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Abstract

The management of pedunculate oak (Quercus robur L.), one of Croatia’s most
important tree species from both socio-economic and ecological perspective,
is facing increasing challenges. Various biotic and abiotic threats are affecting
overall forest stability. Given the significant variability in the morphological and
physiological properties of this tree species, research into provenance produc-
tivity plays an important role for the forestry sector. Therefore, this study analy-
ses the productivity of 16 pedunculate oak provenances on two sites in Croatia's
lowlands: Gajno in Central Croatia and Slavir in Eastern Croatia. Both trials were
established in 1988 in a randomised block design in four repetitions by the Cro-
atian Forest Research Institute. Data were collected from 2017 to 2025 (diame-
ter at breast height (DBH) and tree height (h)). Tree volume (v) was calculated,
and descriptive statistics, RM-ANOVA, MANOVA, and Tukey post hoc tests were
used for data analysis. The results revealed statistically significant differences in
volume in the Gajno site, with Velika Gorica provenances exhibiting the highest
productivity across the studied years. Provenances Gunja (in 2017), Motovun (in
2021), and Morovic (in 2023) displayed the lowest values. In the Slavir site, the
highest productivity was recorded in the Gusevac provenance, while the low-
est was observed in the Velika Gorica provenance across the studied years, even
though a statistically significant difference was not proven. Analysis between
the two sites confirmed statistically significant differences, with Slavir showing
higher productivity. Since the local provenances showed the highest volume,
it is recommended to use them for forest restoration programs in the Croatian
lowlands. Attention should also be given to the Vrbanja provenance, which dis-
played above-average volume at both sites, indicating good adaptability to a
wider range of site conditions. The findings highlight the importance of scientif-
ically based provenance selection for forest restoration programs, particularly in
the context of climate change adaptation. Continuous monitoring and silvicul-
tural measures are imperative for enhancing resilience and ensuring the long-
term sustainability of achieving optimal provenance productivity for a given site.
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INTRODUCTION

Pedunculate oak (Quercus robur L.) is one of the most
economically valuable tree species with a wide natural
distribution across Europe (Eaton et al. 2016). This mostly
applies to timber, which generates the highest monetary
value from the sale (Teslak et al. 2013). Pedunculate oak
forests are the most significant and valuable forests situ-
ated in Croatia’s lowland (Gracan and Peri¢ 1993, Tikvi¢ et al.
2009). Pedunculate oak’s mortality has repeatedly occurred
over the past three centuries (Thomas et al. 2002), but has
become more pronounced in the last decade (Krutovsky et
al. 2025). These forests are gradually losing their overall sta-
bility due to intensifying climate change (Mikac et al. 2020,
Kesi¢ 2021), along with more frequent and intense events,
such as droughts, irregular precipitation distribution, and
severe storms (IPCC 2021). Climate change, combined with
rising harvest levels across Europe, has intensified over the
last decade, largely driven by the implementation of bioeco-
nomy policy goals (Ceccherini et al. 2020). Furthermore, the
decreased frequency of mast years and the decline in acorn
quantity and quality pose another significant challenge for
forestry, especially in the forest restoration activities (Anic
2025). Such issues can lead to significant shifts in forest com-
position and structure (Klepac 2000, Ortmann-Ajkai et al.
2017),including a reduction of the forest ecosystem services.
Moreover, climate change causes shifts in the site suitability
for forest tree species (Dolos et al. 2015), which add to the
complexity of forest restoration. However, it also reveals the
resilience of certain individuals, provenances, and species to
overcome the threats (Fady et al. 2016), making appropriate
provenance selection and related scientific efforts crucial for
successful restoration and prestoration actions in the face
of climate change. Repeating forest restoration activities is
costly and time-consuming, so proper planning is crucial to
avoid unnecessary repetitions (Podan and Peri¢ 2022). Iden-
tifying stress factors, monitoring changes in site conditions,
and selecting suitable provenances have an important role
in both restoration and prestoration of pedunculate oak
forests, especially given the considerable variability in the
morphological and physiological properties within the spe-
cies (Peri¢ 2001). Initial studies on the success of different
provenances of pedunculate oak in Croatia began at the end
of the 1980s (Gracan 1986, Komlenovi¢ et al. 1988, Gracan
etal. 1991, Gra¢an 1993, Gra¢an and Peri¢ 1993, Peri¢ 2001).
The results obtained so far on the performance of peduncu-
late oak provenances in Croatia, conducted across different
developmental stages from outplanting to 38 years of age,
confirm the importance of proper provenance selection
for both forest restoration and prestoration. Ensuring that
future forests possess sufficient adaptive capacity to with-
stand climate change-related events is considered essential
(Kramer 2016). Therefore, the objectives of this research are
to: (1) determine the productivity of different provenances
to support restoration and prestoration activities in Croa-
tia’s lowland areas and raise the resilience of pedunculate
oak forests, (2) determine whether there are differences in
provenance productivity between sites, and (3) provide rec-
ommendations for the provenance selection in restoration
and prestoration actions.
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MATERIALS AND METHODS

Research Area

The experimental sites, Gajno (in northwestern Croatia, near
Jastrebarsko) and Slavir (in eastern Croatia, near Vinkovci),
are identical provenance tests established by the Croatian
Forest Research Institute in 1988. Experimental sites are situ-
ated in the lowland areas and are characterised by different
environmental conditions. On the Gajno site, the average
annual precipitation ranges from 1000 to 1500 mm, while
the average annual air temperature is around 11°C (Zani-
novi¢ et al. 2008). The most prevalent soils in this area are
pseudogley and amphigley, while the dominant vegetation
is composed of pedunculate oak and common hornbeam
(Carpino betuli-Quercetum roboris) and pedunculate oak
with dyer’s greenweed (Genisto elatae—Quercetum roboris)
communities (Peri¢ 2001).

In the Slavir site, average annual precipitation varies from
600 to 700 mm, with an average annual air temperature
around 12°C (Zaninovi¢ et al. 2008). In this area, soils are
classified into two groups: automorphic soils and hydro-
morphic soils. The microrelief exerts a significant influence
in this region, affecting the distribution of water across the
area. The dominant vegetation is composed of pedunculate
oak and common hornbeam (Carpino betuli-Quercetum
roboris), pedunculate oak with dyer’s greenweed (Genisto
elatae—Quercetum roboris), and a forest of narrow-leaved ash
with summer snowflake (Leucoio-Fraxinetum angustifoliae)
communities (Peri¢ 2001).

Study Design

The study includes 16 provenances (Table 1), 15 of which
are from Croatia and one from Serbia. When establishing the
provenance tests, the natural distribution range of pedun-
culate oak was considered, spanning from the easternmost
provenance (Morovic) to those in the far west of Croatia
(Motovun) (Figure 1). This approach covers the entire distri-
bution range of pedunculate oak within Croatia.

At each experimental site, 6400 seedlings were planted. The
experimental sites were established with two-year-old seed-
lings in a randomised block design with four replications
(Figure 2). In each of the four replications, 100 seedlings
from each provenance were planted (Figure 3), i.e., 4 replica-
tions x 16 provenances x 100 seedlings. The seedlings were
planted at a spacing of 1.5 x 1.5 meters.

Research Methods

Data on tree heights (Haglof / Vertex IV device) and breast
height diameters (calliper) were collected. At the Gajno site,
data were collected in 2017, 2021, and 2023. At the Slavir
site, data were collected in 2023 and 2025. During the inven-
tory, breast height diameters were permanently marked to
ensure consistency in subsequent measurements and to
minimise potential measurement errors. From the collected
data on height and diameter at breast height, the volume of
each tree was calculated. Tree volume was calculated using
the following formula (Spiranec 1975):

— b b.
V= boxd, P x h?xf
Total tree volume with bark up to a diameter of 7 cm (Vge)
was estimated based on measured breast height diameter

(d,,,) and total tree height (h,), using the Schumacher-Hall
function. The parameters of the function were b = 0.00005,
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Table 1 Pedunculate oak provenances used in the experimental sites, with basic information on each provenance (adapted from Gracan 1993).

No. Provenance Nlatitude Elongitude Altitude (m) Soil Forest office
1 Motovun 45°20' 13°50' 20 Fluvisols Buzet
2 Skakavac (Domacaj lug 14) 45°29' 1542 12 Eugleys Karlovac
3 Orlovac (Recicki lug 48) 45°33' 15°44' 12 Pseudogley Karlovac
4 V. Gorica (Tur. lug 8a, 9b) 45°40' 16°10' 98 Fluvisols Zagreb
5 Novska (Trstika 20b) 45°02' 16°55' 143 Eugleys Nova Gradiska
6 Lipovljani (). Kozarac" 43a) 45°26' 16°49’ 143 Eugleys Nova Gradiska
7 Okucani (Ljeskovaca 8b, 12b) 45°11' 17°10' 95 Eugleys Nova Gradiska
8 Burdenovac (Burd. niz. Sume) 45°34' 18°08' 97 Eugleys Vinkovci
9 Gusevac (Trstenik) 45°13' 18°29' 9% Eugleys Vinkovci
10 Spacva (S. Radisevo) 44°56' 18°50' 85 Eugleys Vinkovci
Al Gunja (Desicevo) 44°57' 18°49' 86 Eugleys Vinkovci
12 Morovic (S. Mitrovica) 45°02' 1911 82-85 Metamorphosed Loess Sremska Mitrovica
13 Dubica (Pos. Sume) 4517' 16°44' 98 Eugleys Sisak
14 Zdenacki gaj (Prespinjaca 2a) 45°37' 17°04' 160 Eugleys Bjelovar
15 Kljucevi 34a 45°11' 17°21 95 Eugleys Nova Gradiska
16 Vrbanja (Vrbanjske Sume 102a-1, 113-f, 114-g) 45°01' 18°59' 85 Eugleys Vinkovci
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Figure 1 Provenances and experimental sites'locations on the map of the Republic of Croatia (adopted from Gracan et al. 1991).
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Figure 2 Layout of the randomized block design at the experimental sites (Peri¢ 2001).
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Figure3 Initial planting schematic view of a provenance within one replication (left), and follow-up schematic view of survival after 38 years (right).

0 =living trees; X = dead trees

b,=2.04838, b,=0.89212, and Meyer’s correction factor was
f=1.00374. Descriptive statistics, Repeated Measures Analy-
sis of Variance (RM ANOVA), Multivariate Analysis of Variance
(MANOVA), and Tukey Post Hoc Test were used for data anal-
ysis in the Statistica software (Cloud Software Group, Inc.
2023). Using descriptive statistics, we extracted data on the
number of living trees (NLT) in the last year of measurement
for each provenance, as well as mean volume values (MVV)
and standard deviation (SD) across the studied years. With
RM ANOVA, we tested differences between provenances
for volume, since the condition of variance homogeneity
was proved. When a significant statistical difference was
found between provenances, we used the Tukey post hoc
test to determine which provenances differed from others.
A MANOVA was performed to examine volume differ-
ences between sites and to evaluate the interaction effect
between site and provenance. A Type | error (a) of 5% was

considered statistically significant.
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RESULTS

Gajno Site
Descriptive statistics of the Gajno site include the NLT, MVV,

and SD for 16 provenances, across the studied years (2017,
2021, 2023), as presented in Table 2.

The lowest NLT was recorded for the Gunja provenance,
while the highest NLT was recorded for the Orlovac prove-
nance. The highest MVV was recorded for the Velika Gorica
provenance in all researched years. The lowest MVV was
recorded in the Motovun provenance in 2017 and 2021,
while the Morovi¢ provenance had the lowest MVV in 2023.
The BPurdenovac provenance had the largest SD in 2017,
while the Lipovljani provenance had the largest SD in 2021
and 2023. The smallest SD was recorded in the Gusevac
provenance in 2017 and 2023, and in the Okucani prove-
nance in 2021.

The Tukey post hoc test revealed a significant difference for
the Velika Gorica provenance compared to provenances
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Table 2 The Number of Living Trees (NLT) in 2023, Mean Volume Values (MVV), and Standard Deviation (SD) for 16 provenances across the studied years in the Gajno site.

Descriptive statistics for the Gajno site

MVV and SD (m?) across the studied years

Provenance NLT 2023
MVV 2017 SD MVV 2021 SD MVV 2023 SD

1 Motovun 77 0.11796 0.10195 0.18252 0.15171 0.20359 0.15982
2 Skakavac 119 0.15756 0.13358 0.21454 0.16107 0.23603 0.17386
3 Orlovac 124 0.14017 0.10552 0.20993 0.14807 0.22811 0.16533
4 Velika Gorica 61 0.19618 0.14445 0.29064 0.19832 0.31992 0.19578
5 Novska 92 0.13684 0.09813 0.19893 0.13891 0.22746 0.15868
6 Lipovljani 9 0.16188 0.14258 0.24199 0.20646 0.26424 0.21428
7 Okucani 95 0.13456 0.09264 0.19677 0.12747 0.22796 0.14309
8 Durdenovac 105 0.19533 0.14962 0.25360 0.17793 0.28992 0.19878
9 Gusevac 82 0.12831 0.08753 0.18877 0.12878 0.21073 0.13961
10 Spacva 86 0.15816 0.11247 0.23527 0.15861 0.25607 0.17684
" Gunja 37 0.12475 0.09002 0.19456 0.13503 0.22640 0.15084
12 Morovi¢ 80 0.13168 0.12155 0.18626 0.16159 0.20199 0.17030
13 Dubica 116 0.12887 0.11129 0.19715 0.14910 0.21808 0.16700
14 Zdenacki gaj 107 0.17127 0.11858 0.22908 0.15878 0.26698 0.18397
15 Kljucevi 29 0.15084 0.11873 0.21182 0.16434 0.23682 0.18323
16 Vrbanja 91 0.16979 0.12901 0.25925 0.18231 0.27617 0.18085

All groups 1467 0.15077 0.11993 0.21827 0.16248 0.24283 0.17627

Motovun, Orlovac, Novska, Gusevac, Morovi¢, and Dubica DPurdenovac provenances showed greater annual volume
(p < 0.05). The other provenances did not show statistically

P ) : increments during the period from 2021 to 2023 compared
significant differences in volume.

The RM ANOVA of volume across the researched years with the preceding period. Figure 4 presents the 95% confi-
confirmed a significant difference in provenance volume dence interval for volume across the studied years.
(p < 0.05), both between the
values of individual years and 0,40
between provenance and years.
This indicates that the prov-
enances displayed different 0,35
growth dynamics throughout
the study period. For exam-

ple, the Vrbanja provenance 0.a0
recorded one of the highest

annual volume increments ~ 025
during the period from 2017 to %
2021. However, in the follow- E

ing period from 2021 to 2023, 2 0,20

the provenance showed one

of the lowest annual volume
increments. A similar pattern 0,15
was recorded in the Orlovac,

Velika Gorica, Lipovljani, and

Spacva provenances, Wwhich 0.1
showed greater annual growth

increments in the period from

2017 to 2021, followed by MR 3 5 7 9 1 13 15 %x:ﬁxjﬁg
reduced annual growth in the Provenance =%~ Volume 2023
period from 2021 to 2023. In

contrast, the Zdenacki gaj and  Figure 4 The 95% confidence intervals for mean volume values for 16 pedunculate oak provenances in the Gajno site.

121



Slavir Site

Descriptive statistics of the Slavir site include the NLT in
2025, MVV, and SD for 16 provenances across the studied
years (2023 and 2025), as presented in Table 3.

The lowest NLT was recorded in the Motovun and Gusevac
provenances. In contrast, the highest NLT was recorded
in the Zdenacki Gaj provenance. The highest MVV was
recorded for the Gusevac provenance, while the lowest

MVV was recorded for the Velika Gorica provenance, in both
researched years. The Gunja provenance exhibited the larg-
est SD, while the smallest SD was recorded for the Velika
Gorica provenance, in both years.

The RM ANOVA conducted on the volume did not reveal
any significant differences in the volume of the prove-
nances (p > 0.05). This finding applies to both comparisons
between the individual years and the interaction between
provenance and year (Figure 5).

Table 3 The Number of Living Trees (NLT) in 2025, Mean Volume Values (MVV), and Standard Deviation (SD) for 16 provenances across the studied years in the Slavir site.

Descriptive statistics for the Slavir site

MVV and SD (m®) across the studied years

Provenance NLT 2025
MVV 2023 SD MVV 2025 SD
1 Motovun 37 0.38168 0.30389 043751 0.33736
2 Skakavac 46 0.36001 0.26218 0.40624 0.29016
3 Orlovac 56 0.30979 0.25565 0.35075 0.28568
4 Velika Gorica 64 0.25159 0.18332 0.29217 0.21182
5 Novska 49 0.36462 0.24790 0.39662 0.27125
6 Lipovljani 44 0.28963 0.24295 0.34269 0.27247
7 Okucani 45 0.28373 0.24401 0.32370 0.27300
8 Purdenovac 53 0.29243 0.27102 0.33074 0.30488
9 Gusevac 37 0.39928 0.27085 0.45949 0.30690
10 Spacva 64 0.31098 0.25885 0.35751 0.29754
1 Gunja 52 031715 0.32248 0.38276 0.36794
12 Morovi¢ 59 0.32675 0.23486 0.38883 0.26195
13 Dubica 56 0.26860 0.22059 0.32373 0.26279
14 Zdenacki gaj 75 0.31453 0.24763 0.35624 0.28525
15 Kljucevi 52 0.27285 0.19399 0.34327 0.21695
16 Vrbanja 40 0.33914 0.22165 0.39465 0.25392
All groups 829 0.31331 0.25037 0.36313 0.28233
0,6
0,5
4 0,4
£
:
S
0,3
0,2
0,1
1 3 5 7 9 1 13 15 = Volume 2023
Provenance —H- Volume 2025

Figure 5 The 95% confidence intervals for mean volume values for 16 pedunculate oak provenances in the Slavir site.
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Multivariate Analysis of Variance (MANOVA) between  Gajno site was 0.25 m*, while at the Slavir site it was 0.32 m>.
Gajno and Slavir Sites A 95% confidence interval for the difference in provenance

. ) ) MVV at the sites is shown in Figure 7. The greatest volume
The MANOVA revealed a difference in volume by siteand an ittarences in 2023 between the Gajno and Slavir sites were

interaction between site and provenance (p < 0.05). A 95%  recorded for the Gusevac provenance (0.18855 m?), followed
confidence interval for the difference in overall provenance by provenances Motovun (0.17808 m®), Novska (0.13715 m?),
volume at the sites is shown in Figure 6. The MVV at the Morovi¢ (0.12476 m?), and Skakavac (0.12398 m>).
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Figure 6 The 95% confidence intervals for the overall mean volume values in 2023 of the Gajno and Slavir sites.
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Figure 7 The 95% confidence intervals for the mean volume values in 2023 of 16 pedunculate oak provenances in
the Gajno and Slavir sites.
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DISCUSSION

Regional variation and clinal patterns in European oaks have
been described in earlier literature (Kleinschmit 1993), but
statistical results have rarely been reported. In the Croatian
lowland forests, the pedunculate oak differs very clearly,
both morphologically and ecologically, from other oak spe-
cies, as it occupies floodplains and, in contrast to other oaks,
very selective sites (Franjic¢ et al. 2000). The provenance that
demonstrates the best growth performance can be consid-
ered the best adapted to the given site conditions and is thus
recommended for restoration in similar environments (Bal-
lian and Memisevi¢ Hodzi¢ 2022). In our research, the Vrbanja
provenance demonstrates above-average production at
both studied sites, indicating its adaptability to various site
conditions. Such provenances may be of particular interest
to actors in restoration actions and beyond, especially if
they exhibit traits associated with high-quality timber, such
as a well-developed wood structure and stem straightness
(Kranenborg and de Vries 1999). Previous studies showed
that some provenances in the Gajno site were more similar
and more closely related to each other than others, and this
relatedness depended on microsite conditions, which were
crucial for their similarity and mutual association (Franji¢
et al. 2000). Jensen (2000) conducted a study of 33 prove-
nances in Danish field trials with pedunculate oak. The trials
included provenances from Denmark, the Netherlands, Ger-
many, Norway, and Sweden, established between 1900 and
1988. The results revealed significant differences in volume
among provenances and strong geographical patterns in
growth, although considerable variation was also evident
within regions. Buras et al. (2020) investigated how soil
properties impact the growth and productivity of peduncu-
late oak. Ten Dutch provenances were planted across three
trials located on soils with differing characteristics. The study
found significant variation in productivity among prove-
nances, with growth patterns closely linked to soil type. In
the Gajno site, the Velika Gorica provenance showcased
the highest volume, where soil conditions closely match its
native habitat. Conversely, in the Slavir site, where the soil
types are moister, the Velika Gorica provenance recorded
the lowest volume. The Gusevac provenance demonstrated
the highest tree volume on soil typical of its native habitat at
the Slavir site, while it ranked among the lowest in volume at
the Gajno site. Overall, tree volume was generally greater at
Slavir, suggesting that soil composition and water availabil-
ity may influence growth parameters. For instance, Klein et
al. (2015) reported that sites with higher groundwater levels
had an increased average tree height. Neyko et al. (2023)
evaluated 65 pedunculate oak provenances from Central
Ukraine and, in line with the present study, found that local
populations generally exhibited the highest growth values.
Fober (1998) noted in a 28-year-old provenance test that
Polish pedunculate oak populations differ in growth, with
these differences persisting over time, suggesting that the
suitable selection of provenances may be essential for the
economic success of plantations. This is partly confirmed
by Peri¢ (2001), who reported that 12 years after the estab-
lishment of the trial in Gajno, the Burdenovac provenance
had the greatest timber volume (14.38 m*/ha) per hectare,
followed by the Spaé¢va (13.75 m*/ha) and Orlovac (12.41
m?/ha) provenances. The lowest results were shown by the
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Motovun (4.81 m®/ha), Skakavac (7.18 m*/ha), and Dubica
(7.72 m*/ha) provenances. Even 38 years after the trial estab-
lishment, the Motovun provenance continues to show the
lowest volume, while the Burdenovac provenance remains
the second most productive. Regarding the Slavir site, Peri¢
(2001) recorded greatest timber volume per hectare for the
Gunja (9.88 m*/ha), Zdenacki gaj (9.41 m*/ha), and Burdeno-
vac (9.63 m*/ha) provenances, while the lowest values were
recorded for the Skakavac (4.11 m*/ha), Velika Gorica (4.61
m?/ha), and Motovun (4.73 m*/ha) provenances. Although
the experiment in Slavir did not identify a statistically sig-
nificant difference in provenance volume, the Velika Gorica
provenance still had the lowest recorded volume.

CONCLUSIONS

Given the significant variability in the morphological and
physiological properties of pedunculate oak, research into
provenance productivity plays an important role for the
forestry sector. The study results support the hypothesis
that selecting the appropriate provenance for a specific site
is important, as the volume of provenances varies among
both provenances and sites. Volume in the Slavir site was
28% greater than productivity in the Gajno site in 2023.
Thus, the observed values are higher at the Slavir site, which
also suggests that higher productivity of provenances can
be expected at this site in the future. Provenances Motovun,
Skakavac, Novska, Gusevac, and Morovi¢ showed the largest
differences in volume between sites. The same was noted
for the Velika Gorica provenance, which recorded the lowest
volume at the Slavir site, but the highest volume at the
Gajno site. The local provenances demonstrated the highest
volume in all provenance tests. The restoration recommen-
dations are that areas with climatic conditions like those in
Gajno should be restored with the Velika Gorica provenance,
while areas with climate conditions like those in Slavir
should be restored with the Gusevac provenance. Attention
should be paid to provenances that exhibited high volume
performance at both sites, such as Vrbanja, as this suggests
good adaptability to a broader range of site conditions. At
the Gajno site, a statistically significant interaction between
provenance and year of measurement was detected, indi-
cating that the provenances exhibited different patterns of
volume growth over the study period. However, at the Slavir
site, no statistically significant interaction between prove-
nance and year of measurement was observed, suggesting
that the provenances showed similar patterns of volume
growth over the study period. These provenance tests were
originally established to identify the most productive prov-
enances for forest restoration in the Republic of Croatia.
Beyond high productivity, recent findings also highlight
the potential adaptive capacity of this species to climate
change. Provenance trials are also of great importance for
identifying forest reproductive material that is best adapted
to future restoration efforts under changing site conditions.
The selection of forest reproductive material from appro-
priate provenances is one of the essential components for
establishing more resilient and stable pedunculate oak for-
ests. Therefore, new scientific insights not only justify the
original rationale for establishing these trials but also under-
score the importance of setting up additional trials to gain
further knowledge for future forest restoration and conser-
vation strategies.
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