
Figure 1.  Geographic position and basic data on  the studied  pedunculate  oak 
populations 
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Material and methods
Acorns were collected in 2013 in nine Quercus robur L. populations along a latitudinal gradient
from Estonia to Italy (Figure 1.). Seedlings were raised during 2014 in a nursery and were
individually transplanted in 50l plastic pots filled with homogenised soil from a local oak forest.
A greenhouse trial was established in early spring 2015 according to RCBD split plot
experimental design with two main plots (Figure 2.). Plants in the first main plot did not receive
any water from April 1st till July 21st (drought treatment plot), while plants in the second main
plot (control plot) were constantly kept at 45-50% of soil moisture content (SMC). Plants in the
drought plot were rewatered on July 21st and kept at 45-50% of SMC till the end of the growing
season. Heights and photosynthetic rates (PhRs) were periodically measured on all plants.
Repeated measures ANOVA were performed using proc MIXED of the SAS software. Effects of
time, treatment, provenance and their interactions were determined. Post-hoc LSD test was
done to determine statistical significance of differences between various effect levels.
Multivariate regression tree (MRT) analyses using MVpart procedure in R were conducted to
reveal a pattern of genetic differentiation among the provenances. MRT were done combining
phenotypic data gattered in the trial and mean annual climate data of the provenance original
sites which were derived using the ClimateEU software.

Results and discussion
Height growth of all provenances decreased as response to drought (Figure 3.). Mean heights of
most provenances were more than 50% lower when compared to the control on the peak of a
drought. However, some provenances showed milder decrease (e.g. Hungarian, Lithuanian and
Estonian provenances whose growth decreased 35, 40 and 4%, respectively). Thus, among
provenance difference in height growth responses to drought were statistically highly significant
(Table 1.). Mean PhRs of provenances in the drought treatment was also significantly lower
when compared to control (Figure 4.). Among provenance variation was highly significant for
this trait as well (Table 2.). After rewatering, all provenances showed rapid recovery in both
phenotypic traits (Figures. 3. and 4.). Provenance mean PhRs in the drought treatment plot
outperformed those in the control, just two days after rewatering (Figure 4.). Variation among
provenances in a speed of recovery, as well as in final recovery was also statistically significant
(p<0.001). MRT analysis clustered provenances (Figure 5.) according to the mean growing
season precipitation at their original sites (which explained 62% of the variation).
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Figure  3. Mean height growth of the provenances during  a year 2015 in the: a) control plot and b) drought 
treatment plot
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Country Population label Latitude Longitude A.S.L. OP families Saplings

Estonia ES 58.23852 22.44289 9 7 53

Lithuania LI 54.5375 24.80722 102 4 30

Poland PL 51.1903 16.54901 121 bulk 18

Hungary MA 47.46919 19.20959 141 6 47

Croatia RE 46.139763 17.09161 130 6 48

Croatia KO 45.56973 18.23556 108 7 56

Croatia KA 45.494896 15.708384 120 6 48

Croatia OT 45.09592 18.81312 91 7 56

Italy IT 42.19506 12.22884 579 5 39

Σ 9 48 395
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Figure  4. Mean photosynthetic rates of the provenances during year 2015 in the: a) control plot and b) 
drought treatment plot

Figure 5. Dendrogram given by the MRT analysis. Cluster standardised mean
heights and photosynthetic rates on a given date are presented with coloured
columns. Height of a column and its position above or below a horizontal line
indicate its value. MGPP – mean growing period precipitation explained 62%
of the phenotypic variation. TD – continentality index.

Effect
Num 

DF

Den 

DF
F Value Pr > F

Treatment 1 237 791.40 <.0001

population 8 21 14.61 <.0001

Treatment*pop 8 237 2.90 0.0042

Table 2. Type 3 tests of  the fixed effects for photosynthetic rate  
on July 21st – the peak of a drought 

Effect
Num 

DF

Den 

DF
F Value Pr > F

Treatment 1 241 326.74 <.0001

Population 8 35.1 15.36 <.0001

Treatment*pop 8 241 10.53 <.0001

Table 1. Type 3 tests of the fixed effects for height on July 20th –
the peak of a drought

Figure 2.  Studied greenhouse trial established in early spring 2015. 
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Conclusions

Exposure to experimental drought caused that height growth was
significantly reduced in most studied provenances. Net photosynthetic
rate also decreased much more intensively when compared to control.
Among provenance differences in phenotypic response to drought and
rewatering were highly significant which implies their genetic
differentiation. Generally, provenances which produced relatively lower
above ground biomass spent less amount of water and consequently
showed less pronounced negative phenotypic response. These are
provenances which originate from relatively drier habitats, as shown by
the MRT analysis (Estonia, Hungary, Lithuania). This indicates that genetic
differentiation has been driven by natural selection, at least partially.

Introduction
Suggested spatial variability of climate change impacts in Europe implies that widespread species like pedunculate oak may face different levels of climatic risks in different
parts of their ranges. Consequently, peripheral populations at southern range margins may face an increased risk of extinction which would decrease overall within-species
genetic diversity and may jeopardize the species’ long-term adaptive potential. Thus, the response of species to changing environments is likely to be largely determined by
population responses at range margins. In contrast to the expanding edge, the low-latitude (rear) edge of the species distribution remains understudied, and the critical
importance of rear edge populations as long-term stores of species’ unique genetic diversity and foci of speciation has been little acknowledged.
The aim of this study was to estimate: i) phenotypic response to experimentally induced drought of sampled pedunculate oak populations along a latitudinal gradient, ii) the
amount and cause of their genetic differentiation for analysed phenotypic traits.

Acknowledgements

This study is a part of an ongoing research project titled „Phenotypic and Genetic Diversity of Pedunculate Oak (Quercus robur L.) in Europe – FGErobur”. The
project is mostly financed by the Human Potentials Development Programme of the European Union Social Fund, and partially by the Ministry of Science of the
Republic of Croatia.

Ulaganje u budućnost
Projekt je sufinancirala Europska unĳa iz Europskog
socijalnog fonda (ESF) u sklopu operativnog programa
Razvoj ljudskih potencijala


