber et al. 2011; Zimmermann
et al. 2015; Hacket-Pain et al. 2016). In addition, direct
measurement of the diurnal variation in radial stem incre-
ment indicated that the stem cambial activity of beech is
highest in periods of high atmospheric humidity (Kocher
et al. 2012), suggesting that increases in the atmospheric
vapor pressure saturation deficit (VPD) with increasing
summer temperatures may negatively influence radial
growth rate.

Recent observations of long-term growth decline in
beech forests at the southern edge of beech distribution
have been related to drought effects associated with climate
change (Piovesan et al. 2003, 2008; Jump et al. 2006).
Drought-induced stand-level tree mortality has recently
been observed in Hungary at the south-eastern distribution
limit of Fagus in Europe (Lakatos and Molnar 2009). In
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certain regions of Central Europe, growth declines have
been reported for beech stands since about the 1980s, e.g.,
in north-eastern France and Belgium (Charru et al. 2010;
Kint et al. 2012), and central-eastern and north-eastern
Germany (Scharnweber et al. 2011; Zimmermann et al.
2015). However, these reports contrast with several other
studies which found no evidence of recent growth decline
in beech in the context of climate change, or even docu-
mented recent growth increase (e.g., Friedrichs et al. 2009,
Tegel et al. 2014). Various authors emphasize the
remarkable potential for recovery after drought stress of
Fagus (e.g., Elling et al. 2007).

In Central European beech forests, it appears that coarse
wood production has generally increased since the late 19th
century (Pretzsch et al. 2014), and Ammer et al. (2005) and
Mette et al. (2013) assume that beech is not threatened by
climate change in Central Europe in the next decades. In
contrast, Cavin and Jump (2016) found in 46 Western
European beech stands (UK to Spain) a higher drought
sensitivity of radial growth at more northerly sites than
close the southern range edge. It thus remains unclear
whether long-term growth decline (or drought-induced
mortality) is a local phenomenon in Central European
beech forests or is more widespread in the center of the
species’ distribution range.

In the Mediterranean regions of Spain and Italy, recent
decreases in growth rate were most pronounced at lower
elevations, but were visible also in montane forests at
elevations of 1000-1800 m a.s.l. (Piovesan et al.
2003, 2008; Jump et al. 2006). For Central Europe, there is
consistent evidence that beech radial growth at high ele-
vations is predominantly controlled by temperature, while
low-elevation productivity is mostly driven by summer
rainfall and negatively affected by high summer tempera-
tures (e.g., di Filippo et al. 2007; Babst et al. 2013).
However, it is less clear whether these different modes of
growth control already have translated in Central Europe
into contrasting long-term growth trends at low and high
elevations, i.e., widespread growth decline at lower ele-
vation and increase at higher elevation driven by the recent
warming. If such a pattern does emerge, the search for
climatic thresholds of diverging beech growth responses
would be of high importance to support foresters with
sound information on future climate-change-related risks in
beech production forests (Czucz et al. 2011).

To address this topic, we conducted a dendrochrono-
logical case study in south-western Germany in a region,
where European beech occurs from lowland to montane
elevation, extending over more than 1000 altitudinal
meters. Four beech forests were selected along an altitu-
dinal transect from 110 to 1230 m a.s.l., covering an air
temperature gradient from 10.6 to 3.5 °C mean annual
temperature (MAT) and a precipitation gradient (mean
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annual precipitation, MAP) from 755 to 1788 mm year .

We tested the hypothesis that the recorded warming in the
second half of the 20th century has resulted in a reduction
of beech radial growth at lower elevations, but increased
stem increment at higher elevations. A second goal was to
search for the climatic tipping point at which beech radial
increment is shifting from apparent drought limitation to
low-temperature limitation in this region.

Materials and methods
Study area

Field work was carried out in November and December
2013 in the federal state of Baden-Wiirttemberg near
Karlsruhe (49°4’8"N, 8°26'47"E, 110 m a.s.l.), Weinheim
(49°28'45"N,  8°42'50"E, 300m a.s.l), Hausach
(48°19'24"N, 8°8'36"E, 640 m a.s.l.), and Schéonau
(47°50'6”"N, 7°50'43"E, 1230 m a.s.l.) the sites are labeled
as 110K, 300 W, 640H, and 1230S, respectively,
throughout the paper (Fig. 1). Karlsruhe is situated in the
middle Upper Rhine Plain, as is Weinheim at the western
edge of the Odenwald Mountains east of the northern
Upper Rhine Plain. Hausach and Schonau are located in the
middle and southern Black Forest, respectively, a major
mountain massif (highest summit Mt. Feldberg 1493 m
a.s.l.) that emerges east of the southern Upper Rhine Plain.
Both the Black Forest and the Odenwald Mountains are
dominated by crystalline basement rocks, including granite
and gneiss in the Black Forest, and granite and granodiorite
in the Odenwald Mountains. The Upper Rhine Plain is
dominated by quaternary alluvial deposits.

Climate

Climate data were obtained from the weather stations
Karlsruhe (49°2'17”N, 8°21'51”E; 110 m a.s.l.) for site
110 K, Heidelberg (49°25'14"N, 8°40'3"E; 110 m a.s.l.)
for site 300 W, Wolfach (48°17'43"N, 8°14'21"E; 290 m
a.s.l.) for site 640H, and the summit of Mt. Feldberg
(47°52'30"N, 8°0'14"E; 1490 m a.s.l) for site 1230S
(Table 1). These meteorological stations were selected
because of their proximity to the sample plots (Fig. 1), but
deviated (except for Karlsruhe) markedly with respect to
elevation from the plots. Using the data from Heidelberg
for site 300 W and from Wolfach for site 640H likely
results in higher temperatures and lower precipitation than
found at the site of sampling. The deviation must have been
largest at site 640H, where mean annual temperature was
probably 2.1 K lower than in Wolfach, assuming a tem-
perature lapse rate of 0.6 K 100 m™". Site 300 W can be
assumed to be c. 1.1 K colder than at the station
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Fig. 1 Study area in south-western Germany with the location of the
sample plots (110 K, Karlsruhe; 300 W, Weinheim; 640H, Hausach;
1230S, Schonau)

Heidelberg. Concerning site 1230S, use of the data from
the Mt. Feldberg station led probably to an underestimation
of MAT by 1.6 K as well as to an overestimation of mean
annual precipitation. The main purpose of inspecting the
climate data was to search for long-term climate trends at
the different elevations and to analyze climate—growth
relationships. Weather data (temperature/precipitation)
were available for the station Karlsruhe since 1851/1876,
from Heidelberg since 1871/1871, from Wolfach since
1957/1936, and from Mt. Feldberg since 1921/1926. MAT
showed the adiabatic decrease with elevation at the mete-
orological stations, whereas MAP increased. At lowland
elevation (110 m a.s.l.), precipitation was higher in Karl-
sruhe than in Heidelberg. Seasonal variability of precipi-
tation is relatively small with maxima in summer at the
three lower stations and in summer and autumn at the
highest elevation.

The standardized precipitation evapotranspiration index
(SPEI) was calculated with R 2.15 (R Development Core
Team 2008) using the R package “SPEI” v. 1.6 to quantify
drought intensity (Vincente-Serrano et al. 2009). Measured
values of monthly precipitation and calculated values of
potential evapotranspiration (PET) were included in the
calculation. PET was computed after Thornthwaite (1948)
using monthly mean temperature and a correlation
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Table 1 Mean annual
temperature as well as annual

and seasonal precipitation at the
four weather stations used for
study sites 110 K, 300 W,
640H, and 1230S

110 K 300 W 640H 12308
Mean annual temperature (°C) 10.2 £ 0.1 10.6 £ 0.1 9.6 + 0.1 3.5+ 0.1
Mean annual precipitation (mm) 793 £ 16 755 £ 11 1290 £ 23 1788 £ 41
Spring precipitation (mm) 206 £ 6 192 £ 5 324 +£9 441 £ 12
Summer precipitation (mm) 226 £ 7 229 £ 6 336 £ 12 475 £ 17
Autumn precipitation (mm) 198 £ 7 184 £ 6 325 £ 13 475 £ 20
Winter precipitation (mm) 164 £ 5 150 £ 4 308 £ 12 398 £ 18

Spring March-May, summer June—August, autumn September—November, winter December—February

coefficient derived from latitude to calculate day length.
SPEI was calculated on a monthly timescale using indices
with a log-logistic probability distribution and parameter
fitting based on unbiased probability-weighted moments.
This time scale was used for identifying drought episodes
in the last decades, which could affect drought-sensitive
tree species on shallow soils.

Field and laboratory work for tree-ring analysis

The four stands are European beech forests used for timber
production. Existing permanent plots of 20 m x 20 m size
(site 110 K) or 20 m x 24 m size (other sites) were used to
collect tree-ring samples at the four study sites. Beech was
the only tree species in stand 300 W and dominated the
canopy of the other stands (Table 2). In stand 110 K, beech
was associated with six species of native and introduced
broad-leaved trees (Prunus padus, Robinia pseudacacia,
Acer pseudoplatanus, Carpinus betulus, Quercus petraea,
and Q. rubra). In stand 640H, Abies alba, Quercus petraea,
and Acer pseudoplantanus co-occurred with beech. In the
high-montane forest at site 1230H, beech was mixed with
Picea abies and Abies alba. While P. abies formed roughly
30% of the upper canopy in stand 1230H, where it was
represented with c. 110- to 120-year-old individuals of
large stem diameter, the majority of other admixed species
were mostly found in few individuals that were usually
smaller than beech and often in a subdominant or sup-
pressed social position. Beech showed no consistent trend
for a decrease (or increase) in stem diameter, tree height,
stem density, or stand basal area with elevation (Table 2).
While stand density was lower in the stands 640H and
1230S than at lower elevation, stand basal area was more
similar across the transect with the highest value observed
in stand 640H. Tree height was determined with a Vertex
IV ultrasonic clinometer and T3 transponder (Haglof,
Langsele, Sweden). Stem diameter was calculated from
stem circumference that was measured with a diameter
tape.

Fifteen dominant or co-dominant beech trees reaching
the upper canopy were randomly selected from each sam-
ple plot. Wood cores were collected at breast height (dbh;
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Table 2 Tree species composition and stand characteristics at the
four study sites

110 K 300 W 640H 12308
Aspect - S w NE
Inclination (°) 0 30 37 30
Stand density (ha™h 339 335 114 64
Fagus 278 335 101 40
Other broad-leaved trees 27 — 11 -
Picea - - — 19
Abies - - 8 5
Basal area (m? ha™') 27.5 35.3 43.2 29.1
Fagus 25.7 353 38.5 13.4
Other broad-leaved trees 1.7 - 3.7 -
Picea — — — 15.1
Abies - - 0.9 0.5
Mean dbh (cm)
Fagus 35 37 36 32
Other broad-leaved trees 15 - 44 -
Picea - - — 50
Abies — — 20 17
Mean tree height (m)*
Fagus 25 30 23 21
Picea — — — 28
Abies — — 16 14

* Tree height not recorded for broad-leaved trees other than beech

1.3 m) using an increment borer of 5 mm inner diameter.
The borer was driven into the wood parallel to the contour
lines of the mountain slope to avoid compression wood. In
the level stand 110 K in the Upper Rhine Plain, samples
were taken in north-south direction. Wood cores were
mounted on wooden stripes with glue, cut lengthwise, and
the cut surface was polished before variation in wood
density was made visible with chalk. Annual ring widths
were measured with a precision of 10 um on a movable
object table (Lintab 6, Rinntech, Heidelberg, Germany),
the movements of which are electronically transmitted to a
computer system equipped with the TSAP (Time Series
Analysis and Presentation)-Win software (Rinntech).
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Analysis of tree-ring data

Most of the calculations for the evaluation of tree-ring data
were conducted with the TSAP-Win software. Tree-ring ser-
ies were controlled for missing rings and false rings during
cross-dating. Cross-dating was based on the use of two
parameters: coefficient of agreement (‘Gleichldufigkeit’
[GL]) (Eckstein and Bauch 1969) and (standard) ¢ values. The
GL and t values measure the similarity between tree-ring
series in the high- and low-frequency domains, respectively.
Tree-ring series used for the calculation of means had GL
values >65% (P < 0.05) and ¢ values >3.5. Tree-ring series
were smoothed using 5-year moving averages. Standardized
tree-ring series were used in correlation analyses with climate
parameters. Standardization is principally achieved by
dividing the observed tree-ring width (w;) through the
expected annual increment. The annual tree-ring index (z;) of
year i was calculated using the equation z; = w;/m; with m;
being the 5-year or 10-year moving averages of year i. This
procedure was applied, since we aimed at keeping as much of
the inter-annual (high-frequency) variation as possible,
because this is crucial for any climate-response analysis.

Age is generally specified as the age of the oldest tree ring
(‘cambial age’) at the sampling height of 1.3 m; c. 10 (at
most 20) years should be added to deduce tree age from these
age specifications. Tree-ring series were representative of
the studied stand as shown by the calculation of the expressed
population signal (EPS) using sums of squares of within-core
variation and error sums of squares calculated in a two-way
analysis of variance (ANOVA) (Wigley et al. 1984). The
EPS calculated separately for the age groups and habitats
(forest interior vs. edge) clearly exceeded the 0.85 threshold
both in middle-aged and old trees. The calculation of EPS
values was computed with the package “Dendrochronology
Program Library” in R (dpIR) 1.5.5 (Bunn 2008) in R 2.15.

Year-to-year variability of tree-ring width was expressed
as mean sensitivity, as was the influence of the increment in
the previous year on the increment of the current year as first-
order autocorrelation coefficient (Fritts 1976). Mean sensi-
tivity and autocorrelation coefficients were calculated over
the whole lifespan of each sample tree using the TSAP
software. Relationships of tree-ring width with monthly
climate data were analyzed with multiple regression analy-
ses using the SAS 9.4 software (SAS Institute Inc., Cary,
North Carolina, USA). The climate data were related to
standardized tree-ring chronologies. Monthly and seasonal
mean temperatures and precipitation of the current and the
preceding year of tree-ring formation were included in the
climate-response analysis. The regression analyses covered
different periods, depending on the availability of climate
data for the different localities (see above). Standardized 3
coefficients were used to quantify the influence of individual
months in the climate-response analysis.

The resilience of annual stem increment to individual
summer drought events was analyzed by dividing the non-
standardized mean tree-ring width in the 9 years after the
drought year by the mean tree-ring width in the 9 years prior
to the drought year (Lloret et al. 2011). Depending on the
intensity and the temporal course of the drought episode,
drought can reduce the stem increment in trees either in the
year of the drought event or in the subsequent year. We
selected growth depressions in 1976, 1989, 1992, 2000, and
2004 for our analysis of the resilience of wood formation to
drought. The growth depressions in 1976 and 1989 were due
to hot and dry summers in the same year; the droughtin 1976
was more pronounced than in 1989. Low growth in 1992
followed a hot and dry summer in 1991, while 1992 was hot
but less dry. The year 2000 was hot already early in the
growing season, but precipitation was moderate. The growth
depression in 2004 was the result of the excessive summer
drought of 2003, which occurred in mid-summer at a point in
time when most of the annual wood production of 2003 was
already completed. The interval of 9 years was chosen,
because it was the longest possible interval after 2004, given
the wood core sampling in 2013.

Superposed epoch analysis (SEA) was calculated using
dpIR (Bunn 2008) to test for the mean growth response to
the driest summers in the observation period. The SEA
calculates the significance of departure of the tree-ring
index from the mean for event years and the years imme-
diately preceding and following the event year (superposed
epoch), by comparing the value of the superposed epoch to
randomly selected epochs, which are selected from the data
set using bootstrap resampling (1000 resamples). Event
years were deduced from minima of the SPEI value for the
period from May to August separately for each study site
(Table S1).

Statistical analysis

Arithmetic means % standard errors are given throughout
the paper. Multiple comparisons of mean values were made
using Duncan’s multiple range test (significance level:
P < 0.05), after testing for normal distribution with the
Shapiro—Wilk test; degrees of freedom (df) are given as
dfmodels Aferror- The statistical analyses were conducted with
the SAS 9.4 software.

Results
Climate trends
All four weather stations showed significant MAT increa-

ses during the periods, where data were available. Since
1960, temperature increased by 1.95 K (or 0.40 K
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decade™) in Karlsruhe, 0.75 K (or 0.14 K decade™') in
Heidelberg, 1.31 K (or 0.24 K decadefl) in Wolfach, and
1.67 K (or 0.31 K decadefl) on Mt. Feldberg (Fig. S1).
Temperature increased primarily in spring and summer
(Fig. S2), whereas values remained more or less constant in
the cold seasons (data not shown), except for Heidelberg,
where significant increases were found in both autumn
(y =0.0lx + 597, r=0.34, P <0.001) and winter
(y = 0.01x + 3.30, r = 0.20, P < 0.05). Spring (March—
May) warming has strongly accelerated since the 1980s
with rates varying between 0.51 and 1.04 K for a 34-year
period (Table S2; Fig. S2). Summer temperature has
increased at lower rates of 0.21-0.40 K since the 1970s
(Table S2; Fig. S2).

Annual precipitation decreased across the entire mea-
suring periods in Karlsruhe and on Mt. Feldberg, but
remained constant at the two other stations (Fig. S3).
Physiologically more important is the spring and summer
rainfall decrease, which is visible at all four stations
(Fig. S4). In absolute numbers, June—August precipitation
was by 36, 29, 23, and 35 mm lower on average in Karl-
sruhe, Heidelberg, Wolfach, and Mt. Feldberg in the period
1970-2013 than in the 65- to 135-year-long measuring
periods since installation of the stations. July rainfall has
decreased by 21, 19, 16, and 19 mm, respectively, i.e., by
about 27, 23, 14, and 12% at the four stations. Summer
drought intensity, as quantified by the mean standardized
precipitation/evapotranspiration index (SPEI), increased in
all four localities. This was especially true for spring (April
to May) and summer (June to August) (Fig. 2). Significant
linear trends for SPEI increase were found in both low-
elevation stations (Karlsruhe, Heidelberg) in spring and
summer. In Wolfach, significant increases in SPEI were
found for May and July. On Mt. Feldberg, SPEI increased
in May and in the summer months (June to August).

Annual stem increment

Mean cambial tree age of the sampled dominant and co-
dominant beech trees varied between 102 and 176 years.
There was no significant correlation of mean tree age with
altitude, but the sample trees in the two high-elevation
stands were older (640H: 176 &+ 7 years, 1230S:
157 £ 3 years) than in the two lowland stands (110 K:
103 £ 2 years, 300 W: 114 & 2 years). All means from
the four sites differed significantly from one another
(P < 0.05, Duncan’s multiple range test, dfimodel, error = 3»
56). Maximum age was also higher at high (640H:
235 years, 1230S: 189 years) than low elevation (110 K:
125 years, 300 W: 139 years).

Mean annual radial stem increment was twice as high
in the two low-elevation stands than at high elevation
(Fig. 3a; Fig. S5). First-order autocorrelation of tree-ring
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width was lower (Fig. 3b) and mean sensitivity higher at
the highest site 1230S (Fig. 3c) than in the other stands.
From 110 to 640 m a.s.l., first-order autocorrelation and
mean sensitivity were not correlated with altitude. At
low elevation (sites 110 K and 300 W), mean sensitivity
was significantly higher after 2000 than in the intervals
from 1980 to 1999 and from 1960 to 1979 (Table S3).
At site 640H, there was an insignificant trend for
recently increased mean sensitivity, whereas no such
trend existed at the high-elevation site 1230S.

Stem increment showed high synchronicity between the
two low-elevation sites 110 K and 300 W (Figs. 4a, b, 5a,
b). This assessment is supported by a high coefficient of
agreement between the two chronologies of 73% and a
high ¢ value of 10.3. The beech trees at the low-elevation
sites 110 K and 300 W showed a strong decrease of tree-
ring width since the 1980s (Fig. 4a, b; Fig. S5). At site
640H, tree-ring width exhibited a similar but weaker trend
for decrease (Fig. 4c), whereas at the high-montane site
1230S, annual stem increment has strongly increased since
the 1980s (Fig. 4d).

Climate-response analysis

The results of the climate-response analysis clearly differ
between the low-elevation sites 110 K and 300 W, on the
one hand, and the montane to upper montane sites 640H
and 12308, on the other hand. The greatest contrasts exist
between the uppermost stand 1230S and the low-elevation
sites 110 K and 300 W, while stand 640H occupies an
intermediate position not only in terms of elevation, but
also with respect to the effect of inter-annual climate
variability on annual stem increment.

At the sites 110 K and 300 W (Fig. 6a, b), the tree-ring
index is negatively correlated with the summer temperature
of the year prior to tree-ring formation and positively
correlated with the autumn temperature of the previous
year and with precipitation at the start of the current
growing season (110 K: April and May; 300 W: May). At
site 110 K, the tree-ring index also increases with summer
precipitation of the previous year.

The climate response of annual stem increment at site
12308 is characterized by a positive correlation of the tree-
ring index with summer temperature in the year of tree-ring
formation (Fig. 7b), which is in contrast to the results from
sites 110 Kand 300 W. Nonetheless, the tree-ring index also
decreased with the previous year’s June temperature and
increased with the previous year’s June precipitation. A
marginally significant positive correlation (P < 0.10) was
found between the tree-ring index and the previous year’s
autumn temperature. Furthermore, correlations with the
weather conditions in the winter preceding the current
growing season were found; the tree-ring index decreased
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Fig. 2 Mean standardized precipitation/evapotranspiration index d 1230S (May; June—August). Negative values indicate water deficits.

(SPEI) for the study sites a 110 K (April-May; June—August),
b 300 W (April-May; June-August), ¢ 640H (May; July), and

Significant trend lines are indicated. Dark gray stands for April-May
and light gray for June—August

Karlsruhe Weinheim Hausach Schénau

Study area

Fig. 3 a Mean annual stem increment, b mean sensitivity, and ¢ first-
order autocorrelation coefficients in the four study sites. Means
sharing the same letter do not differ significantly (P < 0.05,

with January precipitation (P < 0.05) and January and
February temperature (P < 0.10).

Trees at site 640H (Fig. 7a) showed a positive correla-
tion of the tree-ring index with June temperature of the
current year, but lacked the correlation with the tempera-
ture of the whole current summer that was found at site
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Duncan’s multiple range test, dfmodel. emor = 3. 56). Site 110 K
(Karlsruhe), 300 W (Weinheim), 640H (Hausach), 1230S (Schonau)

1230S. In addition, annual stem increment at site 640H
decreased with the previous year’s summer temperature
and increased with the previous year’s May precipitation.
Furthermore, the temperature of the February prior to the
current-year’s growing season was negatively correlated
with the tree-ring index.
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Resilience of annual stem increment to individual
drought events

In the years following the growth depression years 1989,
1992, 2000, and 2004, the annual stem increment of beech
did not fully recover at the sites 110 K, 300 W, and 640H
(Fig. S6). The resilience at these sites was <1 in the 9 years
after the drought event, reflecting lower stem growth after
than prior to the drought event. At the high-elevation site
12308, the resilience of wood formation to drought was
significantly higher than at the other sites and exceeded 1.
In 1976, growth resilience was not dependent on elevation.

Superposed epoch analysis (SEA) showed a stronger
growth reduction in the year after the drought than in the
drought year itself (Fig. 8). This was true for the low-ele-
vation sites 110 K and 300 W as well as for the upland site
640H. At the uppermost site 1230S, however, SEA gave no
significant result.

Discussion
Causes of growth decline at lower elevations
Climate warming in the study region in south-western

Germany markedly exceeded the global average of 0.12 K
from 1951 to 2012 (IPCC 2013). Only at 300 m elevation

@ Springer

in Heidelberg (near site 300 W), the temperature increase
was in the range of the global mean increase, but it has to
be noted that slightly different periods (since 1960 in our
study, since 1951 in IPCC 2013) are compared. The
increase in temperature was most pronounced in spring and
summer, i.e., the seasons with the highest physiological
activity and thus biological relevance. Especially spring
warming has accelerated since the 1980s. Compared to
earlier periods, summer rainfall (June—August) has
decreased at all stations in the last four decades, while
spring rainfall (April, May) showed only minor long-term
change, as did annual precipitation.

In the two lowest sites at 110 and 300 m a.s.l. in or near
the Upper Rhine Plain, the stem increment of beech was
significantly promoted when rainfall was higher in April
and May. The apparent dependence of growth on sufficient
moisture in spring and early summer in these sites coin-
cides with a marked decline of tree-ring width in the two
stands since the 1970s and 1980s. This decline is probably
due to decreased spring and summer precipitation (Fig. S4)
and increased spring and summer temperatures (Fig. S2).
Temperature can be effective at reducing stem increment
via various pathways, through its influence on the atmo-
spheric evaporative demand (Kint et al. 2012; Kocher et al.
2012), a direct negative effect of higher temperatures on
photosynthetic activity and the carbon balance (Filewod
2011), or the assumed promotion of masting frequency in
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beech by elevated summer temperatures (Drobyshev et al.
2010; Miiller-Hauboldt et al. 2015; Hacket-Pain et al.
2016; see below).

Our observation of long-term growth decline of beech at
the two sites at 110-300 m a.s.l. is in line with the results
from other tree-ring studies on the climate sensitivity of
dominant canopy trees of Fagus in various lowland or
lower montane regions of Central Europe, including north-
eastern and central-eastern Germany (Scharnweber et al.
2011; Zimmermann et al. 2015), Belgium (Kint et al.
2012), Luxembourg (Hirdtle et al. 2013), north-eastern
France (Bontemps et al. 2010; Charru et al. 2010), and
Switzerland (Braun et al. 2015). Corresponding growth
trends have also been reported for montane beech stands at
the southern distribution limit of beech in Italy (Piovesan
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precipitation of the year of, and the year prior to, tree-ring formation.
Beta coefficients resulting from multiple regression analysis
(*P < 0.05, *#*P < 0.01, ***P < 0.001) (n = 15 trees per site)

et al. 2003) and northern Spain (Jump et al. 2006). The
evidence from Central Europe suggests that the observed
recent vitality decline of Fagus in the center of its distri-
bution range is not a local phenomenon but more wide-
spread. Moreover, it cannot be explained as the response
solely to certain severe drought events or as the outcome of
demographic processes, because the growth decline started
consistently in the 1970s or 1980s and continued until
today, excluding causation by a single extreme event as the
1976 drought. Since only dominant trees in the upper
canopy were sampled in most of these studies, shifts in the
Fagus population structure can be ruled out as a cause as
well. A simple age effect is also not plausible in our study
and in those of Scharnweber et al. (2011) and Zimmermann
et al. (2015), because the growth decline was observed only
in certain stands, but not in others of similar age. The fact
that the resilience of wood formation to individual drought
episodes was <1 and thus relatively low in the sites at 110
and 300 m a.s.l. during the drought events in 1989, 1992,
2000, and 2004, but not in 1976, suggests that a negative
impact of climate change on beech growth would have
developed only since the 1980s. This pattern coincides with
the increased growth sensitivity in the 2000-2013 interval
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compared to earlier decades in the 110 K and 300 W
stands.

In the two stands with continued growth reduction, both
spring and summer precipitation has declined in the last
decades. However, the climate-response analysis shows
sensitivity only to spring (March—-May) precipitation and
not to summer rainfall of the current year. This highlights
the importance of a favorable water status during the period
of early-wood formation for annual ring width suggesting
that assessments of climate-change effects on the radial
growth of beech must consider long-term trends in spring
precipitation rather than summer or annual precipitation.
The climate-response analysis further shows a negative
impact of high temperatures in previous year’s June or July
on radial growth. One possible explanation is reduced
carbon gain in hot mid-summer periods and hence reduced
carbohydrate availability for wood production in the sub-
sequent year.

Growth stimulation at higher elevations
The situation is different at higher elevations. In our study
region, the radial growth of the highest studied forest at

1230 m a.s.l. shows pronounced temperature limitation,
and annual stem increment thus benefitted from the
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summer temperature increase in the last decades. In this
stand at upper montane elevation, low summer tempera-
tures limited wood formation despite the significant
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reduction in spring (May) precipitation observed during the
last decades, i.e., in the physiologically most relevant
precipitation component. Shortage of moisture in the per-
iod of main cambial activity cannot be an influential factor
at this elevation, as the resilience of wood formation to
individual drought events has remained invariably high
during the last decades in the 1230S stand. We do not know
to what extent increased atmospheric loads of reactive
nitrogen have contributed to the recent increase in tree-ring
width in this stand (de Vries et al. 2009), but the highly
significant positive correlation of current-year summer
temperature (June—August) with the tree-ring index in the
climate-response analysis suggests that climate change is at
least one of the factors significantly contributing to the
recent increase in stem increment of the beeches at this
elevation. Limitation of tree productivity by low summer
temperatures is a characteristic of high-elevation forests
around the world (Grace et al. 2002). Our conclusion is in
agreement with dendroclimatological results of Dittmar
(1999), di Filippo et al. (2007), and Babst et al. (2013) who
found that F. sylvatica switches at montane elevation from
moisture to temperature limitation of growth, which is at
about 600-800 m a.s.l. in southern Germany.

The beech stand at 640 m a.s.1. is apparently close to the
elevation, where apparent moisture or high-temperature
limitation of growth switches to low-temperature limitation
at higher elevations. As in most other temperate mountains,
temperature and the evaporative demand decrease with
elevation in the Black Forest, while precipitation does
increase. The recent negative radial growth trend at 640 m
a.s.l., which was weaker than in the low-elevation sites at
110 and 300 m a.s.]., suggests moisture limitation of
stemwood formation also at this elevation, yet to a smaller
extent than in the lowlands. However, in the climate-re-
sponse analysis, negative correlation of the tree-ring index
was found only with the previous year’s summer temper-
ature, whereas summer (July) temperature of the present
year was not negatively, but positively, correlated with the
index. The latter correlation points to temperature limita-
tion, but apparently to a much weaker extent than at
1230 m a.s.l., where the tree-ring index increased with the
mean temperature of mid-summer (June—August) and with
July temperature. Since stem increment is decreasing in
recent time, moisture limitation seems to be more impor-
tant for stemwood formation at 640 m a.s.l. than temper-
ature limitation. The low resilience of tree-ring width to
recent drought events at 640 m a.s.l., ranging in the same
order of magnitude as in the low-elevation sites at 110 and
300 m a.s.l., also points to a dominant role of moisture
limitation at this elevation.

The negative response of the tree-ring index to the
previous year’s mid-summer (June—August) temperature in
the stands at 110, 300, and 640 m a.s.l. and to previous

year’s early summer (June) temperature in the high-ele-
vation stand at 1230 m a.s.l. likely is attributable to the
known induction of masting in F. sylvatica by hot summers
with high radiation and/or temperature in the previous year
being an important cue (Drobyshev et al. 2010; Miiller-
Hauboldt et al. 2015). A full mast consumes up to 60% of
annual carbon gain in beech and results in pronounced
decreases in stem growth in the year of, and the year fol-
lowing a masting event (Miiller-Haubold et al. 2013, 2015).
More frequent masting due to higher frequency of hot
summers may indirectly cause reduction in stem increment,
in addition to direct negative drought effects on growth,
thereby reducing the competitiveness of beech. Increased
fine root production under reduced precipitation and soil
moisture as found by Hertel et al. (2013) may represent
another driver of growth reductions in F. sylvatica in a
warming climate.

Positive correlations between previous year’s autumn
temperature and ring width may indicate that warmer
autumn months extend the growing season and thus boost
photosynthetic carbon gain in a season of reduced carbon
demand for growth, allowing to store larger amounts of
carbohydrates that are available for wood formation in the
subsequent growing season (Dittmar and Elling 1999;
Hacket-Pain et al. 2016). Higher spring precipitation at
low, but not at high, elevation, where precipitation in this
season is associated with cold weather and mostly falls as
snow, also favors stemwood production, explaining the
positive correlation of the tree-ring index with April and
May precipitation at 110 m a.s.l. and with May precipita-
tion at 300 m a.s.l., while this association does not exist at
higher elevation. Reduced annual stem increment in years
with low January and February temperatures at 1230 m
a.s.l., and under low February temperatures at 640 m a.s.1.,
might be attributable to frost damage to the stem cambium
or the root system in very cold winters (Dittmar et al.
2006). High radial growth rates in the 110 K and 300 W
stands in the period 1950-1970/80 may be the result of
selective logging activity, which reduced competition.

In our region, precipitation in April/May apparently was
more influential than June—August precipitation as was
found in other regions of Central Europe. Our data indicate
a precipitation threshold range between 160 (sites 110 K
and 300 W) and 235 mm (640H) of April/May precipita-
tion below which temperature limitation of growth seems
to switch to moisture limitation. These rainfall amounts
correspond to a summer precipitation (June—August) range
of ca. 200 mm (station Weinheim) to 313 mm (Hausach);
negative growth trends due to moisture limitation may thus
be expected at roughly 250 mm (or less) of summer pre-
cipitation. In central-eastern Germany, Zimmermann et al.
(2015) derived from dendroclimatological data a precipi-
tation limit for F. sylvatica in lowland and lower montane
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elevations in the range of c. 190 mm of June—August
rainfall, corresponding to 600-640 mm yealfl MAP. This
would indicate a somewhat higher precipitation threshold
in south-western than in central-eastern Germany, which
may be explicable by the higher summer temperatures and
higher evaporative demand in the former region. Because
we found significant precipitation—growth relationships
only for 1 or 2 months of the year in spring, it is advisable
to define precipitation limits for beech not on the basis of
summer (or annual) precipitation but by referring to the
sensitive months. Precipitation thresholds given by other
authors based on mean annual precipitation are more
variable (500-900 mm yearfl; Czucz et al. 2011). Data
from additional stands are needed to define the hygric
threshold more precisely.

In the beech stands at lower elevation, the future
development in the face of climatic warming is unclear. In
unmanaged stands, possible consequences could be a
demographic shift in the beech populations with gradual
replacement of the currently dominant, exposed trees in the
upper canopy by more vigorous, less climate-change-af-
fected beech individuals from sub-canopy layers, increased
mortality of large beech trees, or, in the long run, partial
replacement of beech by more drought-tolerant species,
such as Quercus petraea (Cavin et al. 2013). In many
Central European lowland and lower montane regions,
beech forest management likely will face a growing risk of
productivity and vitality decline and possibly also higher
mortality rate under a warming climate. This is indicated
by dendroclimatological results from Western and South-
western Europe, where drought sensitivity was higher in
more northern beech forests than in stands at the southern
range edge (Cavin and Jump 2016). In correspondence,
Weber et al. (2013) reported a higher drought sensitivity of
beech forests on mesic than on dry sites. Possible expla-
nations are a better drought and heat adaptation of southern
marginal populations or the selection of local sites with
particularly favorable moisture regimes by the southern
populations, i.e., avoidance of climate stress through
habitat selection (Hacket-Pain et al. 2016).

These results may conflict with the intention of forestry
politics in many countries to increase the share of beech in
production forests owing to its dominant role in the natural
forest vegetation (e.g., Rennenberg et al. 2004; Bayerische
Staatsforsten 2011; Niedersidchsische Landesforsten 2011).
Long-term dendrochronological and demographic studies
in forest reserves at different elevations and along precip-
itation gradients are needed to reach at reliable predictions
about the future of monospecific and mixed beech forests
in Central Europe (di Filippo et al. 2007). In particular,
possible linkages between long-term growth decline and
mortality rate in beech have to be analyzed.
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Conclusions

Dendroclimatological evidence from this study and other
stands in the center of the distribution range of F. sylvatica in
western Central Europe with a beech-friendly sub-oceanic
climate indicates a critical altitudinal range at c. 600 m a.s.1.,
where moisture limitation of radial growth at lower eleva-
tions switches to temperature limitation at higher elevations.
Our results suggest that this threshold range is found in
south-western Germany between c. 160 and 235 mm of
April/May precipitation. In support of our hypothesis, a
strong reduction of annual stem increment is visible at 110
and 300 m a.s.1. since more than 30 years, while the decline
is less pronounced at 640 m a.s.l., and a growth increase has
been recorded at 1230 m a.s.l. This response pattern cannot
be attributed to an age effect or demographic processes, but
must be caused by directly or indirectly acting climate-
change-related factors, which are affecting the four stands
differently. Reported growth trends from at least six Central
European regions between north-eastern Germany and
north-eastern France and Switzerland consistently evidence
amore general vitality reduction of beech at lowland to lower
montane elevations, which likely are caused by recent cli-
mate change, even though the physiological mechanisms in
most cases are not fully understood. Given that the trend of
summer warming will continue and summer rainfall is pre-
dicted to decrease in the future in various regions of Central
Europe (Jacob 2009; IPCC 2013), the likely drivers of the
vitality change will be strengthened and the growth decline
may gain in momentum in the next decades.
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