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IntroductIon

Projected climatic change is threatening the vitality of 
forests. More chronic water deficits have already led to 
decreases in forest productivity (Ciais et al. 2005, Phillips 
et al. 2009), increased tree mortality, and even wide-
spread vegetation die- off in different regions of the world 
(Martinez- Vilalta and Pinol 2002, Bigler et al. 2006, Van 
Mantgem et al. 2009, Allen et al. 2010, Galiano et al. 
2010, Adams et al. 2012).

To adapt existing forests to such increasing water def-
icits, thinning of forest stands to promote the vigor of 
individual trees has been suggested (Spittlehouse and 
Stewart 2003, Chmura et al. 2011, Sohn et al. 2013). There 
have been some studies on the effectiveness of thinning 
to mitigate drought stress in trees, but these are mostly 
individual case studies carried out at one site and/or 

considering only one particular stand age or thinning 
regime (e.g., Legoff and Ottorini 1993, Misson et al. 2003, 
Skov et al. 2004, McDowell et al. 2006, Weng et al. 2007, 
Martin- Benito et al. 2010, Allen et al. 2010, Kohler et al. 
2010, Chmura et al. 2011, Brooks and Mitchell 2011). It 
is therefore not surprising that the results are so far 
incongruent.

Regarding different thinning regimes (i.e., different 
combinations of intensity, frequency, and type of 
thinning), some studies found that heavy thinning inten-
sities accelerate growth recovery in trees following 
extreme droughts (Sohn et al. 2013) or reduce climatic 
sensitivity (Magruder et al. 2012, 2013) more than in less 
intense thinning variants. In contrast, a slower recovery 
of growth with increasing thinning intensities was 
observed for Norway spruce growing at wet and dry sites 
in Belgium (Misson et al. 2003).

Thinning effects also seem to change with stand age 
and thinning frequency. The effect of thinning on growth 
of future crop trees is typically largest in young stands 
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after the initial thinning and generally of short duration 
(Pretzsch 2002, Schröpfer et al. 2009). This pattern is 
likely attributable to the removal of the strongest com-
petitors in the initial thinning, as well as to decreasing 
thinning intensities with stand age, and declining growth 
rates of trees with increasing tree size (Schwinning and 
Weiner 1998). To our knowledge, however, a compre-
hensive analysis of the radial growth response of trees to 
drought in relation to thinning intensity and frequency 
(in terms of the duration of thinning effects), as well as 
stand age, has not been done for any tree species.

A further issue is that previous studies have been 
inconclusive regarding the actual benefits of thinning in 
relation to tree growth during and after drought events. 
Some studies suggest that only the recovery of growth 
following thinning (sensu Lloret et al. 2011), but not nec-
essarily the resistance of growth during drought is 
increased by thinning (e.g., Legoff and Ottorini 1993 for 
European beech in France, McDowell et al. 2006 for 
Ponderosa pine in Northern Arizona, Kohler et al. 2010 
and Sohn et al. 2013 for Norway spruce in Germany). In 
contrast, other studies found the reverse effect, either an 
improved growth resistance, but not recovery (e.g., 
Misson et al. 2003), or a positive effect of thinning on 
both resistance and recovery (D’Amato et al. 2013).

The varying results among studies that compared 
thinning effects on growth resistance and recovery may 
also be attributable to differences in climatic conditions 
prevailing before, during, and after the drought. The 
severity of the drought event itself is likely to affect the 
potential of thinning to increase growth resistance and 
possibly also recovery. This was shown for Norway 
spruce in Germany, where benefits of thinning were 
limited to less severe drought events, during which soil 
water probably was never entirely depleted (Sohn et al. 
2013). In addition, the potential of thinning to improve 
growth resistance during a drought event may be influ-
enced by water availability in the period before the onset 
of a drought event. Likewise, the potential benefits of 
thinning to accelerate growth recovery will depend on 
the climatic conditions after the drought.

An interesting system to study the effects of thinning 
on drought responses are Pinus sylvestris L. (Scots pine) 
stands. In Germany, Scots pine currently contributes to 
~21% of the standing timber volume (data available 
online).4 Owing to its high tolerance to different 
stressors, Scots pine was widely used in the past for the 
afforestation of dry, nutrient poor, and formerly 
degraded sites, often on sandy soils. Accordingly, a 
large proportion of Scots pine occurs on the driest sites 
used for commercial forestry in Central Europe. These 
pine forests are therefore likely vulnerable to further 
reductions in precipitation, temperature rise, and years 
with extreme drought. Compared to other commercially 
important native tree species of Central Europe Scots 
pine is considered relatively drought tolerant but it may 

not be well adapted to the combined effects of drought 
and heat (Dobbertin et al. 2005, Giuggiola et al. 2010). 
To our knowledge, only one study has previously 
assessed the relationship between thinning intensity and 
drought response of radial growth in Scots pine 
(Giuggiola et al. 2013). This study reported that mod-
erate to heavy thinning intensities (reduction in basal 
area of 40–60%) did mitigate drought effects on Scots 
pine by reducing competition for water, but these results 
refer only to one site in a dry valley in the Inner Alps 
of Switzerland.

Against this background, we hypothesized that the 
benefits of thinning for radial growth during and after 
drought in Scots pine trees (1) increase with thinning 
intensity, (2) decrease with the elapsed time since last 
thinning and with stand age, and (3) are affected by 
drought severity and water limitations in the pre- drought 
or post- drought period.

MaterIal and MethodS

Study sites and thinning experiments

For this study, we selected four Scots pine thinning 
experiments in Germany (Table 1, Fig. 1) located in the 
federal states of Baden- Württemberg (Schwetzingen), 
in Bavaria (Weiden, Burglengenfeld), and in Lower- 
Saxony (Fuhrberg). The experiments are located at low 
to medium elevations (30–500 m asl) and on comparably 
sandy- podzolic (moderately dry to fresh) and nutrient-
 poor soils, which are typical for Scots pine in Germany 
(Table 1). Mean annual precipitation is similar among 
the four sites ranging between 500 and 650 mm, 
while mean annual temperatures vary between 7.5° 
and 10.5°C.

The experiments were established between 1976 and 
1988 in 6–27 yr- old, even- aged, and mono- specific Scots 
pine stands that were originally planted at very high den-
sities (11,000–30,000 plants/ha). At each site, several 
 different thinning treatments, each consisting of two rep-
licates (randomly installed rectangular plots of 0.06–0.25 
ha including a buffer zone), were installed and repeatedly 
thinned since then. For the purpose of this study, we 
selected three different thinning treatments: (1) control, 
no thinning interventions, (2) moderate thinning (MT), 
removal of 1–2 competing trees/crop tree/thinning inter-
vention, corresponding to 200–400 crop trees/ha, and (3) 
heavy thinning (HT), removal of all competitors of ~200 
crop trees/ha through 2–4 interventions.

The intensity of the different thinning treatments 
regarding basal area removal is depicted in Fig. 2. Both 
moderate and heavy thinning led to different devel-
opment of stand basal area (BA; m²/ha) over time with 
lower values in thinned compared to control stands 
except for the Schwetzingen- site, where control and mod-
erately thinned stands showed similar BA values near the 
beginning and end of the observation period (Fig. 2). At 
the time of the last common inventory in 2001 (only 4  https://bwi.info
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Schwetzingen was inventoried after 2001), absolute 
values of BA decreased with thinning intensity at all four 
sites. Basal area of control stands was by far highest at 
Burglengenfeld (Fig. 2) with ~55 m2/ha in 2001, while BA 
of the other three control stands ranged only between 32 
and 37 m2/ha in 2001/2003 (Fig. 2). Stand basal area was 
similar among the three moderately thinned stands at 
Fuhrberg, Schwetzingen, and Weiden, ranging between 
25 and 28 m2/ha in 2001, which was about 25–35% lower 
than the BA in control stands at these three sites. In the 
same year, BA of heavily thinned stands was 55–60% 
lower than the respective controls (corresponding to 
absolute BA values of 13–17 m2/ha at all sites except for 
Burglengenfeld where, like for control stands, values 
were higher, ~22 m2/ha).

At the time of the European- wide drought event in 
2003, the four experimental stands differed in age. 
Stands at Burglengenfeld and Weiden were already 43 
and 54 yr old, respectively, while those at Fuhrberg and 
Schwetzingen were only 23 yr old (Table 1). At the time 
of the last inventory in 2001, the two, older, heavily 
thinned stands at Weiden and Burglengenfeld had 
already reached the final crop tree numbers of 200–300 
trees/ha since 1990, and the density of the younger 
heavily thinned stand in Schwetzingen was only slightly 
higher with ~350 trees/ha remaining after the last 
thinning in 2001. In contrast, the heavily thinned stand 
at Fuhrberg was comparably dense after the last inter-
vention in 1999, with 800 trees/ha remaining. However, 
compared to the stand density observed in control 
stands, values of heavily thinned stands were similarly 
low (only 8–20% of the number of trees/ha of control 
stands remained in 2001). In the moderately thinned 
stands, stand densities differed even more among sites 
in 2001; in the oldest stand at Weiden, only the 400 final 
crop trees were left per hectare, while in the two youngest 
stands at Schwetzingen and Fuhrberg, still ~2,700 and 

even 6,800 trees/ha remained. This corresponded to 
37–84% of the stem numbers found in the respective 
control stands.

Considering the relatively large variation in stand 
basal area and stand density within thinning treatments, 
among sites, and over time, we decided to analyze the 
impact of thinning intensity on tree growth during and 
after drought events (Hypothesis 1) using actual, con-
tinuous values of basal area reductions rather than cat-
egorical variables related to thinning intensity (e.g., no, 
moderate or heavy thinning). These percentage values, 
which were derived from the comparison of BA after and 
before thinning, refer to the last thinning intervention 
before the drought took place.

Data collection and processing

We collected increment cores from a total of 129 trees 
by sampling 10–15 trees across the two plots per treatment 
and site (Table 1). All trees were of (co- ) dominant status 
and with no visible stem or crown injuries. We extracted 
two cores per tree at breast height (DBH) in northern and 
eastern directions. Cores were polished using sanding 
paper of increasingly finer grain until tree ring boundaries 
were visible. For each core, annual ring- widths (mm) were 
determined using the WINDENDRO software (Regents 
Instruments, Quebec, Canada). Annual ring- widths of the 
two cores were averaged for each tree and year.

Growth series of each tree were cross- dated via visual 
inspection and using the COFECHA software (Holmes 
1983). Next, annual ring- width values were transformed 
into annual basal area increments (mm2/yr) using DBH 
measurements, taking increasing bark thickness with 
tree size into account, and assuming concentric annual 
growth layers by applying a backward calculation. The 
transformation was done because trees from 
Schwetzingen and Fuhrberg displayed strong negative 

taBle 1. Site and stand attributes of thinning experiments.

Site/parameter Fuhrberg Weiden Burglengenfeld Schwetzingen

Coordinates 52.63° N, 9.78° E 49.69° N, 12.05° E 49.18° N, 12.03° E 49.31° N, 8.60° E
Sum of annual precipitation, 

mm (in growing season)
650 (310) 600–650 (210) 550–600 (210) 500–600 (180–200)

Mean annual temperature, 
°C

8.3–8.9 7.5 7.5 10.3

Elevation, m asl 30 350–450 400–500 180
Parent material and soil 

characteristics
silicate- poor 
aeolian sand: 
fresh, mesic 
podzolic sand

sand and brash: 
moderately fresh, 
nutrient- poor, slightly 
podzolic cambisol

tertiary sand over clay: 
moderately dry to moderately 
fresh, nutrient- poor, slightly 
podzolic cambisol- pelosol

loamy aeolian sand 
(60%) and dune sand 
(40%): moderately 
dry, podzolic 
cambisol

Year of establishment (at 
stand age in yr)

1986 (6) 1976 (27) 1976 (16) 1988 (8)

Plot size, ha 0.2–0.25 ~0.1 0.06–0.09 ~0.21
Treatments used for this 

study
control, MT, HT control, MT, HT control, HT control, MT, HT

Note: Abbreviations are moderate thinning, MT, and heavy thinning, HT.
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trends in ring width typical for juvenile growth stages 
throughout almost the whole observation period. After 
transforming ring- width into basal- area increment 
series, a strong positive juvenile growth trend, which is 
typical for BAI series, was only visible for the very first 
decade, which was not considered in subsequent 
drought- year analysis.

Despite differences in stand- ages and tree- sizes among 
study sites, we decided against standardizing (detrending) 
BAI series prior to drought- year analysis because it is 
principally not possible to disentangle thinning effects 

from environmental influences on tree ring growth using 
conventional detrending techniques (i.e., growth equa-
tions). In addition, we lacked the necessary stand- level 
data (e.g., diameter distribution of the entire stand) to 
perform adequate detrending techniques such as multi-
plicative decomposition modelling (Yue et al. 2011). 
Further, in this study we did not aim to isolate long- term 
growth trends, for which detrending is mandatory in case 
of (very) young stands (Fritts 1976), but to compare the 
short- term (year- to- year) fluctuations of radial growth 
among treatments.

FIg. 1. Locations and climate diagrams (mean annual temperature and sum of annual rainfall) of the four study sites in 
Germany: Fuhrberg, Weiden, Burglengenfeld, and Schwetzingen. Climate data were obtained from nearby stations of the German 
Weather Service (DWD).
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For each of the four sites, daily data of mean air tem-
perature and precipitation sum was obtained from the 
four closest meteorological stations from the Deutsche 
Wetterdienst (DWD; Fig. 1). Rainfall and temperature 
data, as well as geographical location of each site, were 
used to calculate 1- , 3- , 6- , and 12- month- long values of 
the standardized precipitation evapotranspiration index 
(SPEI) using the R package SPEI (Beguería and Vicente- 
Serrano 2013). The SPEI indices were calculated for a 
time period prior to 2011/12 of 40 yr for the two older 
sites (Weiden and Burglengenfeld) and 30 yr for the two 
younger sites (Fuhrberg and Schwetzingen).

Relationships of radial growth with drought indices

To determine drought- related drivers of growth vari-
ation in the pine stands, we calculated for each site boot-
strapped correlation coefficients of growth data of 
control trees with 1, 3, 6, and 12 month-long values of 
the standardized precipitation evapotranspiration index 
(SPEI) for the common period 1986–2011. We followed 
the recommendation of Peters et al. (2015) to use stand-
ardized data for determining climate–growth relation-
ships in the case of younger trees, i.e., when BAI has 
not reached a constant rate. Therefore, we detrended 
growth series of control trees only in order to analyze 

climate–growth correlations. This step preceded the 
actual analysis of thinning effects for the growth response 
during and after drought for which raw (unstandardized) 
BAI data was used as described in the previous section. 
Detrending was performed only for control trees because 
these series contained no additional thinning trends. 
Cross- dated increment series of trees from unthinned 
control stands were standardized using the ARSTAN 
software (available online).5 Each growth- ring series was 
standardized with a cubic smoothing spline function 
using a 60% wavelength for removing the size/age- related 
long- term growth trends (Cook and Holmes 1999, Speer 
2010). Next, annual growth residuals for each tree were 
obtained after removing auto- correlation, if present, 
from individual growth series. Results of the detrending 
procedure were validated using common threshold values 
of different parameters of time series statistics. For each 
site, we calculated mean standard chronology of control 
trees using a robust estimation of the mean value function 
to increase the common signal and to minimize the effect 
of outliers (Cook 1985).

Correlations between growth residuals of control trees 
and SPEI indices were calculated for different time 
periods, starting with May of the previous year and 

FIg. 2. Development of stand basal area (BA in m2/ha) for the three treatments (unthinned control, moderate, and heavy 
thinning) at Burglengenfeld, Schwetzingen, Weiden, and Fuhrberg (moderate thinning was not conducted at Burglengenfeld). 
Symbol colors refer to the three different thinning treatments: white is heavy thinning, gray is moderate thinning, and 
black is unthinned control. Stand age in years (yr) at the time of the first intervention (indicated by arrow) is provided. The asterisk 
denotes BA data of thinned and unthinned stands at Fuhrberg was not available before 1993 and 2001, respectively.
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ending in September of the current year. We used the 
DENDROCLIM software, which calculates correlation 
coefficients using a bootstrap procedure and allows for 
additional adjustments, such as testing for multiple col-
linearity in the relationship between climate predictors 
and growth data (for more details see Biondi and Waikul 
2004). Growth series of control trees from three out of 
four sites showed significant correlations with SPEI cal-
culated for a 12 month period (SPEI12) ending in August 
of the current year. The fourth site showed a correlation 
of growth residuals with SPEI12 ending in August of the 
year before (see Appendix S1).

Identification of drought events

There is no standardized procedure to identify 
drought years in tree- ring chronologies. Principally 
drought years may be either identified from climatic 
records or by significant reductions in tree ring width 
or a combination of both. Drawbacks exist for both 
approaches. In the first case, climate and water avail-
ability at a particular site might have differed from a 
regional drought signal. In the second case, the response 
variable used for subsequent analysis is already used for 
the identification of drought years, which could affect 
the analysis. In addition, radial growth may be reduced 
through other causes, such as mass seed production. To 
obtain an estimate about the uncertainty induced by the 
different methodologies, we applied two approaches. 
First, a year was classified as a drought year if the 
SPEI12 value ending in August of the current year was 
≤ −0.84 at a given site. This value corresponds to the 

classification used by the SPEI Global Drought Monitor 
(available online).6 The second approach also identifies 
drought years based on the SPEI12 in the same way as 
in the first approach. In addition, the majority of stands 
at a given site must show BAI reductions of at least 10% 
(e.g., Lebourgeois et al. 2005, Guillemot et al. 2015) 
during a potential drought year when compared to the 
mean BAI of the three preceding years. Using longer 
timescales is problematic as thinning leads to medium-
 term (decadal) growth trends which may overlay cli-
matic effects.

The two approaches for selecting drought years lead 
to different numbers of identified drought events per site: 
when using climatic variation only (SPEI), 18 drought 
years were identified during the post- thinning periods for 
all four sites (Table 2 and Fig. 3). In contrast, when using 
both the SPEI and growth reductions for selecting 
drought years, only 8 drought years were identified for 
the same period for the four sites (Table 2 and Fig. 3). 
Thus, 6–10 drought events were identified at individual 
sites when using SPEI, while only 1–4 drought events 
were identified when both SPEI and reductions in tree 
ring width were used (Fig. 3). When analyzing drought 
years identified by using SPEI, drought resistance of 
radial growth was on average close to 1. In contrast, in 
drought years identified using SPEI and radial growth 
reductions, drought resistance averaged only 0.81 
(Table 2). At Burglengenfeld, the SPEI of 2003 was rela-
tively high (−0.65) but an actual drought- relation of the 
strong BAI decline of ~25% in control trees (and still 10% 

taBle 2. Mean and range of the fixed- effect parameters used in the mixed models to test our hypotheses based on values referring 
to (a) 8 and (b) 18 drought years (DY) across the four sites.

Parameter(s) related 
to Parameter description Abbreviation in model

(a) DY identified using 
climate (SPEI) data

(b) DY identified using 
climate and growth data

Mean (range)

Climatic condition of 
drought period

drought severity as 
SPEI12

SPEI −1.3 (−2.6 to −0.6) −1.5 (−2.6 to −0.6)

water conditions using 
SPEI12 of Pre- DY

SPEI_pre −0.04 (−1.8 to 2.2) 0.5 (−1.6 to 2.2)

water conditions using 
SPEI12 of Post- DY

SPEI_post −0.01 (−1.5 to 2.2) −0.1 (−0.9 to 0.9)

Stand condition stand age at time of DY Age 27 (9 to 51) 22.3 (10 to 43)
Thinning regime basal area reduction 

during last 
intervention

BA_red 29.9 (1 to 93)* 33.0 (1 to 93)*

years since last 
intervention

Yrs_last 4.5 (0 to 17)* 3.8 (0 to 13)*

total number of 
thinning 
interventions

Nr_thins 2.1 (1 to 4)* 1.7 (1 to 4)*

age at time of first 
thinning intervention

Age_1st 13.5 (6 to 27)* 12.5 (6 to 27)*

Notes: Abbreviations are DY, drought year, and SPEI12, drought index (standardized precipitation evapotranspiration index) 
calculated for a 12- month time period ending in August of the current year.

*These values refer to thinned trees only as control trees had no values for thinning- related parameters.

6  http://sac.csic.es/spei/map/maps.html

http://sac.csic.es/spei/map/maps.html
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in heavily thinned stands) is corroborated by the highly 
negative value of −3.4 when calculating SPEI values for 
a 6- month period ending in August of the current year 
(data not shown).

We analyzed the growth data for the identified 
drought events separately for the 2 drought- year 

selection approaches: (1) for years with low SPEI values 
(<−0.84) and (2) for years with low SPEI values and 
associated growth reductions (of at least 10%) using the 
regression models (Eqs. 3 and 4) and after testing for 
the inclusion of additional variables related to the 
thinning regime.

FIg. 3. Deviation of annual basal area increments (BAI; left y- axis) of trees from differently thinned stands at four sites, 
Burglengenfeld, Weiden, Schwetzingen, and Fuhrberg, and corresponding values of the standardized precipitation evapotranspiration 
index (SPEI) calculated for a 12- month time period ending in August of the current year (SPEI12; right y- axis, grey lines). BAI- 
series were normalized by dividing annual values of BAI by the mean- BAI of the three preceding years. Symbol colors refer to the 
three different thinning treatments: white is heavy thinning, gray is moderate thinning, and black is unthinned control. Sun symbols 
highlight the identified drought years based on climate data at a given site, white suns refer to drought events during which additional 
growth reductions of at least 10% were observed in trees.
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Analysis of thinning effects on growth during and 
following drought years

To test for effects of thinning on the drought response 
of tree growth, we divided the observed growth into 
resistance of radial growth to drought (RES) and its 
recovery from drought (REC), as suggested by Lloret 
et al. (2011) and as used previously by Kohler et al. (2010) 
and Sohn et al. (2012, 2013) for Norway spruce. We 
defined RES and REC as

where BAI_DY is the annual basal area increment (BAI) 
during the drought year (DY), BAI_pre is the BAI during 
the year before the drought, and BAI_post is the BAI 
during the year after the drought of individual trees. The 
two response variables growth resistance (RES) and 
recovery (REC) were independent from each other 
(r = 0.08; see Appendix S2). As multiple drought events 
were identified for the post- thinning periods (see Methods 
and materials: Identification of drought events) at all sites, 
RES and REC were calculated for several drought events 
that differed markedly in terms of thinning regime (i.e., 
intensity and years since the last thinning, etc.) and stand 
age, as well as climatic conditions (Table 2). We used 
linear mixed models to analyze how RES and REC 
depended on thinning, climate, and stand age. We 
 formulated the base hypothesis that:

The power transformation with exponent 0.25 on both 
RES and REC was applied to obtain more normal 
residuals. In Eqs. 3 and 4, an asterisk denotes that main 
effect and interactions of the respective variables are con-
sidered in the model and the 1|x notation denotes a 
random intercept with grouping variable x. The variables 
in Eqs. 3 and 4 refer to (1) BA_red: basal area reduction 
(%) in the last thinning intervention prior to the drought, 
(2) Yrs_last: years since last thinning intervention, 
(3) Age: stand age at the time of the drought event, (4) 
SPEI_pre/SPEI/SPEI_post: water deficit before/during/
after the drought year, calculated as SPEI for the 
12 months before August of the respective year, (5) 
Control: binary, if a plot was untreated, (6) Site, plot: 
location of the measurement, and (7) Year: the time of 
the drought event.

With respect to thinning regimes, two additional vari-
ables were available that relate to the more long- term 
thinning history. These variables were (8) Age_1st: Age 
of the stand at the time of the first thinning intervention 
and (9) Nr_thins: Total number of thinning interventions 
before the time of the drought.

These variables could be important, but our concern 
was that including too many related variables a priori 
could lead to overfitting and spurious results. We 
therefore performed an Akaike’s information criterion 
corrected for small sizes, AICc, based model selection 
that considered the base model and all combinations of 
the additional two variables, and selected the best model 
for each combination of resistance/recovery and the 2 
drought year definitions for the final analysis.

For unthinned control plots, no values were available 
for the thinning- related variables (Yrs_last, BA_red, etc.). 
Analyzing the data in a joint model, however, requires a 
value to be assigned to these variables. We therefore 
assigned the median values of the thinning- related vari-
ables Yrs_last and BA_red, etc., from thinned plots to the 
control plots. This assignment has no bearing on the final 
results, as the parameter estimate for control absorbs this 
choice. However, one should keep in mind that the 
parameter estimate for control thus compares the control 
to a median thinning regime. Effects and significance of 
control against other thinning regimes have to be calcu-
lated separately. The interactions between control/
treatment and the environmental predictors test for pos-
sible differences in environmental responses, which could 
appear independent from a mean effect of thinning.

Collinearity between the predictors was relatively 
low. The strongest correlation was between BA_red and 
Nr_thins (−0.68). This value is still considered acceptable 
according to the rules of thumb by (Dormann et al. 2013).

We included three random effects on the intercept of 
the model: plots nested in sites, sites, and drought years. 
The random intercepts absorb possible constant growth 
differences between sites and plots, as well as possible 
uniform growth differences across all sites in particular 
years that are not explained by the predictors in the 
model.

Models were fit with R (R Core Team 2014), using the 
package lme4 (Bates et al. 2015). P values were calculated 
with the package lmerTest based on Satterthwaite 
approximations of the degrees of freedom to test for the 
significance of the fixed effects (Kuznetsova et al. 2015). 
Model selection was conducted with the package MuMIn 
based on information criteria (Bartón 2016). The com-
plete code and more detailed analyses of the model are 
presented in the Appendices S2 and S3.

reSultS

General overview

The time- series of basal area increment (BAI) for 
control plots were similar among the four sites when 

(1)RES=
BAI_DY

BAI_pre

(2)REC=
BAI_post

BAI_DY
,

(3)

Resistance∧0.25∼SPEI*Control+SPEI_pre*Control

+Age*Control+BA_red*Yrs_last

+(1|Site∕Plot)+(1|Year),

(4)

Recovery∧0.25∼SPEI*Control+SPEI_post*Control

+Age*Control+BA_red*Yrs_last

+(1|Site∕plot)+(1|Year).
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aligning them by cambial age, except for ~5 yr starting 
at age 25 at Weiden (Fig. 4a). Curves follow a typical 
trajectory of BAI over time, with increasing rates during 
the first decade and relatively constant average growth 
rates of 1,100–1,300 mm2/year across the four sites for 
control stands older than 15 yr. At all sites, thinning 
altered the trajectory of the relationship between cambial 
age and BAI.

Moderate thinning (Fig. 4b) led to a doubling of 
annual BAI. In the older stands at Weiden, BAI increased 
on average from ~900 to 1,700 mm2/year after the first 
thinning at age 27 and this growth level was more or less 

sustained throughout the whole observation period. At 
the other two sites, where thinning took place much 
earlier (at age 8 and 13 in Schwetzingen and Fuhrberg, 
respectively), BAI values increased on average from 
500–700 mm2/year to 1300–1500 mm2/year.

Heavy thinning led to 2.5-  to 3- fold increases in average 
BAI in the two older stands (Burglengenfeld and Weiden) 
and the younger stands at Fuhrberg, whereas it led to a 
fivefold increase in average BAI at the Schwetzingen site. 
Following the initial thinning at age 16 at Burglengenfeld, 
BAI values >3,000 mm2/year were observed in most years 
(Fig. 4c) except for a period of ~10 yr before the second 

FIg. 4. (a–c) Temporal dynamics of annual basal area increments in relation to cambial age of trees and thinning interventions 
from (a) unthinned control, (b) moderately thinned, and (c) heavily thinned stands at the four sites (Burglengenfeld, Fuhrberg, 
Schwetzingen, and Weiden). Solid lines are means and shaded areas represent the standard error. Arrows in (b) and (c) indicate the 
dates of thinning interventions.
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intervention, which took place at age 30. At Schwetzingen, 
despite the largest relative increase of BAI after heavy 
thinning, BAI values of >3,000 mm2/year were reached 
only for few years following the thinning intervention at 
age 17; BAI was on average 2,600 mm2/year in the post- 
thinning period. Likewise, at Weiden, BAI values 
> 3,000 mm2/year were only observed for a few years 
immediately after the first thinning at age 27, and BAI 
values were on average 2,300 mm2/year during the post- 
thinning period. At Fuhrberg, heavy thinning led to 
average BAI values of only 1,900 mm2/year. This may 
be explained by the higher stem numbers when compared 
to the other heavily thinned stands (~800 remaining trees/

ha at Fuhrberg and only 250–350 trees/ha remaining at 
the other sites after the last thinning).

Effects of thinning regime, stand age, and drought 
severity on the growth resistance to drought

The effects of either thinning regime or water limita-
tions before and during drought events on growth 
resistance were generally weak. When selecting drought 
years according to climate (SPEI series), only stand age 
was significant (positive), although age at the first 
thinning (age_1st) was also selected into the final model 
(Table 3, top).

taBle 3. Results of linear mixed model fit by REML t tests using Satterthwaite approximations to degrees of freedom 
 [merModLmerTest] for resistance (top) and recovery (bottom) resistance of basal area increments. 

Response 
variable

Drought years (DY) identified using climate (SPEI) data DY identified 
using climate 

and growth dataRandom effects Fixed effects

Group 
intercept Variation SD Parameter Estimate SE P (>|t|) P (>|t|)

Resistance site 0.00 0.01 Treatment (thinned stands)
plot:site 0.00 0.00 Intercept 0.94 0.022 <0.001*** <0.001***

drought 
year

0.003 0.05 Control 0.03 0.02 0.18 0.55

residual 0.002 0.05 SPEI −0.01 0.007 0.13 0.19
SPEI_pre −0.002 0.005 0.66 0.049* (−)
Age_DY 0.002 0.0007 0.007** 0.18
BA_red 0.0004 0.0002 0.09. 0.04* (−)
Yrs_last −0.001 0.002 0.49 0.005** (−)
BA_red* Yrs_last −0.00002 0.00005 0.73 0.01* (+)
Nr_thins not selected not selected
Age_1st −0.002 0.0009 0.06.
Interaction with control
SPEI −0.004 0.009 0.65 0.71
SPEI_Pre −0.0009 0.0037 0.81 0.39
Age_DY −0.0013 0.0007 0.06. 0.23

Recovery site 0.000 0.007 Treatment (thinned stands)
plot:site 0.000 0.008 Intercept 1.117 0.026 <0.001*** <0.001***

drought 
year

0.002 0.045 Control 0.019 0.031 0.54 0.79

residual 0.002 0.05 SPEI 0.028 0.007 <0.001*** 0.34
SPEI_post 0.014 0.0035 <0.001*** 0.34
Age_DY 0.001 0.001 0.28 0.94
BA_red 0.0005 0.0002 0.02* <0.001*** (+)
Yrs_last −0.0015 0.0023 0.50 0.51
BA_red* Yrs_last −0.0002 0.00005 <0.001*** 0.04* (−)
Nr_thins −0.023 0.008 0.007** not selected
Age_1st −0.0015 0.0015 0.30 0.04* (+)
Interaction with control
SPEI −0.023 0.009 0.007** 0.02* (−)
SPEI_post −0.009 0.0036 0.01* 0.25
Age_DY −0.0026 0.0012 0.035* 0.37

Notes: Model results refer to data from drought years that were identified based on climate (SPEI) data only. For comparison, in 
the right column P values of models referring to data from drought years that were identified based on climate and growth data are 
provided. Resistance of radial growth to drought (RES) and its recovery from drought (REC), number of observations = 876 and 
873; groups, site = 4; plot, site = 22; drought year = 18. See Table 3 for explanation of abbreviations of variables.

***P < 0.001; **P < 0.01; *P < 0.05; . signifies P < 0.1.
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When selecting drought years according to climate and 
growth reductions of trees, no additional thinning pre-
dictor was selected into the model. In this case, SPEI in 
the pre- drought year, the basic thinning variables (basal 
area reduction and years since the last thinning inter-
vention), and their interaction significantly influenced 
drought resistance (Table 3, top, right column). The 
effect of thinning intensity became more positive with 
time since the last thinning intervention, leading to a shift 
from negative to positive effects of thinning intensity on 
growth resistance (Table 3, top, right column; see effects 
plots in Appendix S3).

Effects of thinning regime, stand age, and drought 
severity on the growth recovery following drought

Growth recovery following drought was more sensitive 
to both environmental and thinning variables than 
growth resistance during drought (Table 3).

When selecting drought years based on climate data 
only, both additional thinning related variables (number 
of thinning interventions and age at first thinning) were 
selected into the model (Table 3, bottom). There were 
significant effects of climate and thinning regime, but not 
of stand age on growth recovery following drought 
(Table 3, bottom).

The main effect of thinning intensity expressed as basal 
area reduction was slightly positive, but decreased with 
the time since the last thinning, leading to a shift from 
positive to negative effects of thinning intensity on 
growth recovery (Table 3, bottom; see effects plots in 
Appendix S3). Growth recovery following drought was 
affected negatively by the total number of thinning inter-
ventions, indicating highest recovery in stands that were 
thinned only once (Table 3, bottom).

In thinned stands, stand age did not significantly affect 
growth recovery following drought. Growth recovery 
was positively affected by both SPEI in the year of the 
drought and after the drought indicating faster recovery 
of growth, if droughts were less severe and if water condi-
tions improved in the first year after the drought (Table 3, 
bottom).

The effects of thinning regime on growth recovery were 
similar when drought years were identified based on 
climate and additional growth reductions. However, only 
age at first thinning and not the number of thinning inter-
ventions was selected into the model, and this predictor 
had a positive effect on growth recovery (Table 3, bottom, 
right column). In addition, for drought years with addi-
tional growth reductions, the positive effect of thinning 
intensity on growth recovery still decreased with time 
since the last intervention, but remained always 
positive.

The random effect variances showed no differences 
between sites and plots, but a moderate variability of the 
signal among drought years (SD for resistance and 
recovery was 0.05). Since resistance and recovery values 
have, after transformation, approximately a range of 1, 

the standard deviation of 0.05 represents merely 5% of 
the range of the response.

Differences between differently thinned and unthinned 
stands

The effect of stand age on growth resistance during 
drought and its recovery following drought was signifi-
cantly less positive in unthinned than in thinned stands 
(Table 3, interaction with control). In addition, the 
effects of SPEI in the year of the drought and the year 
after drought on growth recovery were significantly more 
negative in unthinned than in thinned stands (Table 3, 
bottom, interaction with control).

As explained in the methods, the effect size estimated 
for the difference between control and treatment com-
pares to median thinning conditions, with additional 
influences on the dependent variable that could be caused 
by the interactions with the environment. To obtain a 
more meaningful comparison of selected thinning 
options, we calculated model predictions and confidence 
intervals based on bootstrapping for growth resistance 
during and recovery following drought for the unthinned 
control vs. those for lightly, moderately, and heavily 
thinned stands (25, 45, and 90% basal area reductions, 
respectively) each referring to two different points in time 
since the last thinning intervention (1-  and 15- yr ago) and 
for both 25-  and 50- yr- old stands. For all other variables 
(Age_DY, SPEI, SPEI_pre and SPEI_post, Nr_thins, 
Nr_thins 10 yr, and Age_1st thin), we used median values 
in the model.

For both 23-  and 50- yr- old stands, results of the boot-
strapping procedure indicate that resistance was not sig-
nificantly different between heavily thinned and 
unthinned stands (Fig. 5). However, heavy and recent 
thinning tends to increase growth resistance more in 
50- yr- old than in 25- yr- old stands when compared to 
the unthinned control (Fig. 5).

Growth recovery following drought was significantly 
higher in heavily thinned compared to unthinned stands, 
if the last intervention took place 1- yr ago both for 
23- yr- old and 50 yr- old stands (Fig. 5). However, if the 
last heavy thinning intervention took place 15- yr ago, 
growth recovery became significantly smaller compared 
to the unthinned control for both stand ages (Fig. 5). 
Effects of light and moderate thinning on growth 
recovery following drought were overall smaller than in 
heavy thinning when comparing it to the control (see 
Appendix S3).

dIScuSSIon

This study analyzed the influence of thinning regime, 
stand age, and climatic variables on radial stem growth 
in Pinus sylvestris during and after drought events in four 
thinning experiments in Germany. We hypothesized that 
benefits of thinning for the growth response of pine trees 
during and after drought would increase with thinning 
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intensity (H1), would decrease with the elapsed time since 
last thinning and with stand age (H2), and are affected 
by drought severity as well as by water limitations in the 
pre-  and post- drought period (H3).

Our main findings are that thinning indeed improved 
the recovery of radial growth following drought and to 
a lesser extent the growth resistance during a drought 
event. These effects, however, are relatively short- lived. 
While growth recovery following drought was highest 
after the first thinning intervention and in recently and 
heavily thinned stands, it decreased with time since the 
last thinning. For stands that were thinned a decade or 
more ago, thinning effects on growth recovery could even 
be negative. Thinning also helped to avoid an age- related 
decline in growth resistance during drought.

The variance and standard deviation of all random 
factors was close to zero for both response variables, 
suggesting that the observed differences in growth 
responses during and after drought are unlikely to be 
related to spatial (micro- climatic) and or temporal vari-
ability among plots and sites. In the following, the 
observed patterns and deviations from our hypotheses 
will be discussed separately for the resistance of radial 
growth to drought and its recovery after the drought.

The influence of thinning intensity on growth resistance

Thinning effects on drought resistance were low. 
Whether an effect appeared at all depended on the 
selection of drought years. For a selection according to 
climate data only, averaging values from all stands and 
drought events, led to similar growth resistance to 
drought in thinned and unthinned pine stands. However, 
when drought years were selected on the basis of both 
climatic variables and growth reductions, thinning 
intensity had a small but significant positive effect on 

growth resistance. The finding of overall small benefits 
of thinning for the growth resistance during drought cor-
roborates previous results for Picea abies (Kohler et al. 
2010, Sohn et al. 2013).

The fact that thinning effects were absent for drought 
events selected based on climate data only is likely due 
to the fact that growth reductions were virtually absent 
from this data. Resistance had a mean of close to 1 across 
all trees and sites, as this selection approach included 
multiple years without growth depression in sampled 
trees despite highly negative SPEI values. As the mean 
of SPEI was comparable for the two classification 
approaches (−1.3 when identifying drought years based 
on climate data only and −1.5 when using climate and 
growth data simultaneously; Table 2), no direct link 
between drought severity and the magnitude of growth 
depressions could be established. The low responsiveness 
of radial growth to drought irrespective of thinning 
treatment is also in line with the finding that drought 
severity had no effect on the resistance of radial growth 
in our mixed model. On one side, this finding may be 
attributable to the relatively low intensity and short 
duration of water shortage experienced in our temperate 
region, when compared to more intense and long- lasting 
droughts experienced by (pine) forests in other parts of 
the world (Millar et al. 2007, Barger and Woodhouse 
2015, Domec et al. 2015). However, the overall low 
responsiveness of growth to drought years identified by 
climate data could also hint towards the fact that climatic 
data from nearby weather stations alone is indeed not 
always a precise indicator of the actual severity and 
duration of soil moisture deficits at a specific site, which 
would favor our second method for drought identifi-
cation. Finally, the weak responsiveness of growth to 
drought may also be explained by species properties of 
P. sylvestris. On free draining soils, it develops a deep 

FIg. 5. Comparison of predictive confidence intervals (CI) based on model predictions (see Table 3) for growth resistance and 
recovery between unthinned and heavily thinned stands (90% basal area reduction) at two different points in time since the last 
intervention: thinned 1- yr ago (recent thin) and thinned 15- yr ago (old thin) and for two different stand ages: 25- yr- old (the 3 left 
panels of each figure) vs. 50- yr- old (the 3 right panels of each figure) stands. Predictions of CIs are based on medians for the 
remaining parameters. Small- case letters (a–c) denote if CIs of treatments (control vs. recent thinning vs. old thinning) are 
significantly different from each other for the two stand ages.
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Resistance Recovery

a a a
a a
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tap- root system, which allows trees to take up water from 
deeper soil layers (Vincke and Thiry 2008). Furthermore, 
maximum transpiration rates of P. sylvestris are com-
paratively low. In the study by Vincke and Thiry (2008) 
in a Belgium pine forest, it never exceeded 1.85 mm/d 
during the growing season. Thus, pine may maintain 
growth relatively longer into a drought, compared to 
species such as spruce with shallower rooting systems and 
higher transpiration rates (Cienciala et al. 1992).

If drought events were selected additionally according 
to growth reductions, an effect of thinning intensity on 
growth resistance appeared. The effect was positive if the 
last thinning intervention was conducted about a decade 
ago, whereas the effect of thinning intensity was slightly 
negative in recently thinned stands. Although the missing 
robustness to the selection of drought years cautions 
against overconfidence in these findings, they are in line 
with results for two other pine species: greater drought- 
induced growth reductions in heavily thinned compared 
to unthinned P. pinaster stands in southwestern France 
were observed during multiple drought events that took 
place within five years after thinning interventions 
(Timbal 2002). Likewise, a stronger decline of basal area 
increment during drought with increasing thinning 
intensity was found for P. ponderosa stands in the south-
western USA irrespective of time since the last inter-
vention (McDowell et al. 2006). The lower resistance 
during drought in recently thinned stands is likely to have 
resulted from greater wind movement and penetration of 
dry air and solar radiation in open stands following 
thinning. This was found to lead to greater evaporative 
water loss to the atmosphere compared to control stands 
with closed canopies (e.g., Brooks and Mitchell 2011), 
and this immediate thinning effect was reported to be 
particularly pronounced during dry years (Stogsdill et al. 
1992).

Growth recovery was highest in recently heavily thinned 
stands

In contrast to the overall small thinning effect on 
growth resistance during drought events, the recovery of 
radial growth following drought improved markedly 
with thinning intensity. This finding accords with results 
from Norway spruce stands, in which heavy but not mod-
erate thinning accelerated growth recovery of trees fol-
lowing extreme drought events (Sohn et al. 2013). 
Likewise, it was reported that only the most intense 
thinning treatment led to a greater post- drought growth 
recovery in Atlas cedar in southern France (Guillemot 
et al. 2015).

Our findings that thinning benefits for growth recovery 
were highest after the first intervention and in recently 
and heavily thinned stands agree also with results of the 
previously mentioned studies on thinning effects in 
Norway spruce and Atlas cedar stands (Sohn et al. 2013, 
Guillemot et al. 2015). In both studies, the faster growth 
recovery was attributed to increased inputs of water to 

the soil (via increased throughfall and reduced transpi-
ration) in recently opened compared to closed stands 
(Aussenac and Granier 1988, Breda et al. 1995). In 
addition, the spruce trees in recently thinned stands had 
a higher potential to take advantage of favorable growth 
conditions, as indicated by C and O isotopes in growth 
rings, compared to trees in denser stands (Sohn et al. 
2013).

The finding of diminishing thinning benefits with time 
since the last intervention, and hence with decreasing 
thinning frequency, is in agreement previous studies 
(Guillemot et al. 2015). In contrast, even in Norway 
spruce stands that had been thinned fifteen years ago, 
post- drought recovery of radial growth in trees from 
heavily thinned stands was higher than in unthinned 
stands (Sohn et al. 2013). This long- lasting effect on 
growth recovery was explained by the larger above-  and 
belowground surfaces (leaf area and fine- root biomass) 
of crop trees in thinned stands, which allows them to take 
advantage of improving conditions more rapidly and 
hence allocate more C to wood formation than is the case 
for trees in unthinned stands (Sohn et al. 2013). Thus, 
the potential of thinning to promote growth recovery in 
the longer term will depend primarily on how fast and 
to what extent leaf area (i.e., assimilation capacity) and 
fine- root biomass (i.e., water extraction capacity) are 
maintained or can recovery. Tree species with a greater 
capacity to occupy growing space like beech (Dieler and 
Pretzsch 2013) or Douglas- fir (Ericksson et al. 2009) are 
likely to benefit more than species with a much slower 
expansion of crown and root systems like Scots pine 
(Pretzsch and Biber 2005).

Thinning leads to a more positive relationship between 
stand age and the growth response during and after 

drought

We did not find a negative effect of stand age on the 
growth response during or after drought in trees from 
thinned stands and thus rejected the second hypothesis. 
This hypothesis was mainly motivated by the finding of 
negative effect of thinning on the growth response during 
and after drought in older Red pine, where higher water 
demands of larger trees and more open stands were 
assumed to cause this effect (D’Amato et al. 2013). The 
divergent results between their study and ours may be 
related to different absolute stand ages considered. 
D’Amato et al. found a negative effect of thinning in 
stands that were 75- years old, which is considerably older 
than the oldest stands used in our analysis (51- years old 
at the time of drought). In contrast, thinning benefits 
observed in their younger stands refer to a stand age of 
49 years, which is more similar to the age of our oldest 
stands. Considering that our stands were on average only 
27- years old at the time of drought events, which is very 
young compared to the maximum lifespan of up to 
600 years for Scots pine, it is likely that our trees had not 
reached a critical height associated with a higher risk of 
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cavitation due to increasing xylem path lengths (Koch 
et al. 2004, Zhang et al. 2009).

The effect of stand age on growth recovery was signifi-
cantly different between thinned and unthinned stands, 
as recovery decreased with stand age in control stands 
but not in thinned stands. This is likely attributable to 
the enlarged crowns in thinned stands (Guiterman et al. 
2012), which facilitate a more rapid recovery of growth 
following drought in the long term.

Growth recovery but not resistance to drought is affected 
by water limitations in the drought period

Recovery of radial growth was negatively affected by 
drought severity and by water- limiting conditions in the 
post- drought year suggesting that tree growth recovered 
faster after less severe droughts and when conditions 
were more favorable in the following year. The slower 
growth recovery after prolonged drought events can be 
explained by a longer period needed to restore soil water 
and to rebuilt fine- root systems (Mainiero and Kazda 
2006). The finding that drought resistance of radial 
growth was not significantly affected by drought severity 
was discussed in Discussion: The influence of thinning 
intensity on growth resistance.

Conclusions and management recommendations

Our results, in agreement with other studies, show that 
thinning cannot prevent significant reductions in radial 
growth during severe drought events. The magnitude of 
recovery of radial growth following drought can be con-
sidered particularly important for maintaining tree vigor 
in mid- latitude regions, where extreme drought events 
(still) occur less frequently and typically do not last over 
a number of years. In contrast, in Mediterranean and 
semi- arid regions, where extreme drought events are 
more frequent and cause persisting low- growth periods 
and even widespread forest mortality (e.g., in the Pinyon- 
ecoregion of southwestern USA), the mechanisms con-
ferring resistance of radial growth during drought are 
likely more important.

This is the first study that quantified benefits of 
thinning for the drought response of trees from stands 
of different age experiencing several drought events, 
and it is the first that included an explicit analysis of 
thinning regime (intensity and frequency) and climatic 
conditions prevailing before, during and after a drought 
event. Results of this study can help to inform practical 
forest management aiming to adapt forest to climate 
change. First of all, the higher recovery of trees in 
heavily thinned stands is of high relevance, because 
these trees are likely less susceptible to secondary pests 
and pathogens (Mattson and Haack 1987, Desprez- 
Loustau et al. 2006, Dobbertin et al. 2007). In addition 
to accelerating the short- term growth recovery fol-
lowing drought, thinning may also provide long- term 
benefits such as avoiding the age- related decline in 

growth recovery following drought, which was observed 
in unthinned stands.

The finding that benefits for tree growth after drought 
increased with thinning intensity is only partly mirrored by 
silvicultural practices in pine stands in Germany. The rapid 
liberation of crop trees as carried out in the experiment, 
which leads to the development of large crowns, may still 
be considered extreme in terms of intervention intensity 
(c.f. Klädtke and Abetz 2010). The comparatively mod-
erate thinning intensity documented in existing guidelines 
can be attributed to the avoidance of high costs associated 
with harvesting small stems in young stands. Unfortunately, 
there are so far no economic analyses that compare the 
benefits of accelerated growth and improved recovery of 
crop trees following extreme drought events in more 
heavily thinned stands with possibly reduced revenues 
associated with heavy thinning operations in young stands.

When aiming to improve the drought responses of 
trees throughout the whole production cycle, our results 
indicate that shorter thinning intervals are better suited 
due to the observed decline of recovery with time since 
last intervention.

This study showed that those thinning experiments 
that have experienced several drought events are highly 
suitable to address the question whether increased 
growing space may increase the growth response to 
drought in individual trees, and thus stands. The inter-
pretation of tree growth responses in such experiments 
will be further aided by site- specific quantification of 
climatic variables including soil water dynamics before, 
during, and after drought events.
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