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Abstract
Background and purpose: Although organized forestry has existed in Croatia for more than 250 years, this mostly entailed
state forests. During the last decade, Extension Services have started to support the development of forest management
plans for privately owned forests. Lately, FMPs have been developed for nearly 3/4 of privately owned forests in Croatia.
During the creation of those plans, yield tables and normal models for state-owned forests, primarily even-aged stands with
long-time management, were used because similar data was not developed for uneven-aged and poorly managed forests.
This research encompasses privately owned forests in the Croatian Mediterranean and sub-Mediterranean regions where
holm oak (Quercus ilex L.) and downy oak (Quercus pubescens Willd.) are the prevailing species in forest stands. The main
goal was to determine site indices revealed in the analysis of yearly radial increments and to create relevant yield tables.
Materials and Methods: In this study, 1286 oak trees were cored to the centre on 377 locations spread in privately owned
forests in Croatian Mediterranean and sub-Mediterranean regions. The ratio of trees and locations was approximately
3:1 for Q. pubescens. Some cored trees were more than two centuries old. After the standard sample preparation for
dendrochronological analysis, cores were scanned, and tree-ring widths were determined. In total, ring width for over
67,000 rings was determined and measured.
Results: Based on the data dispersion of cumulative tree increments at 40 years of age, 2 site index classes for Q. ilex and 3
for Q. pubescens were created based on k-means clustering. Prodan’s growth function was fitted to the created clusters to
determine the site’s “model” tree. For the model trees, the percentage of volume growth was calculated. For easier field
site index determination, height curves based on field data for each site index were calculated.
Conclusions: For the first time in Croatia, systematic and controlled data on the growth (and age) of uneven-aged privately
owned forests in the Croatian Mediterranean and sub-Mediterranean area were collected. Based on the data collected in
the field, three different site indices for downy oak and two site indices for holm oak were determined. These results could
find their application during operational forest management and forest exploitation because they allow for more accurate
determination of the site production strength in the explored stands.
Keywords: privately owned forests, dendrochronology, uneven-aged forests, site productivity, site index
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INTRODUCTION
More than a half of the Croatian Mediterranean and
sub-Mediterranean area - circa 800,000 ha - are covered
with forest vegetation, and more than 95% of it consists of
holm oak (Quercus ilex L.) or downy oak (Quercus pubescens
Willd.) forests, mainly in degraded forms (coppice or shrubs/
maquis).
In the study of Gea-Izquierdo et al. [1] it is stated
that Quercus sp. is a widespread genus in the Northern
Hemisphere, and that it is the most important broadleaf
genus in the Mediterranean region. The most widespread
evergreen oak species in the West Mediterranean region is
holm oak. Its distribution ranges in latitude from Southern
France to the Anti-Atlas in Morocco [2]. In Croatia,
Mediterranean climate only affects islands and the narrow
area on the coastline. Larger proportion of coastal area is
influenced by sub-Mediterranean climate, where downy
oak prevails. Downy oak has a wide areal distribution that
extends from the north-east of the Iberian Peninsula to
Asia Minor. Downy oak, together with pedunculate oak
and sessile oak is the most common oak species in Central
Europe [3].
Regarding ownership, half of those forests are private
properties. Although organized forestry has existed in
Croatia for more than 250 years, it mostly entailed state
forests. Privately owned forests were not actively managed
in the past although they had to adhere to certain laws
and regulations throughout history, but forest owners had
a possibility to decide what and when to do with their
ownership. This led to uneven-aged forests with great
diversity of stand structure in small areas. This is reflected
in the small size of forest plots and the presence of multiple
owners on one plot, making sustainable management
impossible. The average private forest plot in these areas is
0.27-0.37 ha, with forest estates ranging from 1.73 to 2.43
ha, in many cases having several owners [4].
Čavlović [5] stated that there are multiple challenges
for private forest owners: small area management,
heterogeneity of stands, low quality of cadaster and
land registry, unmarked cadastral plot borders and forest
degradation.
After the WWII, some Forest Management Plans
(FMP) for privately owned forests were created, but they
encompassed only a few percentages of privately owned
forests. For many of these areas, FMP were created up to
the 1990s.
During the last decade, Extension Services have
started to systematically support the development of forest
management plans for privately owned forests. Currently,
FMPs have been developed for nearly 3/4 of privately
owned forests in Croatia. For the aforementioned plans,
growth tables and normal models for state-owned forests,
primarily even-aged stands with long-time management,
were used because similar data has never been developed
for uneven-aged and poorly managed forests.
Due to the presence of double ring or absent ring and its
high wood density (compared to other European species),
holm oak is not a widely researched species. Additionally,
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holm oak is an evergreen tree species, which means that it
can potentially grow during the whole year, which could lead
to problems related to tree-ring boundary recognition and
calls to special attention when measuring tree-ring widths.
Previously conducted research was oriented more towards
dendrochronology and dendroecology and correlation
between climate and tree-ring width than towards radial
increment investigation [1, 2, 6-8]. The only research known
to the authors and comparable to this one was study of GeaIzquierdo et al. [9].
Gea-Izquierdo et al. [1] also stated that holm oak,
due to its wide distribution, confers great potential for
dendroecology upon the species if tree rings can be correctly
dated despite the presence of double and absent rings (e.g.
[6, 10, 11]) or unclear tree-ring boundaries.
Downy oak has been more studied than holm oak, but
not in a comparable manner. Previous papers focused on
the influence of climate or environment on the growth in
specific years [12, 13] or on 10-year average increment [14].
With this research, for the first time, privately
owned forests have been encompassed in the Croatian
Mediterranean and sub-Mediterranean region where holm
oak (Quercus ilex L.) and downy oak (Quercus pubescens
Wild.) forests are the most common forest species by
coverage. The main goal was to determine site indices
revealed in the analysis of yearly radial increments and to
model volume percentage increment of the mean basal area
of trees for those site indices.

MATERIALS AND METHODS
General Description of the Locations

The object of this research were privately owned forests
in Croatian Mediterranean and sub-Mediterranean regions.
These forest areas are covered mainly by holm oak (Quercus
ilex L.) or downy oak (Quercus pubescens Willd.) forests,
respectively (Figure 1).
By comparing these areas with CORINE land cover
database for Croatia (CAEN) for reference year 2012
(categories encompassing forests and forest succession codes 311, 312, 313, 323 and 324) and the coverage of the
state-owned forests (Croatian Forests Ltd.), it was assumed
that there are approximately 400,000 privately owned
forests in Croatian Mediterranean and sub-Mediterranean
regions (Figure 2).
In 2007, Extension Services started to systematically
create forest management plans (FMPs) for privately owned
forests, many of which were created for the first time. By
the time of this project’s establishment, FMPs have been
created for almost half of the research area (Figure 3).
Data from FPMs are the only valid reference data for
privately owned forest areas and management classes;
therefore, only forest compartments in these management
units where management classes consisted of holm oak or
downy oak (coppice or high forests) were selected. In each
compartment, 2-4 locations were selected, covering as
many diverse forest stand characteristics as possible from
FMPs (DBH, stand volume, elevation, slope, etc.), while
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FIGURE 1. Ecological areas of holm oak (dark green) and downy oak (light green) phytocenosis.

FIGURE 2. Areas of forests and forest succession by CLC 2012 and their ownership (blue – state-owned forests, red – privately
owned forests).
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FIGURE 3. Created FMPs in the researched area.

also trying to cover most of the research area. In total, 377
locations along the Croatian coast were selected (Table 1,
Figure 4).

Sampling Strategy

On each plot 2-3 trees whose diameter corresponds to
the mean basal area at the plot were sampled. Additionally,
samples were taken from one dominant tree at the plot.
From each sampled tree 2 cores per tree or one core
through the tree were taken, or in some cases, stem disks
were acquired as well. During a field campaign 994 Quercus
pubescens (QUPU) and 308 Quercus ilex (QUIL) trees were
sampled.

Sample Processing and Measurement

The samples were prepared in the laboratory according
to the standard dendrochronological procedure [15]. The
samples were dried and dry cores were then fixed into wooden
holders (which was not the case with the stem discs). Finally,
they were sanded on an industrial belt sander with sanding

paper of progressively higher grade – 120, 240 and 360 and,
if necessary, with 400 or 600 grade to achieve good visibility
of tree-rings.
All samples were scanned using a high-resolution flatbed
scanner and tree-rings were measured with CDendro and
CooRecorder software. Measured tree-ring width sequences
were converted to TUCSON decadal format and imported
into COFECHA [16] program for quality control. COFECHA
programme checked for measuring errors and cross-dating
mistakes. If errors in the tree-ring width sequences were
detected, it was checked (1) if all tree-ring boundaries were
correctly detected, and (2) if tree-rings in question were
correctly measured. A small number of measurements needed
to be corrected because of wrongly dated year beneath the
bark or wrong calibration in the CDendro software. Corrected
measurements were then re-imported into the main database.
For further processing tree-ring width sequences were
exported to R programming environment [17] and processed
to get a file which could be used for the calculation of site
productivity.

TABLE 1. Share of plots by region and tree species.
Region

68

Number of plots
Quercus pubescens

Quercus
ilex

Total

Istria and Kvarner

210

75

Northern and Central Dalmatia

53

4

57

Southern Dalmatia

22

13

35

Total

285

92

377
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FIGURE 4. Location of sample plots.

Calculation of Site Productivity, Volume Growth Percentage and Height of Mean Basal Area Tree
Site productivity of the forest stand is by definition the
production of the forest stand in a certain period of time
(e.g. 50 or 100 years) [9], which includes information on the
achieved tree height, development of tree height over time,
as well as diameter growth and radial increment. Given that
the only available information was the age of trees and
radial increments for each year, the definition had to be
slightly modified and it was decided that the development
of cumulative increment at average tree age of 40 years will
be studied. The decision to calculate site productivity at the
average tree age of 40 years is based on preliminary analysis
of the age of cored trees. By setting age higher than 40 years,
too many plots would be lost. In case of 40 year-old trees
only 9% (8 out of 92 plots) of plots were lost for QUIL and
6% (18 out of 285 plots) for QUPU. Plots with trees younger
than 40 years were simply not suitable for the calculation of
the site productivity.
After that, cumulative value of the radial increment at
40 years was taken and this data was entered into k-means
clustering in R [17] with request to form 3 groups for QUPU
and 2 groups for QUIL. The number of groups per species was
based on the range of cumulative radial increment in a given
year. For QUPU this range was very wide, while for QUIL
it was modestly narrow. A larger number of groups were
https://www.seefor.eu

tested, but due to smaller number of samples overlapping
of site indices was bigger. This amount of selected sites
showed the best discrimination with minor overlapping of
data between sites.
To establish site index classes 1-3 for QUPU and 1-2 for
QUIL we (1) allocated the cluster number to each location
separately for two analysed tree species, and (2) calculated
Prodan’s growth function for each productivity group
and tree species. For the latter, the NLS function in the R
statistical environment was used [17].
By doing this normal (average) tree could be recreated,
which was then used for the calculation of the transition
time from one DBH class to another, which is the main input
in volume growth percentage by [18].
Also, for easier determination of site indices in the
field, relevant height curves were calculated (Mihajlov
exponential equation [5]) with measured height and
assigned site indices.

RESULTS
Age Structure on Studied Plots

Age structure of investigated trees is shown in Table 2
and Figure 5.
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200
Q ilex

180

Q pubescenes

160

Number of cores

140
120
100
80
60
40
20
0

unread

*10-20

21-30

31-40

41-50

51-60

61-70

71-80

81-90

91-100 101-110 111-120 121-130 131-150 151-200 201-267

Age of cores

FIGURE 5. Cores grouped by age classes.
TABLE 2. Trees grouped in age classes.

81-90

59

26

10

8

3

16

112

173

162

190

165

73

26

Total

3

18

144

250

250

249

191

83

34

Since some cores (61) are not cored to the centre due to
expressed peculiarity of investigated trees, those cores are
not taken into account in further analysis.

Site Index for Quercus pubescens and Quercus ilex

To establish the site index, it was initially necessary
to find differences between the studied plots. The most
appropriate method for this was the clustering method by
using annual increments on each plot. Therefore, k-means
clustering was used with request to form 3 groups for QUPU
and 2 groups for QUIL.
In the QUPU group 3 classes were identified – mean
basal trees on the sites with the highest site index for QUPU
achieved diameter of approx. 184 mm, while trees on the
sites with the lowest site index for QUPU achieved diameter
of only 87 mm at the age of 40. The diameters with the
highest site index in QUPU group are more than 2 times
bigger than the diameters in LOW QUPU group (Table 3).
Sites with predominantly QUIL trees showed smaller
growth as compared to sites with predominantly QUPU

70

SEEFOR 10 (1): 65-75

201-267

71-80

88

151-200

61-70

77

131-150

51-60

32

111-120

41-50

Q. ilex
(QUIL)

Total

101-110

31-40

2

Q. pubescens
(QUPU)

1

1

12

12

16

13

17

5

3

998

12

13

17

13

17

5

3

1302

91-100

21-30

Unread

10-20

Species

121-130

Age classes (years)

304

trees. Therefore, sites with QUIL were split into two groups
– those with high and those with low site index. In the HIGH
group QUIL trees achieved diameter of about 120 mm at the
age of 40, while in the LOW group they achieved only 88 mm
at the age of 40.
Based on the cluster analysis and defined groups,
growth curve for each of the site index classes was
calculated. Prodan’s function was used to express the
relationship between age and growth (Equation 1). Prodan’s
function belongs to a group of so-called s-functions and it
describes the relationship between growth and tree age
particularly well.

(1)
In Table 6 field data are grouped by investigated site
index.
https://www.seefor.eu

Site Index and Volume Growth Percentage Determination for Privately Owned Uneven-aged Stands of Quercus pubescens and Quercus ilex along the Croatian Adriatic Coast

TABLE 3. Site productivity classes at the age of 40 for both tree species as calculated with the k-means clustering method
Species

Site productivity class

Quercus pubescens

Quercus ilex

Average value of the cumulative 2-sided radial growth
(mm)

Site productivity description

1

184.92

High

2

129.06

Medium

3

87.58

Low

1

119.12

High

2

88.32

Low

TABLE 4. Coefficients of Prodan’s growth function for Quercus pubescens.
Site index

a

b

c

High

0.27505442

0.24795814

0.00461414

Medium

-0.300015346

0.465903921

0.003865383

Low

-0.559702284

0.735878702

0.004597677

TABLE 5. Coefficients of Prodan’s growth function for Quercus ilex.
Site index

a

b

c

High

0.605188232

0.427293554

0.005386264

Low

0.559884275

0.517723183

0.007820995

Cumulative radial increment (mm)

400

Site productivity classes
High
Medium
Low

300

200

100

0
0

20

40

60

80

100

Age

FIGURE 6. Site productivity classes with Prodan’s curves embedded for Quercus pubescens. Differences in site indices are
visible. Dots represent each analyzed tree-ring in data pool.
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300

Site productivity classes
High
Low

Cumulative radial increment (mm)

250

200

150

100

50

0
0

20

40

60

80

100

Age

FIGURE 7. Site index classes with Prodan’s curves embedded for Quercus ilex. Dots represent each analyzed tree-ring in data
pool.
TABLE 6. Field data grouped by assigned site index.
Species

Q. ilex

Q. pubescens

Site index

No. of
data

Average age
(years)

High

136

43.89

Average DBH Average tree
(cm)
height (m)
15.55

Max DBH
(cm)

Max tree
height (m)

9.87

81

27.90

14.30

Low

157

48.08

13.71

9.25

105

25.85

17.10

Total

293

46.14

14.56

9.54

105

27.90

17.10

High

174

50.73

23.31

13.29

134

44.35

22.30

Medium

411

53.14

18.86

11.75

149

42.85

24.40

Low

363

62.72

15.63

9.22

267

42.25

16.70

Total

948

56.37

18.43

11.06

267

44.35

24.40

1241

53.95

17.51

10.70

267

44.35

24.40

Total

Volume Growth Percentage

Based on the previous results, transition time from one
DBH to another for average basal area tree by site index was
calculated. This transition time was then used to calculate
volume growth percentage by Klepac (Equation 2).
(2)
where p is volume growth percentage, DBH is diameter at
breast height, and Td is transition time.

72

Max age
(years)
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For easier field site index determination, height curves
based on field data for each site index were also calculated
using the Mihajlov’s height equation (Equation 3).
(3)
where h is tree height, b0 and b1 are parameters and DBH is
diameter at breast height.
Volume growth percentages and heights from height
curves for each tree species and site index are shown in
Table 7.
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TABLE 7. Volume growth percentages and height by tree species and site index.
Species

Site index
High

Q. pubescens

Medium
Low
High

Q. ilex
Low

DBH of mean basal area tree (cm)

Parameter

12.5

17.5

22.5

27.5

32.5

37.5

42.5

Height (m)

7.4

10.0

11.9

13.3

14.4

15.2

15.9

Growth (%)

9.20

3.70

1.62

0.66

0.20

0.01

Height (m)

8.1

10.2

11.6

12.7

13.4

14.0

Growth (%)

5.72

2.57

1.30

0.67

0.32

0.13

0.03

Height (m)

6.7

8.8

10.3

11.4

12.2

12.8

13.3

Growth (%)

3.09

1.26

0.55

0.22

0.07

Height (m)

7.7

9.2

10.2

10.8

11.4

11.7

12.0

Growth (%)

4.37

1.56

0.55

0.13

0.01

10.8

11.3

11.6

12.0

Height (m)

7.6

9.1

10.1

Growth (%)

1.66

0.23

0.01

DISCUSSION
For the first time in Croatia, systematic and controlled
data on the growth (and age) of uneven-aged privately
owned forests in the Croatian Mediterranean and subMediterranean area have been collected. Accordingly, the
objects of the study were forests of holm oak or downy
oak, which cover almost half of the forested area, in various
forms, along the Croatian coastline (i.e. approximately
400,000 ha).
Based on the data collected in the field, three different
site indices for downy oak and two site indices for holm oak
were determined. Also, the volume growth percentage for
each site index and species were determined. In addition,
height curves were created for easier field site index
determination.
From the measured data (Table 6) and equalized heights
(Table 7), it can be noticed that the difference between the
first and the second site index for holm oak is almost nonexisting, while the difference in the mean diameters and
volume growth percentages is significant. This confirms
the justification for using the diameter growth and radial
increment as a distinctive feature when determining site
index in this type of forests.
As mentioned, studies on holm oak are sparse and not
comparable to this one. The only comparable results [7]
are shown in Table 8. It can be concluded that trees at the
sites from this study are more than a half of size of the holm
oaks from the previous study. This can be expected, since in
the previous study the growth of holm oaks in agroforestry
system with low tree density was studied, while in the
present study only mean basal area trees in unmanaged,
high tree density stands were encompassed.

14.5

Other comparable data are mean ring widths obtained
from chronologies. In the study of Gea-Izquierdo et al. [8] it
is reported that mean ring width on different sites amounts
to 1.437 mm and 2.347 mm (respectively), while in this case
mean ring width is 1.4257 mm on lower productivity sites
and 1.7771 mm on higher productivity site. This clearly
shows that sites for holm oak in Croatia are of lesser quality
than in the Iberian Peninsula.
Downy oak has been studied more than holm oak, but
not in comparable manner to this research. Rohner et al.
[17] investigated growth dependence on environmental
variables (slope, elevation, etc.), for Q. petrea, Q. robur and
Q. pubescens together without any differentiation on the
species level.
Pranjić and Lukić showed [14] showed the average
radial growth rate of approximately 2 mm and 1.1 mm for
two sites in Istria for 40 years long period. This is completely
in accordance with our investigation and the determined
average ring width on the lowest (0.125 mm) and the
highest quality sites (0.230 mm) throughout Croatia.
Comparing the mean ring width reported by Kunstler
et al. [11] (0.228 mm), the highest productivity site in
this research has similar ring width, but on the lowest
productivity site average ring widths of trees were almost
half of that size (0.125 mm).
Regarding the reported average ring width in southern
France [18] (1.0 mm for wet sites and 0.71 mm for dry sites),
in this study all trees on the determined sites have wider
average tree ring width.
Low measured tree heights as well as low modeled
height with low percentage of volume increment in higher
DBH classes clearly show the effect of harsh conditions on
the life and development of these stands. These results are

TABLE 8. Comparison of holm oak (Q. ilex) results.
Age

DBH (cm)
Low density

High density

Gea-Izquierdo et al. [7]

30

7.8

9.9

15

60

12.0

15.8

27

90

14.7

19.6

34
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evidence that biological and genetic potential had an impact
when these trees were young and that they were supported
by a certain amount of nutrients from these shallow soils.
Furthermore, it can be concluded that external factors
quickly affected the growth and development of these trees
(and stands) negatively, as well as that these soils cannot
support the needs of older and/or bigger trees.
These results could find their application during
operational forest management and forest exploitation by
enabling more accurate determination of the production
strength of the explored stands. They can also help
during the development of the NIR (National Inventory of
Greenhouse Gases), since these results could be applied
throughout the length of the Croatian coast.

CONCLUSIONS
For the first time in Croatia, systematic and controlled
data on the growth (and age) of uneven-aged privately

owned forests in the Croatian Mediterranean and subMediterranean area were collected. Based on the data
collected in the field, three different site indices for downy
oak and two for holm oak were determined. These results
could find their application during operational forest
management and forest exploitation by enabling more
accurate determination of the production strength of the
explored stands.
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