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Thinning increases drought tolerance of European beech: a case
study on two forested slopes on opposite sides of a valley
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Abstract European beech (Fagus sylvatica L.) is one of

the economically most important broadleaved tree species

in Central Europe. However, beech shows high drought

sensitivity and calls for profound research to test its ability

to cope with limited water resources. Here, we investigated

the drought tolerance of beech to the 2003 drought as

influenced by Kraft class, aspect and thinning intensity.

Annual basal area increment data of 126 sample trees from

southwest Germany were used to assess the variability of

drought tolerance indices, by comparing three social clas-

ses (predominant, dominant and co-dominant), two con-

trasting sites [a dry southwest (SW) aspect and a moist

northeast (NE) aspect], and three treatments [control,

strong thinning (stand basal area 15 m2 ha-1) and very

strong thinning (stand basal area 10 m2 ha-1)] in mature

beech stands. Our results show that the co-dominant and

dominant trees had lower growth recovery and lower

growth resilience after the drought, compared to the pre-

dominant trees. The differences between aspects pointed to

a growth–drought tolerance trade-off, in which trees on the

SW aspect displayed lower growth rates but higher resi-

lience indices than trees on the moist NE aspect. Further-

more, our results suggest that the resistance to and

resilience after the 2003 drought significantly increased for

the thinned trees. Our results provide novel insights into the

linkage between the forest stand management and drought

tolerance of beech under contrasting sites. We conclude

that thinning can partially alleviate effects of severe

drought on European beech forests in southwest Germany

and can be applied as an adaptive measure to increase the

mitigation potential of beech stands.

Keywords Fagus sylvatica � Adaptive management �
Resistance � Recovery � Resilience � Kraft class

Introduction

Extreme climatic events, such as the dry summers of 2003,

2011 and 2015 in Central Europe are considered warning

signals of climate change. The observed and projected

changes in climate for Central Europe indicate longer,

more frequent and more intense summer droughts (Chris-

tensen et al. 2007; Teskey et al. 2015). Development of

new management guidelines for European forests is crucial

in the process of increasing the adaptive capacity of current

forests to the predicted changes in climate. Silvicultural

treatments such as thinning were suggested in many studies

as tools which not only could accelerate growth, but also

improve tolerance of individual trees towards drought

(Cescatti and Piutti 1998; Kohler et al. 2010).

European beech is one of the most important forest tree

species in Central Europe (Bohn et al. 2003; Ellenberg

1996), and its climate sensitivity has been assessed by

many authors. Several studies provide evidence for low
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tolerance of European beech to drought (Fotelli et al. 2002;

Dittmar et al. 2003; Geßler et al. 2007). Similarly, the

growth-stimulating effects of thinning on European beech

stands are well acknowledged. Cescatti and Piutti (1998)

demonstrated that sensitivity of beech to climate and

drought is strongly determined by intraspecific competi-

tion. At high intensity of competition, trees are more sen-

sitive to increased temperature and reduced water

availability, whereas at low competition level, trees benefit

from warm temperature. Le Goff and Ottorini (1993) and

van der Maaten (2012b) confirmed that thinning stimulates

growth independently of site conditions and during wet as

well as dry seasons. Nevertheless, the capacity of European

beech to cope with the anticipated warmer climate is still

controversially discussed (Rennenberg et al. 2004; Ammer

et al. 2005). This imminent lack of knowledge demands for

profound research at different scales of analysis.

The concept for the assessment of tree growth responses

to drought introduced by Lloret et al. (2011) is based on

four indices: resistance (Rt), recovery (Rc), resilience (Rs)

and relative resilience. In this way, the drought tolerance of

different tree species and for different drought events can

be assessed, evaluated and compared in a uniform way.

Previous studies concerning the tolerance of different

tree species to drought have focused on the effect of

weather and climate, species mixture or individual tree

characteristics on Rt, Rc and Rs (Pretzsch et al. 2013;

Montwé et al. 2015a; Zang et al. 2014; Metz et al. 2015). In

this case study, we analyse the effect of thinning, aspect,

tree social class and tree size on drought tolerance of

European beech. Specifically, we address the following

research questions (RQ):

RQ 1: What is the effect of basal area increment, tree

social class and aspect on drought tolerance

indices Rt, Rc and Rs to the 2003 summer

drought?

RQ 2: Is the effect of tree size, i.e. tree basal area, and

tree social class on drought tolerance modified by

aspect?

RQ 3: What is the effect of the thinning treatments on

the drought tolerance indices referring to the 2003

summer drought?

RQ 4: Is the effect of the thinning treatments on drought

tolerance indices modified by tree social class and

aspect?

With this study, we provide experimental evidence for

considering thinning as a potential silvicultural tool to

increase the adaptive capacity of beech stands to a more

extreme climate. Our overall hypothesis is that in a warmer

climate, the effects of drought can be reduced by allocating

more growing space to individual (crop) trees and that in

this way the resilience and stability of beech on the tree and

stand level can be increased.

Materials and methods

Study site and experimental design

The study site is located in a beech-dominated forest area

in southwest Germany (longitude 8�400E; latitude

48�000N). The study plots are situated on two contrasting

slopes: north-eastern (NE) and south-western (SW) aspects

of a narrow valley close to the city of Tuttlingen. The

climate in the study region is semi-continental, with a mean

annual air temperature of 7.0 �C, and an annual precipi-

tation sum of 900 mm (referring to the period 1961–1990).

Rainfall does not vary significantly across the valley

(Gessler et al. 2001). Limestone-derived soil types can be

found on both aspects, whereas the soil on the SW aspect is

shallower and particularly rocky with lower water holding

capacity (Hildebrand et al. 1998; Geßler et al. 2005)

(Table 1).

The experiment was established in winter 1998–1999.

The experimental design was defined by three treatments of

varying thinning intensity established on each aspect: a

very strong thinning (VT) which reduced stand basal area

(BA) to 10 m2 ha-1 and a strong thinning (ST) which

reduced BA to 15 m2 ha-1 and no thinning (control, CT,

BA *24.5 m2 ha-1). The reduction in BA was slightly

different between aspects: for the strong thinning regime,

the reduction in BA to 15 m2 ha-1 corresponded to *41%

for the NE and 31% for the SW aspect, while for the very

strong thinning regime, the reduction in BA to 10 m2 ha-1

was *60% on the NE and 57% on the SW aspect. Each

treatment (plot area 0.5–0.7 ha) was replicated three times

on the NE and two times on the SW aspect in a randomised

block design. The thinning treatment was applied once, at

the beginning of the experiment in 1999. The criteria of the

Table 1 Characteristics of the research site (mean annual volume

increment (MAI100) refers to the 2012 assessment)

Parameter Aspect

NE SW

Elevation (m a.s.l.) 820 760

Inclination (�) 23 30

Aspect (�) 60 240

Soil profile (% of rocks)\ 0.2 m 15 20–45

Soil profile (% of rocks)[ 0.5 m 30 80

Stand age (years) 90 110

MAI100 (m
3/ha/year) 6.0 4.2
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applied thinning regime were to reduce the stand basal area

to 15 and 10 m2 ha-1 by maintaining the shape of the

diameter distribution. The measured stand-level parame-

ters—height of the tree with mean basal area, height of

dominant trees, diameter of the tree with mean basal area,

diameter of dominant trees, stand basal area and stand

volume—were described and comparatively analysed in a

previous study done in the same research area by Diaconu

et al. (2015).

Sampling and measurements of tree-ring

characteristics

The material consisted of 216 increment cores (2 cores per

tree) sampled in November 2015 from six trees per social

class, treatment, aspect and block (treatment replication)

plus 36 increment cores (2 cores per tree) sampled in

February 2014, and therefore, the number of analysed trees

totalled 126 (7 trees per social class, treatment and aspect,

21 trees per treatment and 63 trees per aspect). The social

class indicating vitality and competitive status of individual

trees was assessed according to the crown classification

system of Kraft (Kraft 1884): 1—predominant, 2—domi-

nant, 3—co-dominant.

The sample trees were cored at 1.3 m stem height using

a 5.15 mm Haglöf increment borer, perpendicular to the

slope in order to avoid tension wood. The samples were

mounted on plastic supports and glass plates and their

surface was prepared with an ultra-precise diamond fly

cutter (Kugler F500, Kugler GmbH, Salem, Germany) as

described by Spiecker et al. (2000). Tree-ring width (TRW)

was measured using an image analysis software developed

at the Chair of Forest Growth and Dendroecology, Frei-

burg. Individual tree-ring series were cross-dated using the

software PAST4 (Personal Analysis System for Tree-Ring

Research, SCIEM, version 4.3.1014) by grouping them

according to social class, block, treatment and aspect.

Assessment of drought tolerance

In this study, we focus on the period 1999–2007, which

encompasses the 4-year period before and after the extreme

drought event of summer 2003. The 4-year period 1999–

2002 was chosen as a reference period, which immediately

follows the thinning (winter 1998–1999). We calculated

the drought tolerance indices resistance, recovery and

resilience according to Lloret et al. (2011). Drought resis-

tance (Rt) is the inverse of the growth reduction to the

drought event and is calculated as the ratio of growth in the

drought year (DrY) relative to the mean growth in the years

prior to the drought year (PreDrY). Drought recovery (Rc)

specifies the ability of a tree to recover after the drought

stress and is estimated as the ratio of mean growth in the

years after the drought (PostDrY) relative to DrY. Drought

resilience (Rs) characterizes the capacity of a tree to absorb

stress, and it is estimated as the ratio of mean growth

PostDrY relative to PreDrY:

Rt ¼ DrY/PreDrY ð1Þ
Rc ¼ PostDrY/DrY ð2Þ
Rs ¼ PostDrY/PreDrY ð3Þ

The statistical analyses were carried out in the R pro-

gramming environment (R Development Core Team 2016).

Drought tolerance indices were calculated from the annual

basal area increments (BAI) of individual trees. Tree-ring

width measurements were transformed into BAI using the

bai.out function of the dplr package (Bunn et al. 2015). We

did not detrend the data, as the BAI of the sample trees,

which were over 90–110 years old at the time of the

extreme drought event, did not show any age-related trend.

The packages used in the analysis were: ggplot2 (Wickham

2009), reshape (Wickham 2007), tydr (Wickham 2016),

plyr (Wickham 2011), multcomp (Hothorn et al. 2008) and

lsmeans (Lenth and Herve 2015).

To reveal the effect of BAI, aspect, tree social class, and

treatment on drought tolerance indices, parameters of

mixed-effects models were determined with lme4 (Bates

2010) and lmerTest (Kuznetsova et al. 2014) packages.

Eight different mixed-effects model formulations were

used to answer our research questions. The effect of BAI,

Kraft class and aspect on drought tolerance indices (RQ 1)

were tested using models M1–M3, the interacting effects of

BAI and Kraft class with aspect (RQ 2) were tested using

model M4 and M5, and the effect of treatment on the

drought tolerance indices (RQ 3) were tested in model M6.

Accordingly, the interacting effects of aspect and Kraft

class with treatment on the drought tolerance indices (RQ

4) were tested in model M7 and M8. The formalized

models are as following:

M1: Rt, Rc, Rs * BAI

M2: Rt, Rc, Rs * Kraft class

M3: Rt, Rc, Rs * Aspect

M4: Rt, Rc, Rs * BAI * Aspect

M5: Rt, Rc, Rs * Kraft class * Aspect

M6: Rt, Rc, Rs * Treatment

M7: Rt, Rc, Rs * Treatment * Aspect

M8: Rt, Rc, Rs * Treatment * Kraft class

All models were formulated as linear mixed-effects

models with the drought tolerance indices used as response

variables. In the models, the variables BAI, Kraft class,

aspect, treatment and their interactions were tested as fixed

effects, while the variable plot (treatment replications) was

used as random effect. BAI in M1 and M4 represented the

mean over all respective years for each individual tree. For
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the first five models (M1–M5), only data from the control

plots were included in the analysis in order to test the

effects of BAI, of Kraft class and aspect on drought tol-

erance indices, effects which should not be confounded by

changes in competition intensity due to thinning. For the

models M6–M8, data from all plots were included in the

analysis.

Results

Results of models M1 to M5 are presented in Table 2. The

output of the analysis of variance indicates that the

recovery and resilience after the 2003 drought event were

influenced by tree basal area increment (BAI), by Kraft

class and by aspect. The tested variables did not show any

significant effect on the resistance index of the sample trees

to the 2003 summer drought.

The larger BAI in the pre-drought period, the faster its

recovery after the drought (p\ 0.01) (Table S1). Besides

BAI, the recovery index was significantly influenced by the

tree social class (Table 2). The Kraft class was significant

(p\ 0.01) in the single-variable model (M2) but also when

combining it with aspect (M5). This indicates that trees

with a lower social position within a stand need longer time

to recover after a severe drought. Furthermore, the analysis

shows that Kraft class and aspect significantly affected the

resilience of trees after the 2003 drought. The effect of

Kraft class on the resilience index indicates that the lower

the ranking of the tree within the stand is, the lower its

resilience (p\ 0.001) after the 2003 summer drought

(Fig. 1). Aspect does not modify the effect of Kraft class

on drought resilience.

Concerning the effect of aspect, the analysis based on

data of the control trees indicates that the resilience of trees

growing on the SW aspect was significantly higher than

that of trees growing on the opposite NE aspect (Table S2).

When the Kraft class variable was included in the model

(M5), the effect of aspect on Rs remained significant. The

difference between aspects was significant only for Kraft

class 2 and 3 (Fig. 1). The decrease in drought resilience

for trees with lower social position within stands was more

pronounced on the NE aspect compared to the SW aspect.

In contrast to this finding, there was no significant effect of

aspect on either resistance or recovery index.

The effect of treatment on drought tolerance indices was

tested in models M6–M8 (Table 3). Thinning had a sig-

nificant positive effect on the resistance and resilience to

the 2003 drought, as trees in thinned stands showed a
Table 2 Analysis of variance output for the mixed-effects models

M1–M5 with resistance (Rt), recovery (Rc) and resilience (Rs) as

response variable and basal area increment (BAI), Kraft class and

aspect as independent variables

Model Independent variable Rt

p value

Rc

p value

Rs

p value

M1 BAI 0.1635 0.0092** 0.3436

M2 Kraft class 0.1459 0.0059** 0.0008***

M3 Aspect 0.0946 0.6434 0.0302*

M4 BAI 0.5100 0.0152* 0.1692

Aspect 0.6707 0.2534 0.2029

BAI 9 Aspect 0.8183 0.6586 0.9816

M5 Kraft class 0.1157 0.0057** 0.0003***

Aspect 0.0741 0.6003 0.0081**

Kraft class 9 Aspect 0.4522 0.9389 0.2753

Sample size n: 42 trees

Asterisk indicate the level of significance (* p\ 0.05; ** p\ 0.01;

*** p\ 0.001)

Fig. 1 Box plots of resilience index (Rs) of trees from different Kraft

classes (1— predominant, 2—dominant, 3—co-dominant) and from

both aspects (NE northeast, SW southwest). Sample size n = 42 trees

Table 3 Analysis of variance output for the mixed-effects models

M6–M8 with the drought tolerance indices resistance (Rt), recovery

(Rc) and resilience (Rs) as response variables and treatment, Kraft

class and aspect as independent variables

Model Independent variable Rt

p value

Rc

p value

Rs

p-value

M6 Treatment 0.0212* 0.3535 0.0024**

M7 Treatment 0.0175* 0.3142 0.0013**

Kraft 0.4821 0.0782 0.0249*

Treatment 9 Kraft 0.2908 0.0622 0.1827

M8 Treatment 0.0191* 0.3499 0.0019**

Aspect 0.1724 0.6158 0.2477

Treatment 9 Aspect 0.4340 0.5990 0.1621

Sample size n: 126 trees

Asterisk indicate the level of significance (* p\ 0.05; ** p\ 0.01;

*** p\ 0.001)
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significantly higher resistance and resilience than unthin-

ned ones (Tables S3, S4). The increase in drought resis-

tance and resilience was directly proportional to the

thinning intensity: the higher the thinning intensity, the

larger the increase in drought tolerance. Thinning did not

have a significant effect on the recovery of growth fol-

lowing the drought of 2003.

Significant differences in drought resistance between

thinning intensities indicate that the 2003 drought was

associated with a reduction in growth compared to the

reference period 1999–2002 by 21% for the control, and by

ca. 5% for both thinning treatments at the NE aspect

(Rt = 0.79, 0.95, and 0.93, respectively). At the SW

aspect, the reduction in growth was slightly less, with 11%

for the control, 6% for the strong, and 3% for the very

strong thinning treatment (Rt = 0.89, 0.94, and 0.97

respectively). Regarding the resilience index, in the 4-year

period after the 2003 drought, trees on the control plots on

the NE aspect, had a lower drought resilience compared to

the released trees (Rs = 0.74, 0.98, and 0.97). In contrast,

on the SW aspect, both the released as well as the control

trees reached a growth level similar to the pre-drought

period (Rs = 0.90, 0.96, and 0.98).

When Kraft class was included in the model (M7), the

effect of treatment on resistance and resilience remained

significant (Table 3). Thinning significantly affected the

drought tolerance indices of trees in different social classes

(Fig. 2). Thinning affected resistance to and resilience after

the 2003 summer drought of dominant and co-dominant

(Kraft class 2 and 3) but not of predominant trees. Partic-

ularly, the resistance of dominant trees under very strong

thinning was significantly higher (p\ 0.05) than that of the

control trees (Table S5). A similar effect was observed for

the resilience index (Table S6), as growth of the released

dominant and co-dominant trees in the post-drought period

was close to the growth in the pre-drought period whereas

growth of the control trees remained reduced. Therefore,

differences in drought resistance and resilience between

trees of different social classes that existed on the control

plots disappeared under the thinning treatment.

In the final model (M8), we tested whether the effect of

treatment was modified by aspect. The released trees on

both aspects exhibited significantly higher drought resis-

tance and resilience than the control trees (Fig. 3). The

recovery index points to a slight increase for the released

trees although this effect was not significant (Table 3).

For the control trees, all three drought tolerance indices

were higher on the SW compared to the NE aspect (Fig. 3).

Although no significant interaction between treatment and

aspect was found, the effect of thinning on resistance,

recovery and resilience was larger on the NE than on the

SW aspect (Fig. 3). The increase in drought tolerance

values (Rt and Rs) was approximately 20–30% at the NE

aspect and only 5–10% at the SW aspect.

Discussion

Tree stem growth and Kraft class determine

drought tolerance

The social ranking of trees within a stand according to tree

height and crown dimension provides a proxy for the

Fig. 2 Box plots of the drought tolerance indices resistance (Rt),

recovery (Rc) and resilience (Rs) of trees from different thinning

treatments (CT control, ST strong thinning, VT very strong thinning)

and social classes (1—predominant, 2—dominant, 3—co-dominant).

Sample size n = 126 trees
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distribution of growth among individual trees within a

stand (Assmann 1970; Pretzsch 2010), which affects the

yield development over time (Spiecker 1991). Our results

confirm the close link between tree stem growth and tree

social status. The results of the mixed-effects models (M1

and M4) indicated that the higher the basal area increment,

the faster the growth recovery after the extreme 2003

drought event. This implies that fast-growing trees recover

faster. In even-aged stands, fast-growing trees are those

with higher social position within stand (Kraft class 1 and

2). Similarly, our results showed that tree social class has a

significant effect on drought sensitivity of beech trees, so

that trees with a lower social position within stand (e.g.

Kraft class 3 trees) are less resilient towards drought

events. Therefore, (pre-)dominant trees are more likely to

successfully compete for water and nutrient resources

during drought. These findings are consistent with results

achieved by Zang et al. (2014) on Norway spruce, silver fir

and common beech, who found a positive effect of tree size

on all drought tolerance indices. The study by van der

Maaten (2012a) on the climate sensitivity of beech radial

growth, carried out in the same study area, showed that

dominant and co-dominant trees are particularly more

sensitive to dry conditions from June to August, compared

to intermediate trees, and that trees on the SW aspect are

more drought-prone compared to the NE aspect. In con-

trast, our results show that drought resilience decreased for

trees with lower social position, and that the resilience of

dominant and co-dominant trees on the SW aspect was

higher than on the NE aspect (M5, Fig. 1). This inconsis-

tency could be related to the difference in the study

approach, as in our study the drought sensitivity was

assessed only for the 2003 drought event whereas in the

study of van der Maaten (2012a) the drought sensitivity of

beech was assessed based on long-term tree-ring analyses.

Effect of aspect and the trade-off between rate

of growth and drought tolerance

Previous work done in the same study area demonstrated

that tree growth rates (in height and diameter) are signifi-

cantly higher on the NE than on the SW aspect (Hauser

2003; van der Maaten 2012b; Diaconu et al. 2015). Our

results reveal that the higher radial growth rates of the trees

on the NE aspect are at the cost of their drought tolerance,

as the resilience index of these trees was significantly lower

than on the SW aspect (Table S2). The lower average

growth level of the control trees growing under the warmer

and drier conditions on the SW aspect coupled with their

higher average drought tolerance indices suggests a trade-

off between stand-level tree growth and stand-level tree

tolerance to drought. This trade-off highlights the species

plasticity regarding its inter-annual growth response and is

indicative of the adaptive strategy of beech with respect to

differing site conditions. The faster growth of the trees on

the NE aspect confounds the parameter estimation since the

intensity of competition between trees as well increases

faster on the NE aspect, which particularly affects the

control plots. The higher intensity of competition on the

NE aspect is due to higher resource availability on the one

hand, and to the higher average stand density compared to

the SW aspect on the other hand, as trees on the NE aspect

reach larger size within the same period of time. Accord-

ingly, growth of Kraft class 3 trees was reduced more on

the NE aspect, and therefore their drought tolerance indices

are lower than at the SW aspect. Our results are confirmed

Fig. 3 Box plots of the drought tolerance indices resistance (Rt),

recovery (Rc) and resilience (Rs) of trees from different thinning

treatments (CT control, ST strong thinning, VT very strong thinning)

and from both aspects (NE northeast, SW southwest). Sample size n =

126 trees
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by Zang et al. (2014) who found an increase in Rs values

from favourable to less favourable sites.

The difference in tree tolerance to drought between

aspects can also be attributed to differences in competition

modes. For example Pretzsch and Biber (2010) found a

significant distinction in competition modes between sites:

an asymmetric competition mode on mesic sites where

growth is limited by light and a symmetric competition

mode on dry sites where tree growth is limited by below-

ground resources. Correspondingly, in our study, soil

moisture availability is rather high on the NE aspect and

trees face high levels of competition mainly for light, while

on the SW aspect, trees face higher levels of competition

for soil water and nutrients than for light. Consequently,

trees on the NE aspect face less competition for soil

resources, and are not as well adapted to drought conditions

as the trees on the SW, resulting in lower drought tolerance

indices related to the 2003 drought event.

Thinning to mitigate drought impact

The differing mesoclimates expressed by contrasting

aspect and the differing stand densities according to the

thinning treatments led to significant disparities in tree

resistance to and resilience after the 2003 summer drought

event. We hypothesized that thinning will increase the

drought tolerance of beech trees on both aspects indepen-

dent of crown class. The drought tolerance indices were

indeed higher for the trees under the thinning treatments

than for the trees in the unthinned control plots, and the

positive thinning effect was pronounced more on the NE

aspect compared to the SW aspect. The thinning effect, that

was significant for Rt and Rs, highlights the importance of

growing space, i.e. lower competitive stress, for improving

tree growth and for alleviating drought stress. Differences

between treatments were not significant for Rc; however,

the recovery tended to be higher for the thinned trees.

Similar results regarding the effect of thinning on drought

tolerance indices have been presented by Sohn et al. (2016)

who found that for broadleaves, thinning improved drought

resistance, most likely through an increase in soil water

availability.

The trees released by thinning experience lower com-

petitive stress for soil resources and light, and therefore,

become more vigorous. At the same time, a negative

response to thinning could be expected due to the anticipated

increase in transpiration levels of the remaining trees

(Whitehead et al. 1984). However, our results are in agree-

ment with Breda et al. (1995) who demonstrated that with

more growing space for the individual tree and reduced

stand-level leaf area, the average soil water content is higher,

mainly due to less precipitation interception losses at the

canopy layer. Our results confirm that the crown release of

mature beech trees (stand age at the time of thinning 76 and

90 years on the NE and SW aspect, respectively) leads to

higher tree vitality. Additionally, after thinning the remain-

ing trees may also respond to the crown release by devel-

oping a more extensive root system, a factor that may be

beneficial during future drought events. With a deep rooting

system, trees are capable to extract larger amounts of water

from the soil during dry events especially from deeper soil

layers. This might actually explain why trees on the NE

aspect, where soil available to root extensions is deeper

compared to shallow soils at the SW aspect, benefit more

from thinning. Thus, access to water during a drought event

may last longer and discharge of water reserves occurs later

(this affecting the resistance to drought), and possibly are

more quickly replenished by precipitation after a drought as

more water is retained in the soil (affecting the resilience

after drought).

When thinning is applied, differences in drought toler-

ance indices between tree social classes diminish or even

disappear (Fig. 2), an effect which can be explained by

stand density. In the thinned plots, especially in the very

strongly thinned plots, a large number of trees were able to

improve its position in the canopy, so that the trees at the

time of sampling in 2015 have more or less similar social

position within the stands. In fact, this also made the

selection of sample trees (7 trees per social class, treatment

and aspect) sometimes difficult to assess. In such cases, we

used the diameter at breast height as a third proxy for tree

class, beside tree height and crown dimension.

The growth acceleration caused by thinning (see Fig. S1

in Diaconu et al. 2016a) was most pronounced in trees

which otherwise would experience increasing competition,

which in our case, are the Kraft class 3 trees. Therefore, it

is not surprising that in the control plots their growth rate

was decreasing while in the thinned plots the impact of

competition on growth was reduced drastically, particularly

for these trees. Hence, the ‘‘drought tolerance indices’’ not

only capture the effect of drought but as well the effect of

different trends in the level of competition, and, because of

that, the effect of thinning on the drought tolerance of

released trees may be overestimated. For overcoming this

drawback, we recommend to include analyses of climate–

growth relationships in further studies. Such relationships

could help to disentangle the effects of competitive release

on drought response and general growth trend.

Cescatti and Piutti (1998) demonstrated that climate and

drought sensitivity of beech is strongly influenced by

intraspecific competition: when the intensity of competi-

tion is high, trees are more sensitive to high temperature

and low water availability, whereas at low competition

level trees are positively influenced by warm temperature.

In a recent study describing short- and long-term thinning

efficacy to mitigate impacts of extreme drought in
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mountain forests in the European Alps, Elkin et al. (2015)

indicated that thinning can be seen as a temporary measure

to reduce impacts of severe drought. Nevertheless, the

authors state that the magnitude of the thinning effect

depends on many factors such as drought intensity, site

conditions, tree age, timing and the intensity of thinning.

Likewise, work carried out by Bosela et al. (2016) revealed

that BAI increased in European beech forests managed by

free crown thinning, while it decreased in forests managed

by heavy thinning from below. Thus the authors conclude

that the effects of a warmer climate on growth of beech

forests in Eastern Europe depend on site productivity and

thinning strategy. Similarly, previous research conducted

in the same study area as ours indicated that thinning

stimulates tree growth in a warmer and drier climate (SW

aspect), however, to a smaller extent than on more

favourable site (NE aspect) (Diaconu et al. 2015).

Our results are consistent with other research done within

the same experiment regarding the xylem plasticity of

European beech in response to thinning and aspect (Diaconu

et al. 2016a). In this study it was demonstrated that trees

growing on the NE aspect have significantly larger vessels

compared to trees growing on the SW exposed slope.

Additionally, it has been proven that by thinning the water-

conducting system of European beech trees becomes more

robust against hydraulic failure. Larger vessels are more

efficient for water transport, but wood tissue with a large

vessel area percentage also is at higher risk of cavitation

(Hacke and Sperry 2001). Hence, the lower values of Rt and

Rs for the control trees on the NE aspect as compared to the

SWaspect can be explained by the larger xylem conduits that

are more vulnerable to cavitation during dry events. The

hydraulic architecture, especially hydraulic changes

observable during dry events play a critical role in tree

responses to drought events and hence have been reported to

underlie the wide spread of drought-induced mortality

(Anderegg et al. 2013).

Diaconu et al. (2016a) found that thinning reduces the risk

of embolism especially for themore drought vulnerable trees

on the NE aspect. Therefore, higher wood density values

after thinning are expected. Previous work showed that with

increasing tree-ring width, the mean wood density of the

trees growing on the warm and dry SW aspect was higher

than on the cold and moist NE site (Diaconu et al. 2016b).

Trees with denser wood are more resistant to drought-in-

duced cavitation (Hacke et al. 2001; Poorter et al. 2010;

Montwé et al. 2015b). Therefore, beech trees growing on

more drought-prone sites such as the ones on the SW aspect

can cope better with water shortages as it was also described

by Eilmann et al. (2014) in a study regarding wood structural

differences between northern and southern beech prove-

nances. Accordingly, trees on more favourable sites such as

the ones on the NE aspect are more vulnerable to drought

stress but their drought tolerance can be increased by thin-

ning. Therefore, thinning can help to achieve not only higher

productivity rates on the tree-level, but also to mitigate

drought-related inter-annual growth depressions. Neverthe-

less, our results are derived from a single case study from one

valley and concerns only one drought event, and therefore

one should be careful in extrapolating these findings to other

sites and summer drought events.

Conclusions

This study established a link between forest management

measures and their effects on the growth response and

drought tolerance of beech under contrasting site condi-

tions, contributing evidence-based knowledge relevant for

the future management of beech forests. We could show

that the co-dominant and dominant trees, which face higher

competitive pressure for light and water, need longer to

reach pre-drought growth levels compared to the predom-

inant trees. Further, climatic and edaphic differences

between the two aspects revealed a trade-off between

growth and drought tolerance: lower growth levels of trees

growing on the warm and dry SW aspect were coupled

with higher drought resilience, and vice versa. By reducing

stand density through thinning, growth resistance to and

resilience after drought increased, especially for the more

drought vulnerable trees on the NE aspect. Furthermore,

when trees were strongly released differences between

aspects and tree social classes were either reduced or no

longer significant. Therefore, we can conclude that thin-

ning represents a forest management tool, which can at

least temporarily mitigate climate change effects in

southwest Germany. However, these conclusions are drawn

from a single case study, and the effects of thinning are

analysed based on a 9-year post-treatment period

(1999–2007). Our results do not provide information on

how long the positive effect of thinning on drought toler-

ance indices lasts beyond this period. We studied the

growth response of beech to the summer drought in the

year 2003 in a 4-year post-drought period as influenced by

Kraft class, aspect and thinning, but other characteristics

like tree age and microsite or the effect of genetics which

could also be relevant for growth and drought tolerance

were not considered. Hence, for further studies, we

strongly recommend to consider these factors in order to

facilitate generalization of the findings.
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Kraft G (1884) Beiträge zur Lehre von den Durchforstungen.
Schlagstellungen und Lichtungshieben. Klindworth’s Verlag,

Hannover

Eur J Forest Res

123



Kuznetsova A, Brockhoff PB, Christensen R (2014) lmerTest: Tests

in Linear Mixed Effects Models. R package version 2.0-29

Le Goff N, Ottorini J-M (1993) Thinning and climate effects on

growth of beech (Fagus sylvatica L.) in experimental stands. For

Ecol Manage 62:1–14

Lenth R, Herve M (2015) lsmeans: least-squares means. R package

version 2.18

Lloret F, Keeling EG, Sala A (2011) Components of tree resilience:

effects of successive low-growth episodes in old ponderosa pine

forests. Oikos 120(12):1909–1920. doi:10.1111/j.1600-0706.

2011.19372.x
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