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a  b  s  t  r  a  c  t

Climate  is  an  important  driver  of  forest  health,  productivity,  and  carbon  cycle,  but  our  understanding
of  these  effects  is  limited  for many  regions  and  ecosystems.  We  present  here  a large-scale  evaluation  of
climate  effects  on the  productivity  of three  temperate  tree species.  We  determine  whether  the  National
Forest Inventory  data  (NFI)  collected  in the Czech  Republic  (14,000  plots)  and  Slovakia  (1,180  plots)
contains  sufficient  information  to be used  for designing  the  regional  climate-productivity  models.  Neural
network-based  models  were  used  to determine  which  among  13  tested  climate  variables  best  predict  the
tree species-specific  site  index  (SI).  We  also  explored  the  differences  in  climate-productivity  interactions
between  the  drier  and  the  moister  part of  the distribution  of  the  investigated  species.  We  found  a  strong
climatic  signal  in  spruce  SI  (R 0.45–0.62)  but  weaker  signals  in  fir and  beech  (R  0.22–0.46  and  0.00–0.49,
respectively).  We  identified  the  most  influential  climate  predictors  for  spruce  and  fir,  and  found  a  distinct
unimodal  response  of SI  to  some  of these  predictors.  The  dominance  of  water  availability-related  drivers

in the  dry-warm  part  of  a species’  range,  and  vice  versa,  was  not  confirmed.  Based  on  our findings,  we
suggest  that (i)  the  NFI-based  SI is responsive  to  climate,  particularly  for conifers;  (ii) climate-productivity
models  should  consider  the differences  in  productivity  drivers  along  ecological  gradients,  and  models
should  not  be based  on a mixture  of dry  and  moist  sites;  and  (iii)  future  studies  might  consider  the  subset
of influential  climate  variables  identified  here  as productivity  predictors  in  climate-productivity  models.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The reliable assessment of forest productivity, including the
ffects of climatic drivers and other perturbations, has been
ncreasingly recognized as crucial to forest management planning
nd climate change mitigation efforts (Hanewinkel et al., 2012;
abuurs et al., 2013; Wamelink et al., 2009). While the effect of

ite climate on forest productivity has traditionally been central to
he interest of foresters (Bontemps and Bouriaud, 2013; Skovsgaard
nd Vanclay, 2008, 2013; Socha et al., 2016), a forest‘s capac-
ty to sequester carbon and exert control on climate has recently
ighlighted the bi-directional nature of forest-climate interactions

Becknell et al., 2015; Brovkin et al., 2009).

To investigate the environmental control of forest productivity
nd carbon cycle, researchers have focused on both the rule of fun-

∗ Corresponding author.
E-mail address: tomas.hlasny@gmail.com (T. Hlásny).

ttp://dx.doi.org/10.1016/j.agrformet.2016.12.024
168-1923/© 2016 Elsevier B.V. All rights reserved.
damental ecophysiological processes (Coops et al., 2005; Zhou et al.,
2005) and on the statistical associations between the environment
and productivity indicators (Aertsen et al., 2010; Antón-Fernández
et al., 2016). Although the latter approach provides only a limited
understanding of the underlying processes (Adams et al., 2013;
Pretzsch et al., 2015), it can guide management decisions, provide
information about the main drivers of and changes in forest pro-
ductivity (Bošel’a et al., 2014; Charru et al., 2010; Kint et al., 2012;
Pretzsch et al., 2014), and support the development of empirical
forest models (Pretzsch et al., 2008; Trasobares et al., 2016).

Here, we  used an empirical approach to investigate the effects
of climate on forest productivity in two  countries in central
Europe—the Czech Republic and Slovakia. To facilitate such investi-
gation, we used extensive datasets of the National Forest Inventory
(NFI) from the two  countries. The NFI is a main source of forestry

data in many countries and supports assessment of forest resources
(Vidal et al., 2016) and research (e.g., Gasparini et al., 2013; Kovač
et al., 2014). The data were also used for the development of
growth-climate models and assessment of the effects of climate

dx.doi.org/10.1016/j.agrformet.2016.12.024
http://www.sciencedirect.com/science/journal/01681923
http://www.elsevier.com/locate/agrformet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agrformet.2016.12.024&domain=pdf
mailto:tomas.hlasny@gmail.com
dx.doi.org/10.1016/j.agrformet.2016.12.024
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hange on forests (Charru et al., 2010). The high spatial resolution
f these data and the large number of inventory cycles that span
any decades in some countries (e.g., from 1923 to the present in

weden, Fridman et al., 2014) have facilitated cross-scale and inter-
isciplinary research through the integration with other forestry
nd environmental data (e.g., Kovač et al., 2014; Tomppo et al.,
008).

In Central Europe, forest productivity research has been con-
ucted only on smaller scales (Bošel’a et al., 2013a; Socha, 2008;
ocha et al., 2016), and thus the current study represents the
rst regional assessment of climatic effects on forest productivity.
orest productivity in this region is mainly driven by climate-
rographic patterns and soil nutrient availability (Bošel’a et al.,
013a). Recent research has recognized the inter- and intraspe-
ific differences in temperate tree growth and productivity (George
t al., 2015; Suvanto et al., 2016) as well as differences in the
roductivity of different mixtures of species (Bošel’a et al., 2015;
retzsch et al., 2012, 2015). Such findings have been used in forest
anagement planning and parameterization of forest models for

he region (Bošel’a et al., 2013b; Hlásny et al., 2014a; Lexer et al.,
002; Pretzsch et al., 2014). We  investigate here three widespread
ree species that have high commercial and ecological importance
nd that constitute some of the original forest communities in Cen-
ral Europe: Norway spruce (Picea abies L. Karst), European beech
Fagus sylvatica L.), and silver fir (Abies alba Mill.).

Norway spruce has been extensively planted in Central Europe,
nd the so-called secondary spruce forests are for the most part
urrently distributed at unsuitable sites (Ellenberg, 1986; Spiecker
t al., 2004; Löf et al., 2010). This is thought to greatly amplify
he vulnerability of such forests to biotic and abiotic stresses
Hanewinkel et al., 2010; Hlásny and Turčáni, 2013). Although the
rowth response of spruce to climate was found to be variable
Andreassen et al., 2006), and although spruce growth was  strongly
ffected by air pollution and other non-climatic effects (Bošel’a
t al., 2014), spruce growth was found to significantly accelerate
n recent decades in Central Europe (Pretzsch et al., 2014). On the
ther hand, spruce growth was found to be much more sensitive
o drought than the growth of beech and fir (Zang et al., 2014).
pruce also exhibited a substantially elevated mortality under an
ncreasingly unfavourable climate (Neuner et al., 2014).

European beech is highly sensitive to climate (Fang and
echowicz, 2006; Fotelli et al., 2009; Mellert et al., 2016), and
his has generated concerns about the sustainability of the species
cross a large part of its distribution under climate change (Czúcz
t al., 2011; Mette et al., 2013). Beech has exhibited decreased
rowth since ca. 1975 near the lower range of its distribution (Jump
t al., 2006; Peñuelas et al., 2007). At the same time, beech has
hown accelerated growth under standard growing conditions in
entral Europe (Pretzsch et al., 2014), particularly in less produc-
ive sites (Bošel’a et al., 2016). Several authors found the ratio of

ean temperature of the warmest month and annual precipitation
the Ellenberg quotient) to be a powerful predictor of beech vigour,
rowth, and mortality (Czúcz et al., 2011; Fang and Lechowicz,
006; Jahn, 1991).

After a serious growth decline and even a dieback of silver fir
n the period of 1970–1990, fir has experienced an unprecedented
rowth increase in central Europe (Bošel’a et al., 2014; Elling et al.,
009). Fir growth, however, has declined in the southern range
f the species’ distribution since 2000, which has suggested that
rought may  have recently become a factor limiting fir growth in
ome regions (Büntgen et al., 2014; Gazol et al., 2015; Linares and
amarero, 2012). The growth decline in 1970–1990 was attributed

o high levels of air pollution, whereas the recent growth increase
as likely associated with climate warming when that warming has

ot been coupled with a significant decrease in water availability
Büntgen et al., 2014).
Meteorology 234 (2017) 258–273 259

To increase our understanding of forest productivity and climate
interactions in Central Europe, we focused here on the following
objectives: (i) to identify the extent to which the species-specific
site productivity in Central Europe is controlled by climatic drivers;
(ii) to determine which climate variables are the most impor-
tant predictors of the region’s forest productivity; (iii) to evaluate
differences between climate control of forest productivity in the
cool-moist and the warm-dry part of the ranges of spruce, beech,
and fir; and (iv) to produce maps that show the sensitivity of species
productivity to climate across the Czech Republic and Slovakia.

This research will extend the current knowledge of forest-
climate interactions in Central Europe because it uses a novel
experimental design and novel methods of data analysis. More-
over, the used data cover a substantial part of the ranges of the
three species. While most previous studies used limited sets of
climate predictors to explain observed growth and productivity
patterns (e.g., Albert and Schmidt, 2010; Bošel’a et al., 2013a), and
while these predictors were selected based on the prior hypothe-
ses formulated by the researchers, we  evaluate here an extensive
predictor set using a data mining-like approach (Zaki and Meira,
2014). Data mining has the potential to reveal patterns that might
be missed by other techniques but has been used in forestry
research only rarely (e.g., Hlásny et al., 2011, 2014b; Pourtaghi et al.,
2016; Sanquetta et al., 2013). We  use neural network-based regres-
sion modelling, which has been found to have good data-fitting
and predictive performance in many scientific fields including
forestry (Aertsen et al., 2010; Moisen and Frescino, 2002). Given
the increasing quantity of forestry data and improvements in com-
puter performance, neural network-based modelling is likely to be
increasingly used. We  demonstrate here one field of application,
including critical assessment of its advantages and disadvantages.

In support of the objectives, we test the hypothesis that effect
of temperature and water availability-related variables is relatively
balanced over the entire range of a species, while effect of water
availability-related variables prevails in the warmer and drier part
of the range and effect of temperature-related variables prevail in
the cooler and moister part of the range (Briner et al., 2013; Walther
et al., 2002). We  also test the hypothesis that even though a broad
set of climate variables are used as productivity predictors, there
will be a substantial portion of the unexplained variance accounting
for the non-climatic drivers of forest development, by the noise in
the used response variable (Goelz and Burk, 1996), as well as by the
conceptual limits to the use of the site index (SI) as an indicator of
site productivity (Bontemps and Bouriaud, 2013).

2. Data and methods

2.1. Study area

The study area covered the territory of the Czech Republic (CZ)
and Slovakia (SK) (Fig. 1). Both countries are in the temperate forest
zone, with an oceanic climate prevailing in the CZ and a continental
climate prevailing in SK (Rivas-Martínez et al., 2004; Table 1). A sub-
stantial climate-orographic gradient in the region has resulted in a
range of zonal vegetation communities, from open woodland and
semi-arid oak forests to a mountain tree line formed by conifers.
Both countries apply timber-oriented forest management with a
focus on softwood timber.

2.2. National forest inventory (NFI) data and used response
variable
We used the data from a single cycle of the NFI conducted in
the CZ (2001–2004; 14,000 plots) and SK (2005–2006; 1,180 plots).
The CZ NFI has plots distributed in a grid of 2 × 2 km. Two circular
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Table 1
Forest conditions in the Czech Republic and Slovakia.

Country Forest cover (km2) Forest elevation range (m a.s.l.)* Dominant tree species (%)

CZ 26,550 262–905 Spruce (51), Pine (17), Beech (8), Oak
(7), Larch (4), Fir (1)

SK  20,070 217–1 122 Beech (31), Spruce (26), Oaks (14), Pine

* 5–95% quantile.

Fig. 1. Distribution of the weather stations in Slovakia and the Czech Republic that
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ere the sources of the temperature and precipitation data used in this study. The
ocation of Slovakia and the Czech Republic in Europe is indicated at the top, and
orest distribution along the elevation gradient is indicated at the bottom.

lots with a radius of 12.62 m are situated in each cell of the grid;
ne plot is in the cell‘s centre and second plot is 300 m from the
ell‘s centre at the randomly selected location. The SK NFI has plots
istributed regularly in a grid of 4 × 4 km.  Plot diameter is 12.62 m
s well. Several subplots are embedded in each plot to collect the
nformation on smaller diameter trees and regeneration in both
FIs.

We  used the so-called “site index (SI)”, a climate-sensitive
ariable that is the phytocentric indicator of site productivity tra-
itionally used in forestry (Bontemps and Bouriaud, 2013; Socha
t al., 2016). The SI is expressed as the stand height at a standard
ge for a given tree species (Skovsgaard and Vanclay, 2008). We
sed the standard age of 100 years, which is commonly used for
he investigated tree species in Europe. The justification of this indi-
ator’s relevance is derived from Eichhorn’s rule (Eichhorn, 1904),
hich advocates for a strong relationship between top height of a

tand and total production of a species, regardless of site properties
nd stand density.

Age and height data measured at the NFI plots were used to cal-
ulate the SI. Stand age was assessed visually, and when necessary,
ge estimates were corrected by counting rings on core samples or
tumps. Because the NFI plots contained stands of different ages, the
egional species-specific and site-specific height-age curves (Halaj
nd Patráš, 1998) were used to convert the actual heights to the
xpected heights at 100 years. The model that was  used was  based

n Korf’s growth function (Korf, 1939; Sedmák and Scheer, 2012).
ore than 3000 research plots (1804 for spruce, 892 for beech,

nd 319 for fir) across the CZ and SK were used to estimate this
unction’s parameters.
(7), Hornbeam (6), Fir (4)

We  used here a mean stand height instead of the commonly
used top stand height because the national yield model used to
estimate the SI for stands at various ages was  based on the mean
stand height. The use of a mean height may  introduce a noise to the
SI estimation because mean height is to a certain extent sensitive
to the applied thinning regime. This effect, however, should not
be severe, because the same thinning type is used for each species
across the entire forest area in the two countries.

Because the reliability of assessing the SI for stands whose
ages are substantially different from 100 years is limited (in terms
of both precision and in the probability of bias, Goelz and Burk,
1996), only stands with the age of 75–125 years were investigated.
Because the number of trees for a particular species differed among
the plots, a plot was  included in the analysis only if the SI was  cal-
culated from at least 5 trees (Table 2). To account for the different
number of trees per plot, the number of trees in a plot was  used to
weigh the SI values in the regression modelling described below.

2.3. Climate data

The climate data used in this study were from the period
1980–2010, which well characterizes the conditions under which
the investigated forest stands developed. Considerably less records
were available before than after 1980, which prevented the use of a
longer period (Source: Slovak Hydrometeorological Institute, Czech
Hydrometeorological Institute). The data were obtained from 269
air temperature stations in the CZ and 55 in SK, and 788 precipita-
tion stations in the CZ and 396 in SK (Fig. 1).

A number of climate variables that were to be evaluated as pre-
dictors of site productivity were calculated from the measured data.
These derived variables were selected to describe high and low
temperature-related drivers, indicators of heat and drought stress,
climatic continentality, snow, precipitation, and radiation regime
(Appendix A).

Because such variables are likely to be correlated and because
some variables might contain little new information that could
improve the performance of regression models, the redundancy
test was  applied. For each set of correlated variables with a Pear-
son’s correlation coefficient (R) > 0.9, the variable with the highest
internal variability (i.e., the highest information content) was
retained and used for further analyses. The applied redundancy
test prevents the use of highly linearly correlated variables, and
the interpretation of regression modelling outputs is more straight-
forward as compared with the use of, for example, an ortohgonal
combination of the predictors. Moreover, dimensionality reduction
using techniques such as principal component analysis generates
linear combinations of input variables, while NN models are pri-
marily designed to identify complex nonlinear patterns in the data.

2.4. Spatial interpolation technique

We  used the external drift kriging spatial interpolation

technique (Goovaerts, 2000; Hudson and Wackernagel, 1994;
Matheron, 1973) to produce the raster maps of 26 climate variables
for the whole territory of the CZ and SK. Such maps were used to
extract the climate data for each NFI plot and to thus facilitate the
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Table  2
Statistical characteristics of the species-specific site index values and climatic limits of species’ ranges in the investigated territory. The inventory plots used represent a
subset  of the whole inventory dataset and were selected based on an age limit and on a minimum number of trees for each species occurring in a plot.

Species No. of plots – WR No. of plots – MPR No. of plots – DPR Site Index (x ± sx)
(m)**

Temperature range
(◦C)***

Precipitation range
(mm)***

European beech 1210 790 420 26 ± 5.6 2.0–5.1 585–1183
Silver fir 560 399 161 26 ± 5.5 1.7–4.2 592–1027
Norway spruce 2841 1980 861 31 ± 6.6 0.1–6.0 567–1173
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R – whole species’ range; MPR  – moister part of the species’ range; DPR – drier p
** Site Index for the WR dataset.

*** 5–95% quantiles, annual average data for period 1980–2010 are indicated.

egression modelling. Elevation was used as the supportive vari-
ble that was correlated with the interpolated climate variables.
ecause the method assumes a linear relationship between the
arget variables (climate) and the predictor variable (elevation),
ata transformations were applied in some cases to linearize the
elationship.

We also used external drift kriging to produce the regional maps
f the actual SI distribution by interpolating the SI values measured

n the NFI plots. The produced maps had a resolution of 150 m.
We used the geostatistical software ISATIS v.8 for the interpo-

ation (Geovariances, FR).

.5. Regression modelling design

We  used NN-based regression modelling, which is a non-
arametric and non-linear technique that belongs to the data
ining or machine learning family of approaches (e.g., Zaki and
eira, 2014). Such approaches were designed to extract informa-

ion from and to detect patterns in large datasets. The methods
re particularly useful when relationships between variables are
nclear and a priori hypotheses have not been formulated (Bishop,
995).

We  used a multi-layer perceptron NN (MLP, Bishop, 1995),
hich consists of a set of input units (neurons), which represent

he used predictors (climate variables in this study). The input neu-
ons are fully connected using the weighted connections (synapses)
ith a finite number of neurons organized in one or more so-called

idden layers. There are proofs that a feed-forward NN, such as MLP
i.e. NN which transfers the signal in a forward direction only) with
nly a single hidden layer with a finite number of neurons, is a uni-
ersal approximator (e.g. Cybenko, 1989). This means that such a
etwork can approximate a wide variety of continuous functions.

 non-linear transformation is applied in a hidden neuron on the
eighted sum of inputs, and the output is forwarded to the next

idden layer or the output layer; in this study the output layer con-
ains a single neuron only, which is SI for a given species. Then,
raining algorithm is used to adjust iteratively the weights of con-
ections so as the model error (i.e. the difference between predicted
nd observed SI) is minimized. Testing and validation data sets are
sed to stop the training to prevent model overfitting and to evalu-
te model‘s performance, respectively. In the current study, the NN
raining was based on the back-propagation algorithm (e.g., Haykin,
994; Patterson, 1996).

The climate variables (Tables A1, B1) were used as the continu-
us predictors, while species-specific SI was used as the response
ariable. To facilitate the NN training, the input data were randomly
plit into a parameterization dataset (PS), a testing dataset (TS), and

 validation dataset (VS) at a ratio of 70:15:15 (PS:TS:VS). Three-
housand NN models with randomly generated architectures were
rained for each species, and the 15 best-performing models were

etained. The trained networks contained 1–3 hidden layers with
–15 neurons.

A correlation between predicted and observed SI evaluated
ased on validation dataset and testing dataset (i.e., that part of
the species’ range. x denotes average; sx denotes standard deviation.

the data that was  not used for the training) was  the criterion used
to create the ensemble of 15 models. Even though the pre-selection
of NN models was based on model performance in terms of the cor-
relation between observed and predicted values, some models can
still exhibit undesired behaviours. Therefore, additional testing was
used to select the final set of models. The models were discarded
when:

– The performance of any single model (as indicated by the correla-
tion between predicted and observed SI values) was substantially
lower than that of the remaining models;

– A model had substantially different correlations for training, test-
ing, and validation datasets, while the performance of other
models was balanced.

A sensitivity analysis (SA) was  performed to identify the most
decisive predictor variables. The SA estimated the rate of change
in model output caused by changes in model inputs (Saltelli et al.,
2000). The SA used in this study iteratively “discards” an input vari-
able and assesses the network error. The measure of sensitivity is
the ratio of the error produced by a model with a missing variable
to the error produced by the model with the full set of input vari-
ables; this measure is referred to as a sensitivity score (SS, Hunter
et al., 2000). SS will increase with the sensitivity of the network to
a particular input.

Two  iterations of the above procedures were used to identify the
set of most influential variables. The SSs yielded by the first iteration
(i.e., the training and SA) were used to identify the variables with
very little effect (i.e., with SS close to 1). In the second iteration,
these variables were discarded, and the reduced set of predictors
was used for model training; so produced modelling outputs were
used for making the inferences. The two iterations were sufficient in
most of cases to avoid having a large number of predictor variables
with SS close to 1.

For each of the three tree species, these analyses were con-
ducted for the whole species’ range (WR), for the drier part of the
range (DPR), and for the moister part of the range (MPR). A simple
approach was  used to split the WR dataset into the DPR and MPR
subsets; 30% of the data distributed in the warm-dry part were con-
sidered as the DPR, and rest of the data were considered as MPR.
This separation used the Ellenberg climate quotient (Ellenberg,
1986), which is a useful predictor of the growth and distribution
of some tree species (Czúcz et al., 2011; Fang and Lechowicz, 2006;
Jensen et al., 2004; Mellert et al., 2016).

Given that the maps of climate predictors were produced by spa-
tial interpolation, the developed regression models were deployed
using such maps, and spatial prediction maps of SI were generated
to support the inferences and interpretations. In addition to the
prediction maps, maps were produced showing the inter-model
variability (i.e., the differences in SI values predicted by the indi-

vidual NN models in the final ensemble of models) in terms of the
coefficient of variation (CV%).

Statistica Neural Networks v.7 and v.13 (Dell, Inc.) was  used for
the analyses. The trained NN models are available for use in the Pre-
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Table 3
Statistical description of 13 climate variables selected for the regression modelling from the initial set of 26 variables. Selection was  based on inter-variable correlation.
Variable  codes are explained in Appendix A.

Variable T-avg T-
ColdM

DSnow L3
Tmin10

T-Ampl P0-
10days

Heat
Waves

Snow-
March1

Heat
Waves-
L

Heat
Waves-
D

T-
WarmM

EGD-
RAD10

EQ K

x ± sx 3.4 ± 2.1 −3.8 ± 0.8 2.3 ± 0.9 21.6 ± 0.7 38.4 ± 9.0 7.2 ± 1.8 19.9 ± 14.6 5.5 ± 3.3 6.8 ± 2.6 17.8 ± 1.3 163 ± 23 24.8 ± 6.4 27.8 ± 1.8
5–95%  0.26–7.26 −5.4–−2.7 0.6–3.7 20.4 − 22.8 24.4–53.0 3.9–9.1 4.5–49.9 0.4–11.4 2.9–9.2 15.6–19.6 137–183 13.9–35.0 25.0–35.1

x denotes average; sx denotes standard deviation.

Table 4
Average Pearson correlation coefficients between observed and predicted site index values for spruce. The coefficients were calculated based on a number of neural network-
based  regression models for the parameterization, testing, and validation datasets. The results are indicated separately for models designed for the whole spruce range (WR)
in  the investigated territory, for the moister part of the range (MPR), and for the drier part of the range (DPR).

Geographical range of the spruce datasets No. of models Correlation coefficients

Parameterization Testing Validation
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MPR  13 

DPR  3 

ictive Modelling Markup Language (PMML, Grossman et al., 2002)
s a dataset accompanying this article (Supplementary material S1).

. Results

.1. Climate data pre-processing

Of the initial set of 26 climate variables (Appendix A, Table A1),
3 were selected (based on the redundancy test) to be used as the
redictors in the regression modelling (Table 3). The correlation
atrix of the final subset of variables is provided in Appendix B

Table B2). The selected variables well represented the initial full
et because they characterized high and low temperatures, drought
nd heat, snow regime, and climatic continentality.

.2. Climatic control of the spruce site index

The first iteration of model training and SA for the WR dataset
ed to the discarding of five climate predictors, which received SSs
lose to 1. The second iteration produced a set of 12 NN models (i.e. 3
f the 15 retained models were discarded for the reasons described
bove) with consistent performance for the PS, TS, and VS. The aver-
ge performance of all models as indicated by correlations between
bserved and predicted SI values was R = 0.50 for the PS, and 0.49
nd 0.45 for the TS and VS, respectively; the inter-model variability
f R was up to 2.5% of the average R (Table 4).

For the WR  dataset, the SS was highest for the variable Snow-
arch1 (2.66), indicating that model error was 2.66 times bigger
ithout this variable than with it (Table 5). The average rank (AR) of

now-March1 was 2.33, which indicates a minor inter-model dis-
greement in this variable’s importance. Variables T-ColdM (SS 1.7,
R 2.17), T-WarmM (SS 1.54, AR 3.00), and EQ (SS 1.44, AR 4.00)
ccupied the next positions. The response of measured and pre-
icted SI to the most influential variables was clearly unimodal,
eaking at a value of −4.5 ◦C for T-ColdM, 17 ◦C for T-WarmM,
8 ◦C mm−1 for EQ, and 25 cm for Snow-March1 (Fig. 2).

For the MPR  dataset, the first modelling iteration led to the dis-
arding of only one climate variable (HeatWaves-D). The second
teration led to the discarding of two models and the retention of
3. The retained models for the MPR  dataset performed better than
he retained models for the WR  dataset (Table 4); the correlation

oefficient (R) for the VS and the TS was 0.62 with the inter-model
ariability up to 3%.

The variables that were most influential for the WR  dataset
ere also the most influential for the MPR  dataset, and these were
0.50 0.49 0.45
0.52 0.62 0.62
0.24 0.23 0.24

T-WarmM (SS 2.55, AR 1.62), T-ColdM (SS 2.19, AR 2.23), Heat-
Waves (SS 1.75, AR 4.62), and Snow-March1 (SS 1.67, AR 5.46). The
remaining variables also received SSs significantly above 1, which
indicated that the SI variability was controlled by the combined
influence of the whole predictor set. The SI response to the most
influential variables was  unimodal as well (Fig. 2). The functions
peaked at 17.5 ◦C for T-WarmM,  −4.5 ◦C for T-ColdM, 7 days for
HeatWaves, and 28 cm for Snow-March1. The response for Heat-
Waves had an unnatural behaviour at low values. Because few data
were distributed in this part of the range, such a response is an
artefact.

For the DPR dataset, the first modelling iteration led to the dis-
carding of five climate predictors, although the SSs for all variables
were close to 1. Model performance with the DPR dataset (both
before and after variable reduction) was significantly lower than
for the WR and MPR  datasets; the correlation coefficients (R) for
the three sets were low (from 0.23 to 0.24). Model performance
with the DPR dataset was  not improved by various modifications
to the training process or by the testing of different types of neu-
ral networks or training algorithms. Because SSs were too low to
allow the ranking of variables by their influence, only the SS and
ranks for EQ (SS 1.02) and HeatWaves (SS 1.01), which were found
to be the most influential, are indicated in Table 5. Given the low
performance of these models, response functions are not shown in
Fig. 2.

The prediction maps based on the average of 11 and 13 NN
models (Table 4) parameterized using the WR  and MPR  datasets,
respectively, are shown in Fig. 3a–b. Respective CV% maps indi-
cating the inter-model variability in SI are in Appendix C. The
WR-based prediction map  showed small spatial variability in the
west of the region (CZ) but much greater variability in the moun-
tainous areas of SK in the east (Carpathian Mts., Fig. 1). At the same
time, SI values tended to increase from west to east; SI in the CZ
ranged from 25 to 30 m in most of the forest area but from 30 to
35 m in SK. In SK, regions outside the production optimum of spruce
could be recognized both in the moist-cool limit in the north (High
Tatras, Mts.) and in the dry-warm limit in the south (Pannonia Low-
land). The MPR-based prediction map  (Fig. 3d) had a pattern similar
to that of the WR-based map  in most of the moister part of spruce
range, where the prediction could be applied. This corresponded
with the finding that the most influential predictors were similar

for the WR and MPR  datasets.

The maps of CV% based on the inter-model differences (i.e., a
difference in predictions based on 11 models for the WR  dataset
and 13 models for the MPR  dataset; Appendix C) showed variability
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Table  5
Average spruce sensitivity scores (SSs) for the variables, ranking of the variables based on the average SS (RA), and average ranking (AR). All indicators were calculated
based  on a number of neural network-based regression models. The results are indicated for the models parameterized using datasets for the whole range of spruce in the
investigated territory (WR), the drier part of the range (DPR), and moister part of the range (MPR). AAR indicates the AR averaged for WR and MPR; DPR was not considered
in  this averaging because of the low performance of the respective regression models. — indicates that a variable’s effect was insignificant.

Climate variables used for spruce

Indicator Dataset T-ColdM T-WarmM Snow-
March1

Heat
Waves

EQ Heat
Waves-L

T-AVG Heat
Waves-D

K DSnow L3
Tmin10

T ampl P0-
10days

SS WR 1.70 1.54 2.66 – 1.44 1.34 1.36 1.17 – – 1.11 –
MPR  2.19 2.55 1.67 1.75 1.42 1.53 1.44 – 1.38 1.26 1.19 1.14
DPR  – – – 1.01 1.02 – – – – – – –

RA WR  2.00 3.00 1.00 – 4.00 5.00 6.00 7.00 7.00 – 8.00
MPR  2.00 1.00 4.00 3.00 5.00 6.00 8.00 – – 9.00 10.00 11.00
DPR  – – – 2.00 1.00 – – – – – – –

AR  WR 2.17 3.00 2.33 – 4.00 5.33 5.33 6.58 6.77 – 7.25 –
MPR  2.23 1.62 5.46 4.62 5.46 5.62 7.00 – – 7.77 9.15 10.31
DPR  – – – 2.00 1.00 – – – – – – –

AAR  2.2 2.3 3.9 4.6 4.7 5.5 6.2 6.6 6.8 7.8 8.2 10.3
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ig. 2. Response of measured and predicted spruce site index values to the four m
esignated for the (A) whole range of spruce in the investigated territory (WR) and f
redicted by the ensemble of the best performing neural networks. Distance-weigh

p to 5% across most of the CZ, while variability in SK ranged from
0 to 30%. In case for MPR, the variability in SK was even higher.

The prediction maps (i.e., maps showing the climatically sen-
itive part of the SI) closely resembled the map  produced by
nterpolation of the original SI values (Fig. 3d) in most of the CZ
nd in the mountainous part of SK (see Fig. 1 for the regions’ ele-
ations). The disagreement was greatest in the non-forest areas,
here no NFI data were available.

.3. Climatic control of fir site index

The models performed less well for fir than for spruce in terms of
orrelations between predicted and observed SI values, and these
orrelations were less consistent among PS, TS, and VS than was  the
ase with spruce (Table 6). Many models had to be discarded for the
easons described earlier, and thus the inferences for fir were less
obust than those for spruce.

The first iteration of training and SA for the fir WR dataset led to
he discarding of only the T-WarmM variable. The second iteration
howed that T-ColdM (SS 1.84, AR 2.0), HeatWaves (SS 1.27, AR 4.0),

Snow L3 Tmin10 (SS 1.18, AR 3.7), and Tampl (SS 1.15, AR 4.3)
ere the most influential predictors (Table 7). This comparison,

owever, was based on only three models. SI response to these
ariables in fir was less distinct than in spruce (Fig. 4). Still, SI tended
fluential climate predictors. The responses are indicated separately for the models
 (B) moister part of the range (MPR). Grey – observed values, Black – average values
ast square functions are fitted to the data.

to peak at 5.0–5.5 ◦C for T-ColdM, at 3 days for HeatWave, and at
30 cm for Snow-March1.

For the fir MPR  dataset, the inferences were based on 10 models,
whose correlation coefficients were rather unbalanced between PS,
TS, and VS (Table 6). The most influential variable was the conti-
nentality index K (SS 1.61) with an AR of 1.2, which indicated very
low inter-model differences in the rank of this variable. The next
positions were occupied by T-WarmM (SS 1.48, AR 3.5), T-ColdM
(SS 1.31, AR 7.6), and DSnow L3 Tmin10 (SS 1.22, AR 4.8). The dif-
ference between RA and AR in Table 7 indicated a varying level
of inter-model agreement in the importance of these variables. SI
response to K indicated an increase from west to east (Fig. 4). SI
peaked between −5.0 and −5.5 ◦C of T-ColdM, while response to
the variables T-WarmM and DaySnow L3 Min10 lacked a distinct
peak.

Contrary to the models for spruce DPR, the models for the fir
DPR performed well (Table 7), and the correlation coefficients for
PS, TS, and VS were balanced, i.e., they ranged from 0.42 to 0.45
(Table 6). The inferences were based on only three models. The most
influential variables were T-ColdM (SS 2.62, AR 1.7), T-WarmM (SS

2.61, AR 1.7), K (SS 2.33, AR 2.7), and Snow-March1 (SS 1.42, AR
4.7). The small difference between RA and AR in Table 7 indicates a
consistent inter-model signal. An indistinct peak was only observed
in both measured and predicted SI values at 17–18 ◦C of T-WarmM
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Fig. 3. Prediction maps of the spruce site index based on the ensemble of neural network-based regression models. Prediction of models parameterized using the dataset
covering (A) the whole spruce range in the investigated region, and (B) the moister part of the range (the drier part of the range, where this model is not applicable, is that
area  delimited by the red line). (C) The distribution of the inventory plots used in this study; and (D) a map  produced by interpolation of the measured site index values. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 6
Average Pearson correlation coefficients between observed and predicted site index values for fir. The coefficients were calculated based on a number of neural network-
based regression models for the parameterization, testing, and validation datasets. The results are indicated separately for models designed for the whole range of fir in the
investigated territory (WR), for the moister part of the range (MPR), and for the drier part of the range (DPR).

Geographical range of the fir datasets No. of models Correlation coefficients

Parameterization Testing Validation

WR 3 0.32 0.27 0.24
MPR  10 0.39 0.43 0.22
DPR  3 0.41 0.45 0.46

Table 7
Average fir sensitivity scores (SSs) for the variables, ranking of the variables based on the average SS (RA), and average ranking (AR). The results are indicated for the models
parameterized using datasets for the whole range of fir in the investigated territory (WR), the drier part of the range (DPR), and the moister part of the range (MPR). AAR
indicates the AR averaged for WR,  MPR  and DPR. — indicates that a variable’s effect was  insignificant.

Climate variables used for fir

Indicator Dataset T-WarmM K T-ColdM DSnow L3
Tmin10

Snow-
March1

Heat Waves T ampl EQ T-AVG Heat
Waves-D

Heat
Waves-L

P0-
10days

SS WR – 1.10 1.84 1.18 1.15 1.27 1.15 1.09 1.12 1.08 1.05 1.02
MPR  1.48 1.61 1.31 1.22 1.14 1.13 1.09 1.21 1.17 – 1.09 1.10
DPR  2.61 2.33 2.62 – 1.42 1.37 1.34 1.10 1.13 – 1.22 –

RA WR  – 7.0 1.0 3.0 5.0 2.0 4.0 8.0 6.0 9.0 10.0 11.0
MPR  2.0 1.0 3.0 4.0 7.0 8.0 11.0 5.0 6.0 – 10.0 9.0
DPR  2.0 3.0 1.0 – 4.0 5.0 6.0 9.0 8.0 – 7.0 –

AR WR  – 6.7 2.0 3.7 4.0 4.0 4.3 8.0 6.0 7.0 9.7 10.7
MPR  3.5 1.2 7.6 4.8 6.0 6.4 7.3 5.7 7.2 – 7.8 8.5

(
i

p
S
w

DPR  1.7 2.7 1.7 – 4.7 

AAR  2.6 3.5 3.8 4.2 4.9 

Fig. 4). As was the case for MPR, SI for DPR increased slightly as K
ncreased.
WR-, MPR-, and DPR-specific models generated rather different
atterns in the SI prediction maps for fir. For WR  and MPR  models,
I increased from west to east (Fig. 5A, B). This trend, however,
as not present in the interpolated SI (Fig. 5D), which, like the low
6.3 5.7 8.3 7.7 – 6.3 –

5.6 5.8 7.3 7.0 7.0 7.9 9.6

correlation coefficients, suggested the dominance of non-climatic
drivers.

The inter-model variability of predicted SI for WR  was  as high
as 5% of the predicted SI in most of the CZ, and was  10–20% in most

of SK. Similarly, CV% maps for MPR  and DPR showed an increase in
variability from west to east; the highest values occurred in areas
where the models were not applicable.
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.4. Climatic control of beech site index

For beech, model performance (the correlation between
bserved and predicted SI values) was poor and was  highly uneven
mong PS, VS, and TS datasets (Table 8). Because SSs did not sig-
ificantly exceed 1 for any variable, SSs and response functions for
eech are not presented.

. Discussion

While the quantity and diversity of forestry and environmental
ata have been increasing, the ecological patterns in these datasets
nd the limits of the datasets are largely unexplored. In the cur-
ent study, we attempted to identify the main climatic drivers of
he productivity of three temperate tree species. We  also strived to
etermine whether the SI values collected in the two central Euro-
ean NFIs are sufficiently sensitive to capture the response of site
roductivity to climate. The main findings, which are considered in
reater detail in the remaining Discussion, were as follows:

 The sensitivity of SI to climate depended on the tree species, i.e.,
SI was responsive to climate for spruce and fir but not for beech.
Because beech is thought to be very sensitive to climate, this result
is surprising and requires explanation.

 The response of SI to climate differed in different parts of each
species’ range, but our hypothesis that water availability-related
drivers would dominate on the dry part of the range, and vice
versa, was not confirmed. Whether this result has an ecological
or methodological explanation warrants consideration.

 The presented models were developed with NN-based algo-

rithms, which are not commonly used in forestry research.
Whether the advantages of using NN models (e.g. noise tolerance,
robustness of predictions, etc.) outweigh their disadvantages or
limits warrants consideration.
mate predictors. The responses are indicated separately for the models for (A) the
), and (C) the drier part of the range (DPR). Black – observed values; Grey – average

 least square functions are fitted to the data.

4.1. Ecological inferences

4.1.1. Norway spruce
For spruce, the climate predictors used in this study explained

38% of SI variability in the moister part of range (the MPR), which
supports our inferences on the effect of individual predictors for a
major part of the spruce range in the study region. On the other
hand, the climate predictors explained very little of SI variability in
the dry part (the DPR) of the spruce range. That the climatic drivers
of tree growth and productivity change along ecological gradients
is well recognized at many scales (Churkina and Running, 1998;
Way  and Oren, 2010; Nishimura and Laroque, 2011). Andreassen
et al. (2006), for example, reported that spruce growth was  affected
by June precipitation in lowlands and by June temperatures at high
elevations in Norway. Still, the poor relationship between SI and
climate predictors in the DPR for spruce is surprising, especially
because the data available for the analysis were abundant. More-
over, there is no reason to suspect that data quality was lower in
the DPR than in the other regions or that spruce growth could have
been affected by some driver that acted in DPR only (for exam-
ple management practise differing from the rest of the range). We
hypothesize that spruce, which is sensitive to low water avail-
ability (Zang et al., 2012; Boden et al., 2014), may have shown
a more variable response in the DPR than in the MPR. The likely
reason is that the DPR contains a lowland to hilly relief with high
inter-plot variability in water regime, which could have overrid-
den the main climatic signal. Spruce climatic unresponsiveness in
the DPR indicates that the NFI data may  have limited usefulness
for assessing the effects of climate on spruce productivity in drier
environments, where spruce has been extensively planted in the

past (Ellenberg, 1986; Spiecker et al., 2004; Hlásny and Sitková,
2010). This is particularly disturbing given the projected expan-
sion of the Mediterranean climates to central Europe (Alessandri
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Fig. 5. Prediction maps of the fir site index based on the ensemble of neural network-based regression models. Prediction of models parameterized using the dataset covering
(A)  the whole range of fir in the investigated region, (B) the moister part of the range, and (C) the drier part of the range. (D) The distribution of the inventory plots used in
this  study; and (E) a map  produced by interpolation of the measured site index values.

Table 8
Average Pearson correlation coefficients between observed and predicted site index values for beech. The coefficients were calculated based on a number of neural network-
based  regression models for the parameterization, testing, and validation datasets. The results are indicated separately for models designed for the whole range of beech in
the  investigated territory (WR), for the moister part of the range (MPR), and for the drier part of the range (DPR).

Geographical range of the beech datasets Correlation coefficients

No. of models Parameterization Testing Validation

e
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WR 15 

MPR  15 

DPR  15 

t al., 2014), which can make spruce growth and productivity very
ardly predictable.

Substantial differences in productivity drivers along climatic
radients also highlight the limits to the use of regional productivity
odels (Bošel’a et al., 2013a; Hägglund, 1981; Socha, 2008), which

o not consider such differential responses. Relative to our results,
esults of ecophysiological studies (e.g., Ditmarová et al., 2010; Ježík
t al., 2015) and dendroecological studies (e.g., Zang et al., 2014),
hich better control for inter-plot variability, indicated a strong

esponse of spruce to both observed and simulated drought. Obvi-
usly, such a tree-scale or stand-scale response did not translate to
he regional scale that was investigated in the current study.
Comparing the percentage of variance explained by the predic-
ors in the current study and in other studies is difficult, because
ifferences in experimental design and data quality might signifi-
antly affect the predictive power of growth-climate models (Yang
−0.03 −0.01 0.20
0.24 0.13 0.20
−0.05 −0.09 0.49

et al., 2015). In Slovakia, for example, Bošel’a et al. (2013a) found
that 76% of the variability in spruce SI in the NFI plots was explained
by three climate variables, soil acidity, and the carbon:nitrogen
ratio. Surprisingly, a low R2 value (0.39) was reported by Albert
and Schmidt (2010), who  used four climatic and three non-climatic
variables to predict the spruce SI in Lower Saxony, Germany.

In the current study, a combination of several temperature- and
water regime-related variables was found to control spruce pro-
ductivity in the MPR  and to a lesser extend in the WR.  Because
of the moderate inter-model differences in predictor importance,
no single variable could be identified as the most influential. The
distinct unimodal response of the spruce SI to the four most influ-

ential predictors indicated both the substantial climatic gradient
covered by the data, including the suboptimal conditions in the dry-
warm and cool-moist part of the range, and strong climatic signal in
the SI. This pattern was also evident in the prediction maps, which
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learly discriminated between the mountain and lowland locations
here the predicted SI was as much as 15–20 m;  in locations where

roduction was highest, the predicted SI ranged from 30 to 35 m.

.1.2. Silver fir
The fir models were based on much less data than the spruce

odels, and this could reduce the performance of the fir mod-
ls. Because fir in the study region occurs mostly as the admixture
pecies, the distribution of NFI plots with fir was  rather scattered,
nd the coverage of climatic gradients by the plots was  poorer than
or spruce. Contrary to the spruce models, the performance of fir

odels evaluated at the validation set indicated that the fir SI was
ore responsive in the DPR than in the MPR  or WR,  i.e., climate

xplained 21% of the SI variation in the validation dataset for DPR
ut only 5–6% of the SI variation in the validation dataset for WR
nd MPR. However, fir model performance for the MPR  and DPR
valuated for parametrization and testing datasets was well bal-
nced, with R2 ranging from 15% to 20%; therefore, if we relax on
he performance for validation dataset, we find that the intensity
f climatic effect on fir productivity is equal throughout the range
f the species‘ distribution in the CZ and SK. The poor performance
or the WR  in all datasets (parameterization, testing, and valida-
ion), however, indicates that there are differences in productivity
rivers along the climatic gradient and that models based on the
ixture of wet and dry sites should be avoided for fir.

The most influential variables were the temperature for the
oldest and the warmest months (T-WarmM and T-ColdM) and the
ontinentality index K; the tendency for SI to increase from west to
ast was clearly evident in the prediction maps. Continentality was
ound to affect the growth and productivity of various fir species in
iverse environments, including, for example, Balsam fir (Abies bal-
amea L. Mill.) and Pacific silver fir (Abies amabilis Dougl. ex Forbes)
n Canada (Nishimura and Laroque, 2011; Splechtna, 2001). There-
ore, we recommend that future studies consider some indicator of
limatic continentality along with temperature-related variables as
redictors of fir growth and productivity.

.1.3. European beech
The lack of relationships between the predictors used in this

tudy and beech SI was surprising because beech climatic sen-
itivity and productivity responsiveness have been repeatedly
ocumented (Fotelli et al., 2009; Mellert et al., 2016; Mette et al.,
013). In the study of Albert and Schmidt (2010) mentioned earlier,
or example, the predictors accounted for the 34% of the variation
n beech SI. For these reasons, we suspect that methodological diffi-
ulties related to height measurement and age identification using
he increment cores may  have reduced the quality of the beech data
sed in the current study. This suggests that SI measured in the NFI
lots for beech should be used with caution and that other datasets
r productivity indicators should be considered.

.2. Methodological assets and limitations

Our study benefited from a dense network of NFIs that cov-
red a substantial climate gradient. The plots, however, contained
nly a single observation (i.e., only one NFI cycle), and this might
ave introduced substantial noise related to inter-plot differences

n site conditions, genotype, effect of small-scale stress pulses, etc.
Bontemps and Bouriaud, 2013; Zang et al., 2014; Cook, 1990).

oreover, the noise is likely to be amplified by measurement errors
Goelz and Burk, 1996). The length of available climate time series,
hich covered only a part of the lifespan of investigated forest
tands, could also reduce the strength of climatic signal in the data.
e attempted to reduce such effects by carefully selecting plots

sed for the analyses, which resulted in a substantial reduction of
he original number of plots in the two NFIs. The use of NN mod-
Meteorology 234 (2017) 258–273 267

elling, which is thought to perform well with the noise-containing
data (Bishop, 1995; Minnix, 1992), was  another way of coping with
this problem.

The two criteria applied to select a subset of plots to be used for
the analyses concerned tree age and number of trees in a plot for
a particular species. Regarding the age criterion, numerous studies
have revealed that SI decreases with stand age (Albert and Schmidt,
2010; Nothdurft et al., 2012; Sharma et al., 2012; Socha, 2008; Socha
et al., 2016), which might limit the value of SI as an unbiased indica-
tor of productivity. This decline in SI can be explained by changes in
site and climate conditions over time (e.g., Bontemps and Bouriaud,
2013; Sharma et al., 2012), or more likely, by the fact that highly
productive forest stands in rotation forestry (with rotation period
ranging from 100 to 120 years) are usually removed earlier than
less productive stands (Nothdurft et al., 2012; Yue et al., 2014). We
attempted to reduce this effect and effect of extrapolation of the
SI for stands with ages significantly different from 100 years by
limiting the age of the investigated plots to 75–125 years. Regard-
ing the plot size criterion, some plots contained too few trees of a
species to enable the reliable assessment of stand height (García,
2010; Sharma et al., 2012). To cope with the trade-off between the
acceptable number of trees to be used for SI assessment and the
reduction in the number of plots that could be used in our analy-
ses, we  arbitrarily selected five trees per species as the minimum
number, i.e., we  excluded plots that had fewer than five trees of the
species in question.

We  identified the variables that most influenced SI variability
by using sensitivity analysis, there are, however, limitations to the
interpretation of so identified causal effects. Our research assessed
empirical associations in the investigated system, an approach that
might provide only limited insight into the processes generating
the observed productivity patterns (Adams et al., 2013; Pretzsch
et al., 2015). For example, Ellenberg quotient, which was among
the influential variables for spruce, was  highly correlated with the
annual precipitation and with some snow regime-related variables
(Appendix B). This suggests that variables with different physio-
logical effects might exhibit similar spatial patterns, which is the
fact that cannot be reasonably approached by statistical models.
Despite this limitation, the models developed here have provided
useful information on the effect of climate on forest productivity at
a regional scale, and the results can help other researches select
which climate predictors to consider when designing climate-
productivity models. In addition, the models developed here can
be embedded in empirical forest models (Pretzsch et al., 2008;
Trasobares et al., 2016).

Although we  have previously explained why NN models were
used in this study (noise tolerance, anticipated multivariate non-
linearities, etc.), the training and interpretation phases contained
several innovative or questionable aspects that should be dis-
cussed. The iterative search for optimal neuron weights that
minimizes the difference between measured and predicted SI (i.e.,
model training) can be time-consuming, which has caused some
authors to criticize NN-based approaches (e.g., Aertsen et al., 2010;
Moisen and Frescino, 2002). We  argue, however, that this prob-
lem is not severe because computers are increasingly powerful
and because NN models are well-suited for the parallel processing
(Povey et al., 2015; Scanzio et al., 2010), which can be used to train
a large number of complex models in a reasonable time. Moreover,
training algorithms have also undergone substantial development
(Askarzadeh and Rezazadeh, 2013; Taylor et al., 2016) and, for
example, the training of 3000 NN models for spruce required about
40 min  using a personal computer in the current study. The prob-

lem seems even less distinct in light of the benefits, which include
the obtaining of a good fit to the data, good control of overfitting,
and high prediction performance.
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An obvious disadvantage of NN models is that the final model
s in the form of a specialized script (e.g., in PMM  language in the
urrent study; Grossman et al., 2002) rather than in the form of an
quation that can be directly embedded into any data-processing
nvironment. This can limit the use of NN models for some appli-
ations.

Regarding the efficiency of NN models relative to the efficiency
f other methods, Aertsen et al. (2010) compared the use of five
tatistical methods, including NN models, for developing a model
f SI for three tree species and an array of environmental variables.
lthough the NN models performed best in terms of the RMSE, R2,
nd coefficient of efficiency (Nash and Sutcliffe, 1970), the authors
nally penalized the NN models for the questionable reasons such
s their “black box” nature and their high complexity. Similarly,
oisen and Frescino (2002) compared the ability of five statisti-

al approaches to predict six forest characteristics. Although the
N models and multivariate adaptive regression splines (MARS)
rovided “tremendous advantages” over the remaining techniques
hen tested with simulated (i.e. not measured) data, the authors

xpressed reservations regarding the use of NN models, mainly
ecause of the high computational demands. As we  have noted,
owever, such demands have become less problematic as computer
erformance has substantially increased.

This study used a multi-model approach, i.e., we preserved a
umber of well-performing models and determined for each model
he ranges of R2 values, ranges of SSs, and the ranks of climate
redictors. Finally, we used the models to produce the CV% maps
hat showed the inter-model variability in predicting the spatial
istribution of SI values. Such a multi-model approach increased
he robustness of our inferences and revealed variables or loca-
ions requiring caution because of excessive uncertainty. These
enefits of a multi-model approach are seldom achieved with stan-

ard, single-model approaches. On the other hand, our multi-model
pproach introduced some uncertainty into the interpretations and
an make the interpretation of our findings difficult.

able A1
he initial set of climate variables, which were considered for the use in the analysis of cl

No. Variable Type* Code 

1. Annual mean air temperature T T-AVG 

2.  Mean temperature of the coldest month T T-ColdM 

3.  Mean temperature of the warmest month T T-WarmM 

4.  No. of days in July with max. daily
temperature > 32 ◦C

T Tmax32 July 

5.  No. of tropical days T TropDays 

6.  No. of frost days T FrostDays 

7.  Temperature amplitude I K T ampl year 

8.  Temperature amplitude II K T ampl month 

9.  Heatwave length I T HeatWaves 

10. Heatwave length II T HeatWaves L 

11.  Number of days in heatwave T HeatWaves-D 

12.  Probability of heatwave T HeatWaves P 

13.  Growing season length T VegSeason 

14.  Annual precipitation P P-sum 

15.  No. of days in a dry period P P-0-10days 

16.  No. of days with snow cover > 3 cm P DaySnow3 

17.  No. of days with snow depth > 10 cm P DaySnow10 

18.  No. of days with snow depth > 30 cm P DaySnow30 

19.  No. of days with snow depth > 3 cm and
Tmin > 10 ◦C

T/P DaySnow L3 Tmin10

20.  Snow depth 1st February P Snow Feb1 

21.  Snow depth 1st March P Snow March1 

22.  Snow depth 1st April P Snow April1 

23.  Ellenberg climatic quotient T/P EQ 
Meteorology 234 (2017) 258–273

5. Conclusions

Although NFIs collect huge amounts of data, the use of such data
for the improvement of forest management and research is gener-
ally insufficient. Therefore, we  presented an innovative approach
for investigating climate-productivity interactions in the under-
researched environment of Central Europe. Using the NFI data
concerning the productivity of spruce, fir, and beech from the Czech
Republic and Slovakia, we  assessed the sensitivity of the NFI data
to climate, and we proposed a novel approach to analysing these
data using a data mining technique. Some of the climate variables
that we  identified as most influential differ from the variables that
are typically used in forest production research. These findings
might inform other studies on suitable climate predictors and thus
improve the performance of new climate-productivity models.
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Appendix A. List of used climate variables.

imatic control over productivity of forest tree species in Central Europe.

Description/[units] Used**

—/[◦C] +
—/[◦C] +
—/[◦C] +
—/[◦C] –

Average no. of days with max. daily temperature > 30 ◦C/[◦C] –
Average no. of days with min. daily temperature < 0 ◦C/[◦C] –
Difference between annual minimum and maximum daily
temperature in a year/[◦C]

+

Difference between annual temperature of the warmest and
coldest month/[◦C]

–

Tmax > = 30 ◦C during the consecutive (at least) three days AND
average Tmax during the heat wave > = 30 ◦C AND no single day in
a  heat wave is Tmax < 25 ◦C/[days]

+

Average lenght of a heat wave/[days] +
Average no. of days in a heat wave/[days] +
Probability of heatwave occurrence in a year/[%] –
Average no. of days in a year with a 24-h mean
temperature > 10 ◦C/[days]

–

—/[mm] –
Average no. of days with precipitation 0 mm for more than
10  days/[days]

+

Average no. of days with snow depth > 3 cm/[days] –
Average no. of days with snow depth > 10 cm/[days] –
Average no. of days with snow depth > 30 cm/[days] –

 Average no. of days with snow depth > 3 cm and min. daily
temperature > 10 ◦C/[days]

+

Average snow depth on Feb. 1/[cm] –
Average snow depth on March 1/[cm] +
Average snow depth on April 1/[cm] –
T-WarmM P-sum−1/[◦C mm −1] +
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Table  A1 (Continued)

No. Variable Type* Code Description/[units] Used**

24. Gorcynski‘s continentality index K K Ratio of T ampl month and the inverse of the sine of the latitude
(Gorcynski 1922)

+

25.  Effective radiation 5 R egr Srad 5 Average Effective Global Radiation for ETa/ETr > 0.4 AND
Tmean > = 5 ◦C AND without snow AND SRAD > 5 mj  m−2 day−1

–

26.  Effective radiation 10 R egr Srad 10 Average Effective Global Radiation for ETa/ETr > 0.4 AND
Tmean > = 5 ◦C AND without snow AND SRAD > 10 mj m−2 day−1

+

A
v

T
T
c
G

T
C
(

* T – temperature related variable, P – precipitation related variable, K – continentality related variable, R – radiation related variable.
** The column indicates whether the variable was used in the regression modelling or discarded because of the redundancy with other variable(s) (+preserved, − removed).

ppendix B. Redundancy control of the used climate
ariables.

able B1
he original set of 26 climate variables, which were considered for the use in the regression modelling presented here. The table shows the results of redundancy testing. Rows
ontain the original 26 variables and columns contain variables with the Pearson‘s correlation above 0.9. Variable codes are indicated in Table A1; *Number of redundancies;
rey  cells indicate the preserved variables, empty cells indicate the discarded variables; RV1-9–Redundant Variable 1–9.

able B2
orrelation matrix of climate variables, which passed the redundancy test and were used in the regression modelling. Colours indicate the magnitude (intensity) and direction
blue  − positive, red − negative) of correlation coefficients.
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ppendix C. Inter-model variability of the predicted Site
ndex values.

See Figs C1 and C2
ig. C1. Coefficient of variation of spruce site index calculated based on 11 and 13 SI pred
ased on the regression models parameterized using the data for the whole spruce range
rier  part of range is not presented because of poor models performance. The red polygo

nterpretation of the references to colour in this figure legend, the reader is referred to th
ictions generated by the Neural Networks-based regression models. The maps are
 in the investigated territory (A) and for the moister part of range (B). Map  for the
n indicates the drier part of the territory, where the model is not applicable. (For

e web version of this article.)
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Fig. C2. Coefficient of variation of fir site index calculated based on 3, 10 and 3 SI predictions generated by the Neural Networks-based regression models. The maps are based
on  the regression models parameterized using the data for the whole fir range in the inve
p  inter
t

A

t
1

R

A

A

Büntgen, U., Tegel, W.,  Kaplan, J.O., Schaub, M.,  Hagedorn, F., Bürgi, M.,  Brázdil, R.,
olygon indicates that part of the territory, where the model is not applicable. (For
he  web version of this article.)

ppendix D. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at http://dx.doi.org/10.1016/j.agrformet.2016.
2.024.
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