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Abstract
Increased frequency of extreme weather events has seriously affected forestry operations in south-eastern Europe. A
precondition for effective artificial restoration of disturbed forest stands is site-adapted forest reproductive material (FRM).
Common garden experiments (provenance trials) may assist in selecting such FRM. The main objective of this study was
to establish among-provenance variation pattern using data from a beech provenance trial. Usefulness of the results in
selecting seed sources for restoration of European beech stands is discussed. The trial was set up in 2007, at a slope of
Medvednica mount facing north-west at 730-750 m above sea level. Plant heights were measured and survival scored
in 2008 and 2015. Height increments were calculated and processed to determine variance components due to various
effects. Highly significant provenance-by-block interaction was revealed, indicating strong microsite effects on provenance
performances. Therefore, corrections were made and provenance mean height increments recalculated. Provenance mean
height increment multiplied with survival was used as a measure of a provenance’s adaptedness. Regression tree (RT)
analysis was used to determine the pattern of among-provenance variations. A set of provenance clusters was grown using
climatic variables related to the provenance stands of origin as criteria. All analyzed effects were significant (provenance:
F=2.07, p<0.05; block: F=5.07, p<0.05; provenance by block interaction: F=7.32, p<0.001). Data corrections reduced the
interaction effect, thereby increasing reliability of calculated provenance adaptedness indices (AI). Provenances were
grouped into 4 clusters due to elevation, mean July temperature and summer heat-to-moisture index (SHM). Cluster 4,
containing provenances from the highest altitudes (>750m), had the highest mean AI (143.9±8.4 cm). The lowest mean AI
(106.7±14.8 cm) had cluster 1, containing provenances from lower altitudes with lower mean July temperatures (≤18.4°C).
Provenances originating from lower elevations with higher mean July temperatures (>18.4°C) were further divided into two
clusters due to the SHM variable. Cluster 2 had the second highest mean AI (141.2±1.5 cm) and contained provenances
from relatively wetter habitats (SHM≤48.2). Cluster 3, containing provenances from relatively arid habitats (SHM>48.2),
had significantly lower mean AI (116.8±8.6 cm). Established among-provenance variation pattern might be used as a tool
in selecting seed sources for artificial restoration of beech stands at mount Medvednica. It is advisable to use FRM from
higher altitudes and/or from slightly lower altitudes (up to 150 m lower than a restoring site) but featured with warmer and
drier conditions compared to the trial. Generally, provenance trials should be utilized as a valuable decision tool in restoring
disturbed forest stands but may also be misleading if not well designed and analyzed.
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INTRODUCTION
Frequency of extreme weather events has recently
increased at wide-European scale affecting forest ecosystem
functioning and services provisioning to society (Neumann
et al. 2017). Artificial restoration of forest stands disturbed
by such events has become important issue, especially in
southeast Europe where natural forest stand regeneration
has been traditionally practiced. Nevertheless, artificial
restoration (by planting saplings) of disturbed forest stands
is often the only option. Long-term restoration success
depends on appropriate seed source (provenance) selection
(Ivetić and Devetaković 2016). The availability of quality forest
reproductive material (FRM) is a prerequisite for efficient and
successful artificial stand restoration. Quality FRM means,
among other things, seeds or seedlings that are well adapted
to habitat conditions prevailing in stands to be restored.
Theoretically, an adapted FRM is one that originates from
one or more provenances of a target species that are adapted
to specific environmental conditions because their genetic
constitution has been shaped by natural selection (Epperson
1992, Savolainen and Pyhäjärvi 2007). Therefore, obtaining
FRM from provenances thriving in the same environmental
conditions as a local provenance (the one we want to artificially
restore) seems like a simple and quick solution. However,
identifying such provenances is by no means an easy task.
On the one hand, it is difficult to recognize the complexity of
environmental conditions (their changes and interactions) that
prevail in a specific provenance area. On the other hand, there
is no perfect adaptation because various factors affect genetic
constitution of a provenance (not only natural selection),
thus reducing the adaptedness of FRM (Kremer et al. 2012).
Common garden experiments (provenance trials), where
progenies from different provenances are tested under similar
environmental conditions, are a useful tool for selecting FRM
adapted to a habitat (Mátyás 1996). Ranking progenies due
to its performance in provenance trials has been frequently
used as a mean of determining seed zonation and seed source
selection (Westfall 1992, Rehfeldt et al. 1999, Kleinschmit et
al. 2004, Hamann et al. 2011).
However, the usefulness of a provenance trial largely
depends on the representativeness of sampled progenies
as well as on the effects of environmental variation within a
trial site on the assessment of among-provenance variation.
If progenies included in a trial are not a representative
sample of within-species variation (both at provenances and
a species level), then the trial results are of reduced utility.
In addition, homogenization of environmental variations in a
trial is the basis for reliable genetic evaluation of provenances.
The significant influence of micro-site variations on genetic
evaluation has been a common problem of forest tree
provenance trials (Magnussen 1993, Dutkowski et al. 2002,
2006, Funda et al. 2007, Gömöry et al. 2011). The problem
can be addressed prior to establishment of experimental
plantations, by considering and using alternative planting
designs (Libby and Cockerham 1980, Coterill and James 1984).
However, most forest trials have been traditionally set up
according to randomized complete block design with large
contiguous plots and at relatively large areas with pronounced
micro-site heterogeneities. It is very difficult to reset such a
trial by subsequent blocking in order to reduce micro-site
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variations (Gömöry et al. 2011). Despite mentioned problems,
common garden trials are still the best available source of
information on provenance adaptedness to specific habitat
conditions.
Like in most parts of the region, forests in the Republic
of Croatia are generally managed based on close-tonature paradigm, i.e. forest stands are preferably naturally
regenerated (Matić 1999, Anić 2007). However, increased
incidence of extreme weather events during last decade (e.g.
windstorms) has significantly increased a need for artificial
restoration of forest stands (Vuletić et al. 2014). Among many
examples, the mount Medvednica was hit by two strong and
several weaker windstorms damaging many trees, mostly of
European beech (Balija 2015, HINA 2019). Therefore, artificial
restoration of devastated beech stands at mount Medvednica
has become the only option. Therefore, new approaches
should be considered for long-term restoration success
including selection of site-adapted provenances.
With this study, we tried to rank tested beech provenances with respect to their adaptedness to specific habitat
conditions at the Medvednica provenance trial. The aim was
to establish a pattern of among-provenance variation, which
may be used as a decision tool in selecting adapted forest
reproductive material for artificial restoration of disturbed
beech stands. To our knowledge, this is the first attempt to
make such use of a provenance trial in this part of Europe.

MATERIALS AND METHODS
Field Trial

Beech provenance trial Medvednica is located at the
homonymous mountain near Zagreb, the capital of Croatia (N
45°53'5.6"; E 15°55'13.8" - Figure 1).
The trial was established in spring 2007 with progeny from
21 provenances originating from 9 European countries (Figure
1, Table 1). One provenance was omitted from this study due
to its high mortality. The saplings were grown and provided
by the Thünen-Institute for Forest Genetics in Grosshansdorf,
Germany. The trial was a part of the 2007 international series
of beech provenance trials (Von Wuehlisch et al., 2010).
Taxonomically, 19 provenances belong to European beech
(Fagus sylvatica L.) and one provenance belongs to Oriental
beech (Fagus orientalis Lipsky - provenance TR62, Table 1).
The trial was set up according to a randomized complete block
(RCB) experimental design with three replications (blocks), at
a slope facing north-west approx. 740 m above sea level (729
– 750 m). Blocks were oriented perpendicular to the slope
exposure. Each provenance was represented by 50 plants per
block, planted in rectangular plots with 2.0 × 1.0 m spacing.
The plants representing various provenances were not of the
same age. Ten provenances were 2 years old, eight were 3
years old and two provenances were 4 years old in the spring
of 2007 (Table 1).

Data Collection and Statistical Analyses

Heights of all plants were measured (with 1 cm precision)
while plant survival was visually determined and scored in 2008
and 2015, after the 1st and the 8th growing seasons at the trial
site. Height increments between 2008 and 2015 (HI_08_15)
https://www.seefor.eu
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Figure 1. Geographic position of beech provenance stands of origin and provenance trial Medvednica (red label).

Table 1. Studied beech provenances and climate data of their stands of origin for the period 1981-2009. Climate data has been
generated with the ClimateEU v4.63 software, available at http://tinyurl.com/ClimateEU.
Provenance
label

Provenance
name

Seed
sampled

Country
abbrev.

MAT
(°C)

Elev
(m)

MWMT
(°C)

TD
(°C)

MAP
(mm)

MSP
(mm)

SHM

A56

Scharnstein,Mitterndorf

BiH30

Tajan, Zepce

2003

A

8.5

480

18.4

20.2

1323

709

26.0

2003

BH

9.2

700

19.2

20.6

891

398

48.2

Vranica-Bistrica

2004

BH

10.0

750

19.5

18.6

1089

402

48.5

BH60

Crni vrh

2004

BH

10.1

500

20.1

20.7

882

396

50.7

BH61

Grmec,Bastra-Corkova

2004

BH

8.6

720

18.4

19.7

1102

433

42.5

CH65

Sihlwald, 101

2004

CH

6.6

1050

15.4

17.3

1559

651

23.7

D46

Pfalzgrafenweiler,XII Abt37

2003

D-BW

8.2

700

17.4

18.2

1076

458

38.0

D47

Schelklingen, IX 23-25 81023

2002

D-BW

8.1

650

17.6

18.8

1053

554

31.8

Hoellerbach 81024

2003

D-BY

6.5

755

16.1

19.7

930

464

34.7

BH59

D48
D49

Hasbruch 81001

2002

D-NI

9.2

35

17.3

15.7

767

354

48.8

HR24

Sjeverni Dilj Caglinski

2003

HR

10.1

350

20.2

20.8

811

391

51.7

HR25

Vrani kamen 12a, 15b

2003

HR

9.0

600

19.0

20.4

973

450

42.2

HR27

Vrbovsko-Meletka 36b

2003

HR

8.7

800

18.4

19.1

1689

652

28.2

Valkonya 19A

2003

HU

10.1

300

20.4

21.3

775

412

49.5

HU42
RO63

Alesd, U.P.II / 51A

2004

RO

8.7

490

18.9

21.7

607

309

61.1

RO64

Alba-Iulia, U.P.V/154A

2004

RO

7.4

860

17.1

19.9

707

404

42.3

SRB66

Avala

2004

SRB

10.1

475

19.8

20.6

677

320

61.9

SRB68

Fruska gora

2004

SRB

10.4

370

20.7

21.4

666

319

64.9

SRB69

Cer

2004

SRB

8.9

745

18.4

20.0

811

379

48.5

TR62

Devrek Tefen BA 3

2004

TR

10.0

950

19.3

18.6

779

256

75.5

Trial site

Medvednica

7.2

730

17.1

20.9

1205

575

29.8

Country abbreviations: A – Austria; BH – Bosnia and Herzegovina; CH – Switzerland; D – Germany; HR – Croatia; HU – Hungary; RO – Romania;
SRB – Serbia; TR – Turkey.
Climate data: MAT – mean annual temperature; Elev – elevation; MWMT – mean warmest month (July) temperature; TD – continentality
index; MAP – mean annual precipitation; MSP – mean summer (June-August) precipitation; SHM – summer heat to moisture index (MWMT/
(MSP/1000)); Methodology of the climate data calculations described in Wang et al. (2011).
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were calculated as difference between plant heights in 2015
and 2008. Correlation between initial plant heights and their
HI_08_15 was calculated using Hmisc package in R (Frank E
Harrell Jr, with contributions from Charles Dupont and many
others. (2019). Hmisc: Harrell Miscellaneous. R package
version 4.3-0. https://CRAN.R-project.org/package=Hmisc).
The correlation was low (R=0.23) and non-significant
(p<0.0001) and thus we assumed that HI_08_15 was not
biased due to age differences among provenances. Therefore,
data on individual height increments were used in further
analyses.
Factorial analyses of variance (ANOVA) were performed
on HI_08_15 data using the MIXED procedure (SAS/STAT
software, a free version of SAS University Edition, by SAS
Institute Inc., Cary, NC, USA) to determine the variance
components due to effects of the blocks, provenances and
provenance-by-block interactions according to the following
linear model (Equation 1):

yijk = µ + Bi + Pj + BPij + ɛijk
where: yijk – individual value of a trait; μ – overall mean; Bi –
random effect of the block i, i = 1,2,3; Pj – random effect of
the provenance j, j = 1,2,…,20; BPij – random effect of the
provenance-by-block interaction; εijk – random error.
Since highly significant provenance-by-block interaction
was revealed, Tukey-Kramer HSD test was used to determine
statistical significance of differences among provenance-byblock least square means (LSmeans). Only two provenances
(RO63 and TR62) had no significant differences among block
LSmeans. Most provenances had one significantly different
block LSmean and two provenances had all three block
LSmeans significantly different among themselves (HR24 and
A56). Therefore, provenances HR24 and A56 were excluded
from further analyses, and data from significantly different
blocks within provenances were omitted from further
analyses, as well. Therefore, overall provenance mean height
increments were recalculated with remaining data using proc
MEANS in SAS. Above mentioned data corrections were done
to reduce provenance-by-block interactions i.e. to reduce
microsite effects on provenance mean estimates.

Provenance mean height increment multiplied with
survival was used as a measure of a provenance’s adaptedness
(i.e. adaptedness index – AI, Ishizuka and Goto 2012) to the
trial site conditions. Regression tree (RT) analysis was used
to determine the pattern of among-provenance variation
for AI, using the Orange Tree Widget (Demšar et al. 2013).
A set of clusters was grown by repeated binary splits of the
provenances. Splits were made using environmental predictor
variables as criteria, so that the homogeneity of genetic
response variable (i.e., the provenance mean AI) is maxi
mized. No assumptions were made about the mathematical
nature of the relationship between response and predictor
variables. Various climatic variables related to the provenance
stands of origin were used as environmental predictor
variables. To characterize the long-term climate conditions
at the provenances stands of origin, we used interpolated
climate data for the 1981-2009 reference period that was
generated with the ClimateEU software (Hamann A, Wang T,
Spittlehouse DL, Murdock TQ, 2013; ClimateEU, unpublished
software package for Europe freely available at http://www.
ualberta.ca/~ahamann/ data/climateeu.html). Estimation of
biologically relevant climate variables, lapse-rate elevation
adjustments, and data extraction from grids for the sample
locations were carried out with the ClimateEU software, as
well. A detailed explanation of the estimation of all available
climate variables given by the ClimateEU software can be
found in Wang et al. (2011). Significance of difference among
the clusters given by RT analyses was calculated with Tukey
HSD test.

RESULTS
Average height increment (HI_08_15) of all plants at the
trial was 135.7±56.4 cm (prior to data corrections). However,
variations in height increment among provenances were
evident (Figure 2). Generally, the lowest average height
increment was achieved by provenance D47 (109.0 cm) and
the highest by provenance HR24 (176.9 cm). Large HI_08_15
variations within all provenances could have been observed
(Figure 2).

350
300

Hl (cm)

250
200
150
100
50
TR62

SRB69

SRB68

FO64

SRB66

RO63

HR27

HU42

HR25

D49

HR24

D48

D47

D46

CH65

BiH61

BiH60

BiH59

A56

BiH30

0

Provenances

Figure 2. Boxplot of height increment (HI) data per provenance (HI between 2008 and 2015).

4

SEEFOR 11 (1): 1-10

https://www.seefor.eu

Use of a Common Garden Experiment in Selecting Adapted Beech Provenances for Artificial Stand Restoration

of provenances can be distinguished from Figure 4a: i)
provenances that showed the highest mean AI in the first
block, while their mean AI decreased towards the 2nd and
3rd blocks (those are indicated by the solid red lines in Figure
4a); ii) provenances that had similar (lower) mean AI values
at blocks 1 and 3, while highest mean AI at block 2 (those are
indicated by dotted black lines - Figure 4a); iii) provenances
that had similar (higher) mean AI values at blocks 1 and
3 while lowest mean AI at block 2 (those are indicated by
dashed blue lines - Figure 4a); iv) stable provenances whose
mean AI values were similar at all three blocks (indicated by
the solid black lines - Figure 4a). Provenance BH61 stands out
specific to all others because its mean AI value was lowest
at blocks 1 and increased towards blocks 2 and 3 (indicated
by a solid gray line - Figure 4a). We tried to reduce the effect
of provenance by block interaction by excluding data from
the blocks whose LSmeans (of HI08_15) were significantly
different from the others. Two provenances were completely
excluded from further analyses (A56 and HR24) because
their LSmeans differed significantly among all three blocks.
By this procedure, we significantly reduced the variation of a
provenance AI at the trial (i.e. microsite effects on calculations
of overall provenance mean AI were reduced) (Figure 4b).

The coefficient of variation (CV) ranged from 31.6%
(RO63) to 52.2% (D47). The analysis of variance revealed
that all examined effects were statistically significant
(provenance effect: F=2.07, p<0.05; block effect: F=5.07,
p<0.05; provenance by block interaction: F=7.32, p<0.001).
The highest proportion of total variance and the highest
level of statistical significance had the provenances by
block interaction effect. Generally, survival at the trial over
the analyzed period (2008-2015) was rather high (95%).
Of course, variations in survival among provenances were
observed (Figure 3).
Provenance D46 had the lowest survival (0.83), while
provenance RO64 exhibited the highest survival (1.0).
However, significant differences in provenance survival
were found regarding the blocks. For example, survival of
provenance D46 was 0.73 in block 1 but 0.94 in block 2.
The product of average provenance height increment and
survival (adaptedness index - AI) was an indicator of its
productivity, i.e. adaptedness to specific habitat conditions
(Ishizuka and Goto 2012). Provenance AIs per block
before data corrections are shown in Figure 4a. Significant
provenance by block interactions is visualized by pronounced
changes in provenance rankings across blocks. Four groups
1.00
0.98
Survival proportion

0.96
0.94
0.92
0.90
0.88
0.86
0.84

TR62

SRB69

SRB68

FO64

Provenances

SRB66

RO63

HR27

HU42

HR25

D49

HR24

D48

D47

D46

CH65

BiH61

BiH60

BiH59

A56

0.80

BiH30

0.82

Figure 3. Proportion of living plants per provenance (survival between 2008 and 2015).

a)

210

190

190

170

170

150

150

cAl (cm)

Al (cm)

210

130
110

130
110

90

90

70

70

50
Block 1

b)

50
Block 2

Block 3

Block 1

Block 2

Block 3

Figure 4. Provenance adaptedness index - AI (mean height increment × survival) per block. a) showing large provenance by block
interaction before data corrections. b) Corrected provenance adaptedness index (cAI), after exclusion of data from blocks which
HI_08_15 LSmean showed a significant difference from other blocks within the same provenance (showing reduction in provenance
by block interaction).
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Regression tree (RT) analysis was performed to determine
the pattern of among-provenance variation regarding
corrected adaptedness index (cAI). The RT analysis initially
separated the provenances due to elevation - Elev (Figure 5).
Cluster 4 (Figure 5, 6) had the highest mean cAI (143.9±8.4
cm). It contained provenances (D48, HR27, CH65, RO64 and
TR62) originating from highest altitude habitats (Elev>750
m). Other provenances (originating from lower altitude
habitats) were divided by the variable July mean temperature
(MWMT). The lowest mean cAI (106.7±14.8 cm) exhibited
cluster 1 (Figure 5, 6). It contained provenances originating
from habitats characterized by relatively lower average July
temperatures (MWMT≤18.4°C). These were provenances D46,
D47, D49, SRB69 and BH61. On the other hand, provenances
originating from habitats characterized by relatively higher
mean July temperatures (MWMT>18.4°C) were divided
into two clusters due to the SHM variable (summer heat-tomoisture index). Cluster 2 (Figure 5, 6) contained provenances
originating from habitats with relatively lower SHM values
(SHM≤48.2). This cluster had the second highest mean cAI
(141.2±1.5 cm). Cluster 2 contained provenances BH30 and
HR25. Cluster 3 (Figure 5, 6) had a significantly lower mean
cAI (116.8±8.6 cm), and contained provenances (BH59, BH60,
HU42, RO63, SRB66, and SRB68) originating from habitats that
were characterized with relatively higher SHM (>48.2). The
Tukey HSD test separated clusters into two groups that were

significantly different between each other. Cluster 1 and Cluster
3 were in the first group, while Cluster 2 and Cluster 4 were
in the second group (Figure 5). The results of the RT analysis
indicated that among-provenance variation due to progeny
mean cAI at the Medvednica trial can be primarily explained
by differences in altitude among the provenance stands of
origin. Provenances originating from higher (>750 m) altitudes
showed, on average, the highest level of adaptedness to
environmental conditions of the trial. Among the provenances
originating from relatively lower altitudes (<750 m), the
main discriminating climatic variables explaining the amongprovenance variation were those associated with summer
heat (MWMT) and with combination of heat and humidity of
a habitat (SHM), also during summers. Relatively higher levels
of adaptedness of the provenances originating below 750 m
a.l.s. were those originating from habitats characterized with
relatively higher mean July temperatures, but at the same time
from habitats with relatively higher rainfall in the summer. It is
interesting to note that the site of the Medvednica trial is at an
average altitude of 740 m, its MWMT is 17.1°C, and the SHM
is 29.8 (Table 1). Thus, the results showed that provenances
originating from higher altitudes as well as provenances
originating from slightly lower altitudes, but in this case from
habitats that are on average characterized with warmer and
drier summers compared to the trial site (Cluster 4 - Figure 6),
performed better adaptedness.

Figure 5. Regression tree analysis output showing clusters of provenances discriminated according to climate variables of their
stands of origin. Elev – elevation; MWMT – mean warmest month temperature (July); SHM – summer heat to moisture index. Column
charts represent mean (+standard deviation) of a cluster mean adaptedness index (cAI). Clusters labeled with the same letter were
not statistically different.
160

Cluster 1

Cluster 2

Cluster 3

Cluster 4

150

cAl (cm)

140
130
120
110
100

TR62

RO64

D48

HR27

CH65

RO63

SRB68

Provenances

SRB66

BH60

HU42

BH59

HR25

BH30

D49

SRB69

D47

D36

80

BH61

90

Figure 6. Corrected mean adaptedness index (cAI) of studied provenances at the trial Medvednica. Provenances grouped into four
clusters due to regression tree analyses.
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DISCUSSION
Extreme weather events have increased in frequency
affecting forest ecosystem functioning and services at wide
European scale. Croatia has also experienced an increase
in extreme weather events during this decade that caused
significant disturbances of forest stands (Vuletić et al. 2014).
For example, two strong and several milder windstorms hit
Medvednica mount damaging many trees, mostly of European
beech (Balija 2015, HINA 2019). Therefore, it is important to
select habitat-adapted forest reproductive material (FRM) for
efficient long-term restoration of damaged stands, in which
results of provenance trials may significantly assist (Mátyás
1996).
We used index (AI) calculated as the product of average
height increment and survival as a measure of a provenance
adaptedness. However, highly significant effect of provenance
by block interaction on height increment was revealed. This
indicates strong effects of micro-site variations on provenance
performance at the trial, which is why environmental impact
on among-provenance variation cannot be ruled out. Highly
significant provenance-by-block interaction significantly
reduces reliability of genetic values estimation, that is,
reliability of a common garden experiment serving as a tool for
selecting adapted FRM. The effect of micro-site variations on
growth and adaptive traits in forest tree provenance trials is a
common problem (Hamann et al. 2002, Zas 2006, Gömöry et
al. 2011). Indeed, this is a problem because the basic principle
of genetic testing (i.e. common garden experiment) is to
homogenize environmental influence and thus to determine
genetic differences among tested genetic entries (e.g.
provenances). The problem of "masking" genetic differences
because of micro-site variations can be mitigated by careful
trial design, for example by using non-contiguous plots and by
reducing a block surface (Libby and Cockerham 1980, Coterill
and James 1984). However, it is almost impossible to predict
all diversity and interactivity of a site variations and to design
a perfect trial at which environmental conditions will be
ultimately homogeneous (Gömöry et al. 2011). Despite these
problems, common garden trials are still the best available
source of information on provenance adaptedness to specific
habitat conditions. Given the significant differences in rankings
of provenance adaptedness indices across blocks (Figure 4a),
we tried to reduce provenance-by-block interaction effect on
AI calculation by excluding data from blocks that significantly
differed from other blocks, per each provenance.
With this approach, we were able to reduce the effect
of micro-site variations on provenance mean AI assessments
(Figure 4b). Being aware that the effect of micro-site variations
can be reduced by other statistical methods (see Zas 2006
and references therein), we used this simpler but effective
approach, in this case.
Tested provenances performed different adaptedness
to the habitat conditions at the trial, regarding height
increment and survival during the analyzed period (Figure
2, 3). Differences in adaptedness may be explained, at least
in part, by genetic differences among provenances, since
the provenance effect for height increment was statistically
significant. Genetic differentiation of common beech
provenances for adaptive traits (drought resistance, frost
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tolerance, budburst, growth, survival) has been established
through relatively many studies, both at wide-European (von
Wuehlisch et al. 1995, Chmura and Rozkowski 2002, Ivankovic
et al. 2011, Robson et al. 2012) and at regional levels (Müller
and Finkeldey 2016, Pluess et al. 2016).
A regression tree analysis was used to determine the
pattern of among-provenance variation. The provenances
were separated into homogeneous clusters due to the
corrected adaptedness index (cAI), based on various climate
variables of their original habitats. Generally, all discriminatory
climate variables were related to heat (MWMT) and to
the combination of heat and humidity (Elev, SHM) of the
provenance habitats of origin (Figure 5), while the correlation
with their geographical location was not established. These
results suggest an ecotypic pattern of among-provenance
genetic variation that was shaped by natural selection in
native habitats (at least partially), that is, the genetic structure
of analyzed beech populations can be related to variations
in their habitat’s heat and humidity (Figure 5). The results
corroborate other authors who reported an ecotypic pattern
of among-provenance variation in common beech that was
related to environmental variables of their native habitats
(e.g., Ivanković et al. 2011, Dounavi et al. 2016, Horváth
and Mátyás 2016, Pluess et al. 2016). Although ecotypic
pattern of variation partly related to geographical location of
provenances has also been reported by several authors (e.g.
Chmura and Rozkowski 2002). Different conclusions about
the spatial pattern of the European beech genetic structure
indicate the need for further research on this topic.
The results of the study showed significantly better
adaptedness of provenances originating from higher altitudes
compared to the trial site, as well as of provenances from
slightly lower (up to min. 600 m a.s.l.) altitudes, but warmer
and drier during the summer season than the trial site (Figure
5, 6, Table 1). It is interesting to emphasize that provenances
from higher altitudes mostly originated from warmer and
drier habitats relative to the trial site, apart from the CH65
provenance. Given that there has been a trend of increasing
air temperatures and decreasing rainfall throughout Croatia
since 1990, especially during the growing season (DHMZ
2013), it is not so surprising that provenances originating from
warmer and drier habitats have shown better adaptedness to
the trial site. It should be emphasized that the trial was set
up on a cleared site of northwestern exposure. Therefore,
experimental plants were likely exposed to large fluctuations
in air temperature and soil drying, which are conditions unlike
in a naturally regenerating stand. From this, it can be assumed
that local provenances would not show the best fitness and
therefore would not be the best seed source for restoring
damaged stands. It was often reported that common beech
provenances show local adaptation i.e. better adaptedness
of local provenances compared to foreign ones (Mátyás et
al, 2009, Gömöry et al. 2015, Schueler and Liesebach 2015,
Hajek et al. 2016). However, local provenances may also
show maladaptation when habitat changes occur (Mátyás
et al. 2009). Considering that climate conditions in the area
of Medvednica have significantly changed (DHMZ 2013),
which is most likely pronounced at cleared forest stands
after windstorm devastation, it is a convincing assumption
that local provenances might be less adapted to such habitat
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conditions. Nonetheless, we do not suggest excluding FRM
from local (closer to a specific site) provenances in artificial
restoration but to consider supplementing them with FRM
from provenances which performed better adaptedness to
altered environments.
It is interesting to note that provenances originating from
higher altitudes performed significantly better (cluster 4 Figure 5, 6), although these provenances originated from quite
different habitats (e.g. compare CH65 and HR27 - Table 1).
Horváth (2016) pointed to complete absence of a correlation
between growth and climatic parameters of common beech
provenances from higher altitudes. Whether this means that
such provenances are better adapted to a wider range of
habitat conditions or exhibit a wider reaction norm remains
an open question. We were particularly surprised by a high
and stable performance of the TR62 provenance belonging
to Oriental beech. This provenance showed the highest
adaptedness (Figure 6), but also phenotypic stability at this
trial (Figure 4a), although its original habitat is very different
due to all climatic parameters (see Table 1). This is the only
known provenance of Oriental beech in Croatia and its followup at the Medvednica trial deserves attention, especially
in the context of climate change and analysis of its assisted
migration.
The question arises whether the established pattern
of among-provenance variation might be used as a kind
of algorithm in selection of quality (i.e. adapted) FRM for
artificial restoration of stands at Medvednica? In our opinion
it might, if some assumptions were fulfilled, as well with
caution when applying it. The first assumption is that tested
provenances well represent genetic diversity of European
beech in this part of Europe. The second assumption is that
the progenies at the trial well represent genetic constitution
of their original provenances. A third assumption is that we
accurately determined provenance adaptedness indices, by
correcting the data (cAIs). In addition, the call for caution in
applying the results stems from the fact that the study clearly
points to significant heterogeneity of habitat conditions at
Medvednica mount. Altitude ranges, diverse exposures,
and relief features (as well as other variables) result in large
variations in environmental factors (Dobrović et al. 2006).
Such conditions make it difficult to identify provenances
that would perform a general adaptedness. The obtained
“algorithm” (among-provenance variation pattern related to
climate variables - Figure 5) can be more reliably applied in
selecting FRM for artificial stand restoration where habitat
conditions are more similar to those of the trial (altitude of
about 750 m a.s.l., northwestern exposure). In such cases, it
may be preferable to use FRM from provenances that, when
compared to a particular stand, originate from higher altitudes
or slightly lower (up to a minimum of 600 m a.s.l.), which are
relatively warmer (average July temperatures >18.4°C) and
drier during summer season (SHM = 30.0 to 48). The reliability
of the study results, as well as reliability of consequent
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recommendations, surely decreases with increased difference
between environmental conditions in restoration needed
stands and habitat conditions prevailing at the trial during the
analyzed test period.

CONCLUSIONS
The established among-provenance variation pattern can
be used as a tool in selecting FRM for artificial restoration of
devastated stands at Medvednica mount, at least for habitats
featured with environmental conditions similar to the trial
site (cleared sites facing northwest at altitudes between 700
and 800 m a.s.l.). For artificial restoration of such stands
it is advisable to use FRM originating from higher altitude
provenances, regarding the study results and with the foregoing
assumptions. FRM originating from slightly lower altitudes (up
to 150 m lower than a specific site) and relatively warmer and
drier habitats (mean July temperatures >18.4°C; SHM from
30 to 48) may be recommended, as well. The heterogeneity
of habitat conditions at Medvednica mount necessitates
establishment of more provenance trials according to design
options more suited to such conditions (e.g. smaller blocks,
non-contiguous plots, etc.). Data processing should be carried
out to minimize effect of micro-site variations (by addressing
spatial autocorrelation with available tools), i.e. to accurately
rank provenance performances at a trial site. Generally, this
study showed that provenance trials may be utilized as a
valuable decision tool in selecting adapted FRM for restoring
disturbed forest stands but may also be misleading if not well
designed and analyzed.
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