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Impact of climate change on tree-ring growth of Scots pine, common 
beech and pedunculate oak in northeastern Germany
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Tree growth depends, among other factors, largely on the prevailing climatic
conditions. Therefore, changes to tree growth patterns are to be expected
under  climate  change.  Here,  we analyze the tree-ring  growth  response  of
three major European tree species to projected future climate across a cli-
matic  (mostly  precipitation)  gradient  in  northeastern  Germany.  We  used
monthly data for temperature, precipitation, and the standardized precipita-
tion evapotranspiration index (SPEI) over multiple time scales (1, 3, 6, 12, and
24 months) to construct models of tree-ring growth for Scots pine (Pinus syl-
vestris L.) at three pure stands, and for common beech (Fagus sylvatica L.)
and pedunculate oak (Quercus robur L.) at three mature mixed stands. The
regression models were derived using a two-step approach based on partial
least squares regression (PLSR) to extract potentially well explaining variables
followed by ordinary least squares regression (OLSR) to consolidate the models
to the least number of variables while retaining high explanatory power. The
stability of the models was tested through a comprehensive calibration-verifi-
cation scheme. All  models were successfully verified with R²s ranging from
0.21 for the western pine stand to 0.62 for the beech stand in the east. For
growth prediction, climate data forecasted until 2100 by the regional climate
model WETTREG2010 based on the A1B Intergovernmental Panel on Climate
Change (IPCC) emission scenario was used. For beech and oak, growth rates
will likely decrease until the end of the 21st century. For pine, modeled growth
trends vary and range from a slight growth increase to a weak decrease in
growth rates. The climatic gradient across the study area will possibly affect
the future growth of oak with larger growth reductions towards the drier east.
For beech, site-specific adaptations seem to override the influence of the cli-
matic gradient.  We conclude that  Scots  pine has great  potential  to remain
resilient  to  projected  climate  change  without  any  greater  impairment,
whereas common beech and pedunculate oak will  likely face lesser growth
under the expected warmer and dryer climate conditions. The results call for
an adaptation of forest management to mitigate the negative effects of climate
change for beech and oak.
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Introduction
Climatic  conditions  are  decisive  factors

for the growth of trees. The yearly sequen-
ce of favorable and unfavorable climate is
recorded by the sequence of wide and nar-
row tree rings (Fritts 1976). Compared with

pre-industrial times, the mean annual tem-
perature  has  risen  by  about  1  °C  across
Europe (EEA 2012).  According to  regional
climate models, a further increase in mean
annual temperatures for northeastern Ger-
many  is  predicted  until  2100,  associated

with a  shift  to drier summers and wetter
winters  (Kreienkamp  et  al.  2010).  There-
fore,  adaptation strategies aiming at miti-
gating  the  consequences  of  global  war-
ming on forest ecosystems, such as increa-
sing  drought  stress  (Orlowsky  &  Senevi-
ratne 2012) are an issue of intense debate
(Bolte et al. 2009, Kätzel & Höppner 2011).
In this context, future tree growth of the
ecologically  as  well  as  economically  very
important  central  European  tree  species
Scots  pine  (Pinus  sylvestris  L.),  common
beech (Fagus sylvatica L.), and pedunculate
oak (Quercus robur  L.) is of major interest
to science and forest practitioners alike.

For these tree species, changes in growth
rates due to environmental changes have
become apparent across European forests
during the last decades. In a comparative
study,  Kint et al. (2012) observed different
growth trends for pedunculate oak (increa-
se), common beech (decrease), and Scots
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pine (no trend) in northwestern European
lowland forests,  and related these trends
to  climate  change  and  increased  atmo-
spheric  N  deposition.  Decreasing  future
growth  rates  for  Scots  pine under  global
warming have been suggested by  Reich &
Oleksyn (2008) for the whole Europe, ex-
cept the far  north.  In  contrast,  Martínez-
Vilalta et al. (2008) reported an overall rise
in radial growth of Scots pine in northeast-
ern Spain over the 20th century and explai-
ned  this  with  the  increased  atmospheric
CO2 concentration. Common beech seems
to have grown faster at lower altitudes and
slower at higher elevations in central Euro-
pe  during  past  decades,  driven  amongst
other causes by the increased tropospheric
ozone concentration (Dittmar et al. 2003).
Growth reductions as a consequence of in-
creasing drought stress are reported from
the southern distribution limits of beech in
Spain (Jump et al.  2006) and Italy (Piove-
san  et  al.  2008).  In  contrast,  Tegel  et  al.
(2014) reported  on  a  recent  growth  in-
crease of beech at its southeastern distri-
bution limit at the Balkan Peninsula. Sessile
and pedunculate oaks seem to have rising
growth rates in recent decades in Germany
and in northern and northeastern France,
presumably driven by changes in tempera-
ture regime, CO2 concentration and N de-
position (Becker et al. 1994, Pretzsch 1996,
Bergès et al. 2000). While these retrospec-
tive  studies  give  valuable  indications  for
regional species-specific future growth de-
velopments, the direct impact of projected
climate change scenarios on radial growth
(i.e.,  tree-ring  width)  of  Scots  pine,  com-
mon beech and pedunculate oak in central
European  lowland  forests  have  not  been
assessed adequately so far.

There is a selection of approaches for mo-
deling tree growth ranging from relatively
simply models using climatic data only (La-
roque  &  Smith  2003,  Goldblum  &  Rigg

2005,  Takahashi & Okuhara 2013) to more
complex ones using additional  ecophysio-
logical  variables  as  predictors  for  regres-
sion equations (Rathgeber et al.  2005,  Gi-
rardin et al. 2008). For instance, Laroque &
Smith  (2003) and  Takahashi  &  Okuhara
(2013) used temperature and precipitation
to predict tree-ring width, while Girardin et
al.  (2008) extended  this  empirical  appro-
ach by incorporating process-based physio-
logical  model  results  into  the  regression
equations.  Rathgeber  et  al.  (2005) argue
that empirical models based solely on me-
teorological  variables are of  weak predic-
tive power, because of their limited ability
to  properly  factor  in  the  water  budget.
Therefore, they introduced bioclimatic va-
riables describing the actual evapotranspi-
ration and soil moisture, and showed that
the  final  bioclimatic  models  gave  better
results  than  classic  response  functions.
Unfortunately,  measured  data  related  to
soil  water  balance or  tree  physiology are
usually  not available over longer time pe-
riods. The application of process-based mo-
dels  could be an option,  but their  results
are themselves often characterized by high
levels of uncertainty.

The use of parameters describing evapo-
transpiration  and  water  balance,  such  as
drought  indexes  derived  from  regularly
measured,  long-term  climatic  variables,
could be an alternative way to increase the
predictive power of the models. Recently,
several  studies  (Friedrichs  et  al.  2009a,
Scharnweber  et  al.  2011)  demonstrated
that the self-calibrated Palmer Drought Se-
verity Index (sc-PDSI – Van der Schrier et al.
2006)  may  explain  inter-annual  variations
of  tree-ring  widths  better  than  tempera-
ture or  precipitation.  Another drought in-
dex, the standardized precipitation evapo-
transpiration index (SPEI – Vicente-Serrano
et al.  2010) is based only on precipitation
and temperature, and involves the climatic

water  balance  into  its  calculation.  Unlike
the sc-PDSI, the SPEI can be calculated for
different time scales that represent drou-
ght  conditions  in  different  hydrological
sub-systems, ranging from short term fluc-
tuations  of  soil  water  content  to  longer
term variations in groundwater storage (Vi-
cente-Serrano  et  al.  2010).  The  high  rele-
vance of taking into account multiple time
scales in the analysis of climate-growth re-
lationships became apparent in a study by
Pasho et al. (2011), who calculated the ma-
ximum  correlations  between  tree-ring
widths and the standardized precipitation
index (SPI  –  McKee et  al.  1993)  for  time
scales from 5 to 11 months.

Here,  we  model  tree-ring  growth  using
monthly  precipitation  and  temperature
data of a regional statistical climate model
as  well  as  SPEI  derived  from  these  data
over multiple time scales based on a com-
prehensive and robust  calibration-verifica-
tion  scheme.  With  the  resulting  multiple
regression models we evaluate the impact
of  projected  climate  change  on  tree-ring
growth of Scots pine, common beech, and
pedunculate oak, which are the three most
important tree species in northeastern Ger-
many. To this end, we applied a moderate
regionalized climate change scenario until
2100.

Material and methods

Study sites
The study region is northeastern Germa-

ny  (Fig.  1).  This  lowland  region  is  mainly
characterized  by  a  flat  topography  and
gentle slopes. Some 23% of the area is co-
vered  by  forests,  the  main  tree  species
being  Scots  pine  (39%),  beech  (12%),  and
oak (9% – BMELF 2002). 

The study sites were chosen to be repre-
sentative  for  the  study  region  and  are
located in the west, center, and east of a
250 km west-east transect. They represent
three mature mixed stands of  beech and
oak as well as three pure pine stands typi-
cal  for  the  region  (Fig.  1)  with  otherwise
similar characteristics. The ages of the six
forest  stands  were  between  110  and  210
years (Tab. 1) and the stand densities ran-
ged from 172 to 185 trees ha-1 for the mixed
and from 220 to 731 trees ha -1 for the pine
stands.  In  particular,  the  pine  stands  are
highly managed by the local forest authori-
ties, which is the reason for the large dif-
ferences in stand densities. Pines in north-
eastern Germany usually grow on soils with
limited water supply, which is reflected in
differences of the available water capacity
(AWC)  resulting  in  higher  AWCs  for  the
broadleaved sites (141-165 mm) compared
to the pine stands (72-131 mm).

Vegetation  characteristics  and  soil  pro-
perties are similar among the broadleaved
mixed stands and among the pine stands,
respectively. The soil texture at all sites is
dominated by sand with average contents
between  80% and  95%  and  the  prevailing
soil  types  are  Cambisols  and  Podzols  for
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Fig. 1 - Location of
the study sites

along a west-east
transect in north-
eastern Germany.
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the mixed deciduous and the pine forests,
respectively (WRB 2006).

Northeastern  Germany  is  located  in  the
transition  zone  from  the  Atlantic-influen-
ced climate in the west to a more continen-
tal climate in the east. This is reflected in
the  climatic  situation  of  the  study  sites
(Tab.  2).  Temperatures  at  the  study  sites
are  almost  identical  on  an  annual  time
scale, but vary across seasons with tempe-
ratures being about 1 °C higher in summer
and about 1 °C lower in winter at the east-
ern  compared  to  the  western  sites.  The
annual  precipitation  totals  decrease  from
the  western  to  the  eastern  parts  of  the
region, with about 150 mm lower precipita-
tion in the East compared to the West.

Tree-ring data
At each site, we selected a minimum of 18

dominant  trees  of  each  species  and  ex-
tracted two cores at breast height,  taken
perpendicular  to  each  other.  The  cores
were  glued  to  wooden  mounts,  sanded
and finally the ring widths were measured
with  an  accuracy  of  1/100  mm  using  a
LINTAB-measuring table and the software
TSAP-Win (Rinn 2003).  The two measure-
ments per tree were averaged after cross-
dating them first visually and then statisti-
cally using the COFECHA® software packa-
ge  (Holmes  1999),  resulting  in  tree-ring
width series per tree.  In order to empha-
size the climatic signal and to remove the
non-climatic age trend as well as the influ-
ence of disturbance, competition and ma-
nagement  from  the  raw  measurements,
we first detrended the single series (Cook
& Kairiukstis  1990)  before  combining  the
single-tree related series to stand chrono-
logies.

Two detrending methods, differing in the
flexibility  of  the  fitted  trend  curve,  were
tested and compared.  In a first  conserva-
tive approach, a negative exponential func-
tion or,  if  not  appropriate  (function  non-
decreasing  or  some  values  negative),  a
straight line was fitted to the raw measure-
ments,  to  retain  as  much  low  frequency
(decadal) variations in the tree-ring data as
possible. In a second, less conservative ap-
proach, more flexible cubic smoothing spli-
nes (Cook & Peters 1981) were fitted to the
data, with a frequency response of 50% at
32 years that removed most of the low fre-
quency signal. While the first approach ty-
pically  retains a potential  signal  of  longer
term climatic trends, at the same time non-
climatic  growth  releases  following  mana-
gement interventions or natural disturban-
ces are not removed from tree-ring data.
Thus, the climatic signal might get blurred
by this approach. In contrast,  the flexible
spline detrending method strongly empha-
sizes the inter-annual growth variations by
eliminating both, potential decadal climatic
and non-climatic trends.

The  ring-width  indexes  were  derived  by
subtracting the trend curve from the raw
measurements after initial power transfor-
mation, a method that is preferable to divi-

sion (Helama et al. 2004). Finally, autocor-
relation, i.e., the growth persistence of the
previous year(s),  was removed by autore-
gressive modelling, and the detrended sin-
gle  tree  series  were  averaged  to  species
specific site chronologies using a bi-weight
robust mean. All chronology computations
were carried out using the software packa-
ge ARSTAN (Cook 1985).

The  differently  detrended  chronologies
showed only small differences. In general,
inter-annual  variations  were  similar  bet-
ween both approaches, with the negative
exponential/straight line approach produc-
ing  slightly  higher  amplitudes  (Fig.  S1  in
Appendix 1). Since no common longer-term
trend emerged, we decided to use the spli-
ne detrended chronologies  for  all  further
analyses to avoid the potential interferen-
ce of  management-related growth  trends
with  climate  growth  relationships.  Com-
mon dendrochronological statistics as the
mean sensitivity (MS) – a measure of the
strength  of  inter-annual  fluctuations,  the
mean interseries correlation (Rbar) – indi-
cating the strength of the common signal
among all trees – and the expressed popu-
lation signal (EPS) – a measure of how well
a  subsample  represents  the  theoretical
population,  were  computed  for  all  chro-
nologies  over  the  common  period  1910-
2009 (Tab. S1 in Appendix 1).

Climate data
Climatic data were taken from the 1×1 km

grid of monthly values for precipitation and
temperature (mean, min, max) of the Ger-
man Weather Service, which contains con-
tinuous data for  the whole  country  since

1901. This grid product has the advantage
that climatic data is readily prepared with a
very high accuracy for the desired location.
In  addition,  for  drought  index  computa-
tion, the climatic water balance was deter-
mined using the approach of Thornthwaite
(1948) as the difference between monthly
precipitation and monthly potential evapo-
transpiration.  SPEIs  were  then  calculated
for every site using the log-logistic probabi-
lity distribution function for the time scales
of 1, 3, 6, 12, and 24 months. The result is a
standardized variable with an average va-
lue of 0 and a standard deviation of 1. We
calculated SPEIs using the R package SPEI
1.2 (Beguería & Vicente-Serrano 2012).

Model construction
We  used  the  nine  chronologies  (3  tree

species × 3 sites) through a 100-year period
from 1910 until  2009 and the correspond-
ing  climatic  variables  to  build  the  regres-
sion models. For all models, monthly mean
temperatures  (max,  mean,  min),  monthly
precipitation sums, and the SPEIs covering
time scales  of  1,  3,  6,  12,  and  24 months
over  an  18-month  window  (from  May  of
the previous year until October of the gro-
wing year) entered the analysis  as poten-
tial  variables  to  predict  the ring-width  in-
dexes  (RWI).  Hence,  we started  with  162
variables  as  potential  predictors.  We  did
not eliminate variables in advance on the
basis  of  strong  inter-correlations  among
variables or low relations with RWI, since
some  variables  could  become  important
only when in concert with others. Instead,
the  final  models  were  obtained  in  two
steps, namely variable pre-selection and va-
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Tab. 1 - Site and stand characteristics. (AWC): available water capacity; (DBH): diame-
ter at breast height.

Study Site
Lat.
Lon.

Elevation
(m a.s.l)

Mean stand
age (years)

Density
(trees/ha)

Mean stand
height (m)

DBH
(cm)

AWC
(mm/m)

Pine West 53.377 N
10.370 E

15 130 276 22.0 39 131

Pine Center 53.294 N
13.166 E

73 121 220 29.5 43 121

Pine East 53.135 N
14.209 E

35 110 731 25.0 28 72

Beech/Oak 
West

53.485 N
10.915 E

50 125
(210)

172 34.6 42 155

Beech/Oak 
Center

53.417 N
13.033 E

80 130 172 31.2 44 141

Beech/Oak 
East

53.223 N
14.130 E

20 140 185 30.0 43 165

Tab.  2 -  Average precipitation and temperatures at the study sites (1971-2000). Ja-
nuary and July refer to the coldest and warmest months in the study region.

Study Site
Precipitation (mm) Temperature (°C)

Annual Annual January July
Beech/Oak West 662 8.8 0.8 17.3
Pine West 637 9.0 0.9 17.7
Beech/Oak Center 609 8.2 -0.2 17.2
Pine Center 592 8.4 -0.2 17.5
Beech/Oak East 506 8.8 0.0 18.1
Pine East 496 9.0 0.1 18.4
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riable reduction, that are described in de-
tails hereafter.

The following procedure was applied to
each  of  the  9  chronologies.  Partial  least
squares  regression  (PLSR  –  Wold  et  al.
2001) models were built by using the R pa-
ckage “autopls” version 1.2-3 (Schmidtlein
et al.  2012).  PLSR has the advantage that
variables can be highly inter-correlated and
that the number of variables can be larger
than the number of observations, which is
a  constraint  for  other  regression  techni-
ques.  We  used  stepwise  backward  selec-
tion combined with a 10-fold cross-valida-
tion to substantially reduce the number of
variables, i.e., to extract the variables with
the highest explanatory power.  The PLSR
procedure  was  repeated  100  times,  be-
cause the results were not stable, meaning
that  the  obtained  PLSR  models  differed
widely both in the number and in the choi-
ce of variables and, hence, in their predic-
tive performance. The 100 runs yielded 100
models,  and  we  extracted  the  5  “best”
models based on a performance index  IP,
which was taken by combining important
model statistics (eqn. 1):

where  N is  the  number  of  variables  that
entered the model (N=162), Ns the number
of  significant  variables,  R2

cal and  R2
val the

coefficients  of  determination  for  calibra-
tion  and  validation,  respectively;  RMSEcal

and  RMSEval the root mean square errors
for calibration and validation, respectively;
R2

diff =  R2
cal –  R2

val, and  RMSEdiff =  RMSEcal –
RMSEval. Thus, the model showing the low-
est number of retained variables, the high-
est R2s and lowest RMSEs (both for calibra-
tion and validation),  and the smallest  dif-
ferences between the last two, has the lo-
west (i.e., best) performance index IP. This
seems reasonable to us because in models
with high coefficients of determination and

low error terms for calibration and valida-
tion the retained variables have high pre-
dictive power. In addition, when aiming at
modeling scenarios it is also important that
calibration  and  validation  performances
are similar. Therefore, we included the dif-
ference terms. Finally,  Ns was included be-
cause  we were  looking  for  the  best  per-
forming  model  with  the  least  number  of
variables to avoid overfitting.

We further reduced the number of varia-
bles  by  applying  ordinary  least  squares
regression (OLSR) to the set of final varia-
bles included in the 5 “best” PLSR models.
This step was necessary, because it beca-
me obvious  in  initial  tests  that  after  per-
forming OLSR, the former 1st, 2nd, 3rd, or 4th

best PLSR model could be the best OLSR
model based on the Akaike information cri-
terion (AIC). We used the function “step”
of the R package “stats” (R Development
Core Team 2011) with an iterative approach
of combined forward and backward selec-
tion, using the lowest AIC as selection crite-
rion  for  deciding  on  the  final  regression
equations. Eventually, the final models con-
sisted of five to ten predictor variables. The
regression coefficients  used for  modeling
future growth response were obtained by
fitting these models over the data of  the
complete observation period 1910-2009.

Calibration-verification procedure
To evaluate the stability and quality of the

regression models, the predictors that had
been  identified  with  the  above approach
were subjected to an extensive calibration-
verification procedure. From the entire 100
years  data  set,  50  years  were  randomly
selected  as  calibration  data  set  and  the
remaining 50 years were used as verifica-
tion data set. This procedure was repeated
100 times resulting in 100 regression coeffi-
cients for each variable. Several quality pa-
rameters  that  are  described  below  were
calculated for each run, resulting in 100 va-
lues for each quality parameter. Finally, the
overall  robustness  and  predictive  perfor-

mance  of  the  models  were  evaluated  by
calculating mean values and standard de-
viations of the quality parameters.

We used the following parameters to ve-
rify  the quality  of  the  regression models:
adjusted coefficient of determination (adj.
R²) and root mean square error (RMSE) for
calibration; R², RMSE, sign test (ST), cross-
product mean test (PM), reduction of error
(RE), and coefficient of efficiency (CE) for
verification. The ST statistic compares the
direction of change in tree-ring width from
one year to the other in the observed and
the predicted data set. This test counts the
number of agreements and disagreements
between both series. A significant relation
between the observed and predicted chro-
nology is accepted if the number of agree-
ments is significantly larger than the num-
ber of disagreements (Fritts 1976). The PM
statistic calculates the product of observed
and predicted yearly departure from their
respective  mean  values.  The  products  of
agreements  and  disagreements  are  sum-
med up separately, and the difference bet-
ween both sums is tested with the t-statis-
tic  (Fritts  1976).  The  RE  and  CE  statistics
provide other methods to test the strength
of associations between observed and pre-
dicted values,  which both result in values
from - ∞ to + 1 (Cook et al. 1994). RE and CE
> 0 indicate that the predicted values are
better than the mean of the observed va-
lues  in  the  calibration  period  (RE)  and in
the verification period (CE). For details, see
Fritts (1976) and Cook et al. (1994).

Climate change scenario
Future weather data (Fig. 2) were taken

from  the  regional  climate  model  WETT-
REG2010 (Kreienkamp et  al.  2010).  WETT-
REG2010 uses a statistical downscaling me-
thod and is forced by the atmospheric ge-
neral  circulation  model  ECHAM5/MPI-OM
(Roeckner  et  al.  2003).  It  provides  daily
weather  data  until  2100.  To  forecast  the
tree-ring growth of the three tree species
under study, the greenhouse gas emission
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Fig. 2 - Climate projections 
according to the A1B emission 
scenario of the regional climate 
model WETTREG2010 for the 
period 1971-2100. (a) Mean 
annual temperature and (b) 
annual precipitation with corre-
sponding observed values for 
the period 1971-2010 (gray 
lines). (c) Monthly deviation of 
temperature and precipitation 
in the distant future (2071-2100) 
from the reference period (1971-
2000) averaged over the study 
sites. (d) Twelve-months stan-
dardized precipitation-evapora-
tion index (SPEI) for the central 
beech/oak site.
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scenario A1B was assumed. Scenario A1B is
based on a balanced emphasis on all ener-
gy sources (IPCC 2007). Data are available
in ten data sets for 398 climate and 3012
precipitation stations across Germany. For
each site, we used the data from the nea-
rest precipitation (4-7 km) and climate sta-
tions (4-24 km) for every site, and applied
the final models to predict future RWIs for
all  ten  data  sets.  To  evaluate  growth
trends, we used the following periods for
comparison: 1971-2000 as reference period,
2021-2050 as near future and 2071-2100 as
distant future.

Results

Calibration and verification
Chronology statistics showed that for the

common  period  1910-2009  the  EPS  was
well above the generally applied threshold
of 0.85 (Wigley et al. 1984) for all species at
all  sites.  A  comparatively  high  Rbar  bet-
ween  0.34  and  0.59  indicates  a  common
(climatic)  forcing  for  all  species  (Tab.  S1,
Fig. S1 in Appendix 1).

The number of variables and the selection
of climatic elements that entered the final
models  differed  slightly  among  the  sites
(Tab.  3).  The number of  predictors in the
final regression models, on the basis of 162
source variables,  were relatively low,  and
ranged from 5 (Pinus,  west)  to 10 (Fagus,
east) with a mean value of 8. In general, all
climatic elements were relevant for model
building, except SPEI24 which was only sig-
nificant  for  the  central  pine  stand.  Varia-
bles of the growing year were more impor-
tant (n=67) than variables of the previous
year (n=26). Some seasonal patterns were
observed: variables of the summer months
were most frequently retained in the mo-
dels,  whereby  June  dominated  the  SPEI
variables at the one and three month time
scales, and July and August dominated the
temperature variables (mean, min).

The final regression models were able to
reproduce  the  tree-ring  growth  for  both
the mixed beech and oak stands and the
pine stands (Tab. 4,  Fig. 3). The goodness-
of-fit  parameters  of  the  models  revealed
two general patterns: (i) prediction accura-

cy was species-dependent and increased in
the order from pine, to oak, to beech; and
(ii)  prediction  accuracy  was  location-de-
pendent,  with  a  higher  predictive  power
eastwards  for  all  three  tree  species.  One
exception from the latter was the central
pine stand, at which the predictive perfor-
mance was slightly higher than in the east.
The adjusted coefficients of determination
over the 50-year calibration period ranged
from  comparably  low  (adj.  R²  =  0.24)  for
the western pine stand to very high (adj. R²
= 0.67) for beech at the eastern site (Tab.
4).  Coefficients  of  determination  (R²)  for
the  verification  period  were  only  slightly
lower,  ranging from 0.21  for  the western
pine stand to 0.62 for beech at the eastern
site.  The sign test  (ST),  the cross-product
means  test  (PM),  the  reduction  of  error
(RE), and the coefficient of efficiency (CE)
indicated that  all  models  properly  predic-
ted the tree-ring growth, hence the inter-
annual change and the magnitude of tree-
ring  width.  These  four  tests  showed  fair
values  for  the  pine  stands  and  excellent
values for beech and oak, especially in the
east (Tab. 4). In addition, the low standard
deviations  of  the quality  parameters  indi-
cate that  the developed models  were ro-
bust and valid for any chosen data set for
calibration and verification.

Radial-growth forecast
The predicted chronologies, based on the

regional climate model, are in the range of
the observed data for the common period

1971-2009 (Fig.  4)  and illustrate  the good
agreement of the climate model with the
actual climatic conditions over the past 40
years (see also  Fig. 2).  Excellent fits were
obtained for all pine stands, and for beech
and oak at the central site as well. For the
western  and  eastern  mixed  stands  of
beech and oak, slightly higher RWIs were
predicted  for  the  reference  period.  Since
the simulated chronologies depicted in Fig.
4 are the mean of 10 predicted chronolo-
gies constructed from 10 WETTREG2010 si-
mulations,  inter-annual  dynamics  appear
much lower as compared with the obser-
ved RWIs.

The  models  yielded  different  trends  in
tree-ring indexes under future climate sce-
narios (Fig. 4). The chronologies illustrate a
tendency  of  decreasing  tree-ring  widths
towards the end of the 21st century (Fig. 4,
Fig.  5).  The  strength  of  this  trend  varies
both across species and regions. For pine, a
weak decrease of RWI is projected for the
western  (-3.5%)  and  the  eastern  stand
(-4.5%) in the near future (2021-2050) com-
pared to the reference period (1971-2000).
In contrast, the central stand will experien-
ce a slight increase of 1.5% over the same
period. The tree-ring growth of beech and
oak is projected to decrease at all sites in
the near future. For these tree-species, the
strongest change of RWI was predicted for
beech in the West (-11%) and oak in the East
(-8%).  The  predicted  trends  for  the  near
future will  continue for all three tree spe-
cies  up  to  the  year  2100.  For  the  distant
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Tab. 3 - Climate variables of the final regression models. Numbers refer to months of
the growing year. (*): indicates months of the previous year.

Study Site Precipitation
Temperature SPEI

max mean min 01 03 06 12 24
Pine West - 2 2 - 6*/6 - - 9 -
Pine Center 6 2/5/10 3/8 5* - - - - 1
Pine East 9* 10 - 8 3/5/6 - - 7 -
Beech West - - 12* 2/7/10 6 7 3 1/9 -
Beech Center 11* - - 6* 6 9*/7/10 - - -
Beech East 8 10 6*/10* 7 - 6/7 12* 6*/12* -
Oak West 4/6 - - 10* - 7 7*/8 6 -
Oak Center 1 6* 10*/8 - 6/7 9* - - -
Oak East 1/2/5/8 - - 8 6 - 10 6 -

Tab. 4 - Calibration and verification statistics of the regression models. The observation period is 1910-2009. One-hundred calibra -
tion-verification runs were conducted with 50 randomly chosen years for calibration and the rest for verification. ( R²): coefficient of
determination; (RMSE): root mean square error; (ST): sign test (p < 0.05 if n(-) < 18); (PM): cross-product means test (p < 0.05 if PM
> 1.677); (RE): reduction of error (satisfactory if RE > 0); (CE): coefficient of efficiency (satisfactory if CE > 0). Mean values and stan -
dard deviations are given.

Study Site
Calibration Verification

R² adj. R² RMSE R² RMSE ST (+/-) PM RE CE
Pine West 0.32 ± 0.06 0.24 ± 0.07 0.098 ± 0.007 0.21 ± 0.06 0.109 ± 0.008 32/17 ± 3 4.19 ± 0.38 0.15 ± 0.11 0.11 ± 0.12
Pine Center 0.53 ± 0.06 0.43 ± 0.07 0.079 ± 0.008 0.38 ± 0.07 0.095 ± 0.009 36/13 ± 3 4.56 ± 0.51 0.34 ± 0.10 0.31 ± 0.10
Pine East 0.44 ± 0.08 0.34 ± 0.10 0.092 ± 0.007 0.32 ± 0.07 0.108 ± 0.009 34/15 ± 3 3.96 ± 0.50 0.26 ± 0.13 0.24 ± 0.14
Beech West 0.62 ± 0.06 0.54 ± 0.08 0.078 ± 0.007 0.46 ± 0.08 0.098 ± 0.010 36/13 ± 3 4.06 ± 0.59 0.42 ± 0.13 0.40 ± 0.14
Beech Center 0.61 ± 0.06 0.56 ± 0.07 0.115 ± 0.009 0.52 ± 0.07 0.133 ± 0.010 38/11 ± 3 4.25 ± 0.45 0.48 ± 0.10 0.45 ± 0.11
Beech East 0.74 ± 0.05 0.67 ± 0.06 0.098 ± 0.010 0.62 ± 0.07 0.128 ± 0.012 39/10 ± 3 5.18 ± 0.60 0.60 ± 0.08 0.58 ± 0.09
Oak West 0.50 ± 0.07 0.42 ± 0.08 0.066 ± 0.006 0.36 ± 0.08 0.080 ± 0.007 35/14 ± 3 4.05 ± 0.44 0.33 ± 0.12 0.30 ± 0.14
Oak Center 0.59 ± 0.06 0.53 ± 0.07 0.072 ± 0.007 0.47 ± 0.07 0.087 ± 0.008 37/12 ± 3 4.55 ± 0.40 0.44 ± 0.09 0.42 ± 0.09
Oak East 0.70 ± 0.05 0.65 ± 0.06 0.067 ± 0.007 0.60 ± 0.07 0.081 ± 0.007 38/11 ± 3 5.48 ± 0.54 0.59 ± 0.09 0.57 ± 0.09
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Fig. 3 - Observed (black) and predicted (red) ring-width indices (RWI) over the calibration period 1910-2009 with 95% confidence
interval (light red bands). (R²): coefficient of determination.

Fig. 4 - Predicted ring-width indices (RWI) for pine, beech, and oak in the regions west, center, and east as mean values of 10 WET -
TREG2010 simulations (red lines) and standard deviations (light red bands). Observed chronologies for the period 1970-2009 are
also shown for comparison.
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Climate change impacts tree-ring growth in NE Germany

future  (2071-2100),  the  most  extreme
growth  depressions  were  predicted  for
beech at the western (-23%) and for oak at
the eastern site (-20%) compared to the re-
ference period, whereas a slight growth in-
crease is projected for pine at the central
site (+7%).

Discussion

Calibration and verification
The calibration-verification approach that

we used had,  to  our  knowledge,  not  yet
been  applied  before  to  tree-ring  growth
forecasts.  In  contrast  to  comparable  stu-
dies that divided the entire data set once
into two periods for calibration and verifi-
cation (Laroque & Smith 2003, Takahashi &
Okuhara 2013), we randomly selected half
of the observation years for calibration and
the remaining half  for verification and re-
peated this procedure many times. This re-
sults in a large number of regression mo-
dels with the same predictors but different
coefficients, depending on the chosen cali-
bration years, and allows a comprehensive
evaluation  of  the  robustness  of  the  final
model and the quality of the predictors by
analyzing the statistical spread across the
calibration-verification runs.  Two statistics
show the high robustness of the regression
models: (i) the low standard deviations of
the  goodness-of-fit  parameters  indicate
that the chosen predictors yielded similar
growth  estimations  for  any  chosen  data
subset;  and (ii)  the values of  the verifica-
tion  statistics  were  only  slightly  weaker
compared  to  the  calibration  statistics  for
all  9 regression models, indicating that all
models represent new data very well.

The quality of the resulting models is also
supported  by  the  fact  that  most  of  the
retained  predictor  variables  have  an  eco-
physiological  meaning.  The  dominance of
variables  representing  data  of  June  and
July of the growing year illustrates the im-
portance of  early  summer weather condi-
tions, the period of maximum ring growth,
for radial increments of all three tree spe-
cies (Lebourgeois et al. 2005, Drobyshev et
al.  2008,  Friedrichs et  al.  2009a).  In  addi-
tion,  the frequent occurrence of previous
years’ parameters illustrates the importan-
ce of preceding weather conditions such as
severe  drought  periods  for  tree  growth
(Scharnweber et al. 2011). Nevertheless, so-
me variables or variable combinations are
not easily explained with eco-physiological
processes.  For  example,  the  inclusion  of
November  precipitation  of  the  previous
year  for  beech  at  the  central  site  in  the
final model is difficult to explain, and it may
be that a small number of predictors were
retained  because  of  statistical  mathema-
tics only. To avoid the inclusion of spurious
interaction terms,  the models  could  have
been constructed with a restricted number
of exclusively significant  climate variables
resulting from foregoing correlation and/or
response  function  analysis  (Takahashi  &
Okuhara  2013),  including  the  removal  of

inter-correlations. However, we favored to
include all variables into model building to
allow for capturing potential lag effects or
hidden interactions  between environmen-
tal factors affecting tree-ring growth.

The large number of SPEI-variables in the
final regression models demonstrates that
the inclusion of this parameter was benefi-
cial.  Moreover,  the  incorporation  of  this
multiscalar drought index (Vicente-Serrano
et  al.  2010)  across  different  time  scales
took into account the fact that the strong-
est  relationships  between tree-ring  width
and drought indexes are usually found for
time scales larger than one month. The re-
levant time scales seem to be species- and
site-dependent (Pasho et al. 2011,  Vicente-
Serrano et al. 2014). This was also apparent
in our models,  in which one month SPEIs
were often selected as predictors for pine,
whereas SPEIs over longer time scales (3-12
months) were frequent in the final models
for beech and oak.

Tree growth response to a changing 
climate

Scots pine
According to our results the direct impact

of  changing  climatic  conditions  on  pine
growth  in  northeastern  Germany  will  be
moderate.  Divergent  growth  trends  with
slight  growth reductions  in the  west  and
east  and  a  slight  growth  increase  at  the
central site were predicted. The compara-
bly  low  predictive  power  of  the  final  re-
gression models suggests a weak climatic
forcing on tree-ring growth of Scots pine.
Climatic differences across the study area
did  not  influence  growth  trends  of  pine,
which may be related to the good climatic
adaptation of this species in the northeast-
ern German lowlands (Bauwe et al.  2013).
In  line  with  the  findings  of  Von  Lührte
(1991) and Bauwe et al. (2013), we found an
influence of  winter  temperatures on pine
growth for the western and central stand.
The  growth  promoting  influence  of  war-
mer  winters  in  the  climate  projections,
thus, seems to balance the negative impact
of increasing summer drought (inclusion of
SPEIs  referring  to  June  in  the  models).

Together with the relatively high drought
resistance of Scots pine, this might explain
the  more  or  less  stable  future  growth
trends in our models.

These results confirm that in the tempe-
rate lowland forests of north-east Germany
Scots  pine  experiences  optimal  growth
conditions  in  a  physiological  sense  (Ellen-
berg & Leuschner 2010). On a broader Eu-
ropean scale, increased growth trends for
far northern and decreased growth trends
for central and southern Europe have been
suggested (Reich & Oleksyn 2008). Our re-
sults  with  indifferent  and  weak  growth
trends match these findings, thus it can be
assumed that northeastern Germany is lo-
cated  in  the  transition  zone from  the  in-
creasing growth trends northwards to the
decreasing  growth  trends  southwards.
However, although no growth trends were
found throughout the 20th century (Pérez
et  al.  2005,  Kint  et  al.  2012),  a  potential
growth decline in central Europe is expec-
ted  for  Belgian  (Kint  et  al.  2012)  and  for
northeastern  German  (Pérez  et  al.  2005)
pine  stands.  Overall,  our  results  suggest
that  potential  future  risks  for  Scots  pine
trees  are  not  primarily  direct  effects  of
changing  climatic  conditions  but  may  ra-
ther be driven by possible biotic disturban-
ces such as needle-feeding and bark-breed-
ing insects (Kätzel & Höppner 2011).

Common beech
The regression models predicted a nota-

ble decline in growth trends at all  investi-
gated sites for beech until 2100. The good
predictive power of the models suggests a
relatively strong climate signal in the tree
rings  of  beech  in  northeastern  German
lowlands. In particular, the large number of
variables  for  temperature  and SPEI  refer-
ring to June and July underlines the impor-
tance of early summer weather conditions
for tree-ring growth. Soil water availability
in early summer has been identified as the
main driver for beech growth at different
locations  and  under  different  site  condi-
tions  in  central  Europe  (Dittmar  &  Elling
1999, Lebourgeois et al. 2005, Friedrichs et
al.  2009a,  Scharnweber  et  al.  2011,  2013).
Rising  temperatures  and  a  fall  in  the
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Fig. 5 -  Percentage change of ring-width indexes for pine, beech, and oak and the
regions west, center, and east between the reference period (1971-2000) and both
the near (2021-2050) and the distant future (2071-2100). The size of the circles repre -
sents the mean change according to 10 WETTREG2010 simulations.
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amounts  of  precipitation  in  spring  and
summer will trigger more frequent drought
periods  in  the  upcoming  decades,  which
presumably  will  lead  to  less  growth  for
beech  in  the  northeastern  German  low-
lands.  Our  model  forecasts  confirm  an
ongoing trend during several decades and
that  is  likely  to  continue.  For  example,
increased drought sensitivity of beech has
been  observed  at  low  mountain  forest
sites with different site conditions both in
western/central Germany (Friedrichs et al.
2009a) and at our  study sites (Scharnwe-
ber  et  al.  2011)  during  the  last  decades.
Moreover,  several  factors  ascribed  to
global  change have already negatively  af-
fected  the  growth  of  beech  at  different
locations in Europe (Jump et al. 2006,  Pio-
vesan et al. 2008, Kint et al. 2012, Härdtle et
al. 2013).

The larger growth reduction at the wet-
ter western stand (-23%) in comparison to
the  drier  eastern  stand  (-12%)  was  surpri-
sing. The study plots were selected under
the  premise  of  similar  properties  with
respect to soil conditions and stand struc-
tures.  Because  of  the  similarity  of  the
stands,  it  seems  unlikely  that  the  larger
growth  reduction  at  the  wetter  western
stand  is  driven  by  site-related  attributes.
Different  site-specific  adaptations  are  a
much more likely explanation. An increase
in  sensitivity  together  with  a  higher  fre-
quency  of  negative  pointer  years  at  the
western compared to the eastern site dur-
ing  the  last  decades  was  observed  by
Scharnweber et al. (2011). A better adapta-
tion of beech forests to climatic extremes
at  dry  sites  have  also  been  observed  for
forests in Luxemburg (Härdtle et al. 2013)
and in Switzerland (Weber et al.  2013).  In
the last quarter of the 20th century, Weber
et  al.  (2013) observed  increased  drought
sensitivity  at  mesic  sites,  while  drought
sensitivity remained nearly constant at dry
sites,  suggesting  a  better  adaptation  of
beech forests to climatic  extremes at dry
sites.  Härdtle  et  al.  (2013) reported  of  a
similar  sensitivity  to  long-term  shifts  in
temperature  and  precipitation  both  for
stands with sufficient and poor water sup-
ply in temperate lowland beech forests in
Luxemburg, and state a strong adaptation
of trees growing at dryer sites. Taking up
our  model  projections  and  these  recent
findings,  we  conclude  that  trees  at  the
drier eastern site might be better prepared
to projected climate change.  Trees  grow-
ing at  the wetter  western site  might res-
pond  with  growth  depressions  due  to  a
higher frequency of drought periods in the
future.

It must be noted that the mixed composi-
tion of  beech and oak trees  in our study
sites  may  have  affected  the  climate-
growth relationships and consequently the
modeling results. The deeper rooting oaks
may alter the soil  water conditions consi-
derably due to their hydraulic lift. This may
lead to a drought-stress release for beech
trees (Pretzsch et al. 2013). Consequently,

drought reactions of mixed beech forests
differ  from  those  in  pure  stands.  This
means  that  in  a  strict  sense  our  results
should  only  be  generalized  for  mixed
forests. However, the general tendency of
decreasing future growth will likely be the
same in pure stands and,  without facilita-
tion by surrounding oaks, even stronger.

Pedunculate oak
The regression models predicted decrea-

sing growth rates for pedunculate oak until
2100 at all investigated sites. The predictive
power  was  slightly  lower  compared  to
beech,  but still  high enough to suggest a
strong climate signal in the tree rings.  As
for  beech,  tree-ring  growth  seems  to  be
mainly  driven  by  early  summer  weather
conditions, as indicated by the large num-
ber of predictor variables for such months.
This is in accordance with a bundle of Euro-
pean studies that identified soil water avai-
lability in early summer as the main growth
limiting  factor  for  oak  (Kelly  et  al.  2002,
Drobyshev  et  al.  2008,  Friedrichs  et  al.
2009a, Scharnweber et al. 2011). Due to cli-
mate change,  drought periods are expec-
ted to be more frequent in the future (Lin-
dner et al. 1997, Grigoryan et al. 2010), pro-
bably inducing growth reductions of oak in
northeastern Germany.

Our  results  are  in  contrast  with  those
from temperate lowland oak forests of Bel-
gium (Kint et al. 2012) and France (Becker
et  al.  1994,  Bergès  et  al.  2000)  reporting
increased growth rates. The first study at-
tributed the increased oak growth to the
increase  of  temperature  in  the  growing
season, the latter suggested a number of
environmental  changes  in,  inter  alia,  tem-
perature regime, CO2 concentration, and N
deposition as drivers of increased growth
rates for both sessile and pedunculate oak
in northern and northeastern France. One
possible explanation for the projected re-
ductions in growth rates at our study sites
could be the poor soils consisting mainly of
sand  with  medium  to  low  water  storage
capacity (Scharnweber et al. 2011), where-
as the oaks analyzed by  Kint et al.  (2012)
grow  on  deep  loamy  soils  with  excellent
water holding capacity. The impact of suffi-
cient water supply on tree-ring growth was
reflected in notably higher growth reduc-
tions  in  the  east  compared  to  the  west.
The models showed that different precipi-
tation  regimes  across  the  northeastern
German lowlands may influence the magni-
tude of future decrease in growth rates for
oak  substantially.  An  increased  climate
forcing resulting from decreasing precipita-
tion  eastwards  has  been  described  pre-
viously  (Scharnweber  et  al.  2011).  Already
in  the  recent  past,  unfavorable  environ-
mental conditions such as summer drought
or winter frost combined with biotic distur-
bances have led to oak decline in central
Europe (Thomas et al. 2002). However, ge-
neral estimates of future growth rates for
oak in Central Europe are uncertain (Frie-
drichs et al.  2009b).  We recommend cau-

tion  in  transferring  the  predictions  made
for  northeastern  Germany  to  broader  re-
gions, because climate is not the only for-
cing factor here, and the future growth of
oak  depends  on  multiple  environmental
factors.

Uncertainty and limitations
Our  predictions  are  based  on  average

population series instead of individual tree
chronologies. This approach may have im-
plications on the overall results. It has been
shown  by  Carrer  (2011) that  due  to  the
chronology computation procedure (avera-
ging) the climate responsiveness of single
trees  is  often  overestimated.  In  our  case
this would mean that the modeled trends
of  declining  growth  are  possibly  slightly
overestimating  the  “real”  trend  of  single
trees.  However,  Carrer  (2011) concludes
that the application of average population
series, as in our study, is the most effective
way to extract the climatic signal from the
tree-ring  sequences.  Due  to  the  inherent
age  trend  of  the  raw  data  and  possible
influences  of  management and other  dis-
turbances,  it  was  necessary  to  base  our
models  on  detrended  ring-width  indexes.
The  applied  detrending  procedure  might
also have removed potential climatically-in-
duced long-term growth trends.  We assu-
me this potential bias is small because the
conservative negative exponential  detren-
ding – preserving much of the decadal va-
riations  –  and  the  rather  flexible  spline
detrending led to very similar  index chro-
nologies.

We predicted  the  response  of  the  tree-
ring growth solely on the basis  of projec-
ted meteorological  variables.  When inter-
preting the results one should be aware of
the boundary  conditions  of  the modeling
approach and the subsequent restrictions.
First  of  all,  the  climatic  variables  of  the
greenhouse gas emission scenario are fac-
tors of uncertainty (IPCC 2007). Secondly,
the growth of trees is a function of multi-
ple  abiotic  and  biotic  factors  of  which
many  were  not  considered.  For  instance,
growth  trends  may  be  influenced  by  fur-
ther  CO2-enrichment  of  the  atmosphere
(Ainsworth & Long 2005, Huang et al. 2007,
Martínez-Vilalta et al.  2008) and the asso-
ciated  possible  increase  in  intrinsic  water
use  efficiency  of  trees  (Ellsworth  1999),
changes in nitrogen deposition (Solberg et
al.  2004,  Laubhann et al.  2009) or increa-
sing occurrence of defoliating insects (Ma-
nion 1991,  Thomas et al. 2002) due to glo-
bal  warming.  Therefore,  our  predictions
should be considered as growth scenarios
that may be refined by future analyses of
other abiotic and biotic variables affecting
tree growth.

Conclusions
We were able to predict future tree-ring

growth of Scots pine, common beech, and
pedunculate oak based on rigorous varia-
ble  selection  using  PLSR  and  OLSR  tech-
niques,  and  a  comprehensive  calibration-
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verification  scheme.  Our  projections  are
based  on  a  regional  climate  change  sce-
nario  with  moderate  forcing and suggest
that climate change will influence tree-ring
widths,  i.e.,  radial  growth  of  the  three
major tree species in northeastern Germa-
ny  during  the  21st century.  The  impact  of
regional climate change seems to be spe-
cies-dependent. Whereas Scots pine has a
great potential to remain an important tree
species,  able  to  deal  with  the  projected
warmer and dryer conditions without any
greater  impairment,  beech  and  oak  are
expected to suffer a moderate growth de-
cline in the future. Projected future growth
varies  across  the  study  area  with  larger
growth  reductions  for  oak  towards  the
drier east. In contrast, site-specific adapta-
tions for beech seem to override the influ-
ence of different precipitation regimes.

Forest  management  should  be  adapted
to mitigate the possible negative effects of
climate change in particular for beech and
oak. Although the study area is restricted
to the northeastern German lowlands, it is
likely that the estimated growth trends for
Scots  pine  and  common  beech  can  be
extended  to  similar  landscapes  in  central
Europe. In the case of pedunculate oak, a
general  transfer  of  our  results  to  other
regions is not advisable, since this species
is currently affected by a complex interplay
of  biotic  and  abiotic  pathogens,  the  so
called  “oak-decline”  (Thomas  et  al.  2002,
Marçais & Desprez-Loustau 2014,  Denman
et al. 2014). Since our predictions are based
on meteorological variables only, the analy-
sis of the impact of other important abiotic
or  biotic  factors  potentially  affecting  the
future  tree  growth  may  be  necessary  to
obtain  a  more  comprehensive  picture  of
potential future risks on forest vitality due
to climate change.
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Appendix 1

Fig.  S1  –  Comparison of  different  detren-
ding methods for  the (prewhitened)  resi-
dual chronologies. 

Tab.  S1  –  Statistics  of  (prewhitened)  resi-
dual chronologies. 
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