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Introduction and aims
Pedunculate oak (Quercus robur L.) together with other forest trees growth in a large number of mixed forest stands with 
high biodiversity, as well as, high economic, ecological and social values (Eaton et al. 2016). These values are based on a 
wide ecological niche of pedunculate oak that successfully survive on different habitats, from xeric to mesic and extremely 
humid habitats affected by high level of groundwater and periodic floods (Ducousso and Bordacs 2003). Accordingly to 
previous studies, long-lasting summer drought as an integral part of global climate changes could have a significant impact 
on the physiological constitution of forest trees (Xu et al. 2010; Speiss et al. 2012; Arend et al. 2016; Pflug et al. 2018). It 
could be resulted in changes of stand structure and composition (Fonti et al. 2006; Choat et al. 2012; Wang et al. 2012), 
competition among tree species (Bittner et al. 2010), biodiversity (Saxe et al.2001; Archaux and Wolters 2006), forest stand 
stability (Ives and Carpenter 2007; Lloret et al. 2012), carbon sequestration (Adams et al. 2009) and in the long-term to 
negative economic effects (Hanewinkel et al. 2013). One of the major challenges of forestry today is a prevent to suddenly 
disappearance of the currently dominant and most important commercialy forest trees. One approach in this context is a 
mixing adapted (external) and anadapted (local) reproductive material (seeds or seedlings) to drought, during the regen-
eration of forest stands (Kremer 2010). In these case, first  step is investigate the physiological response of selected prov-
enances to drought stress or to long-lasting drought periods. Efficiency of photosynthetic activity in forest trees are closely 
related to the plant water status (Arend et al. 2012). Accordingly, photosynthetic response to drought is a good indicator 
for assessing the ability of acclimatization and adaptation of forest trees to long-lasting summer drought as an integral part 
of global climate changes (Xu et al. 2010; Arend et al. 2012; Speiss et al. 2012; Pflug et al. 2018). The main goal of the 
present study was to investigate the recovery of photosynthetic activity in European pedunculate oak provenances after 
drought. Research hypothesis was: recovery of net CO2 assimilation in provenances which originated from drier habitats 
will be more efficient than in provenances that originated from wetter habitats (Figure 2 and Table 1).

Figure 3. Pre-dawn leaf water potential (Ψ), 
instantaneous rates of net CO2 assimilation 
(PN), intercellular CO2 concentrations (ci), sto-
matal conductances (gs) and efficiency of PSII 
(PItotal) measured on 21st July, 23th July and 30th 

July. Different capital leters indicate statisti-
caly significant differences (p < 0.05) among 
provenances in control saplings and samall 
leters in drought treated saplings. Asterix in-
dicate significant differences between treat-
ments in same provenance (p < 0.05). Vertical 
bars indicate S.E. 

Conclusions
Only for eight days after the drought release photosynthetic activity of all provenances was fully recovered. It confirms 
absence of significant differences among the provenance in rate of net CO2 assimilation, as well as, absence of significant 
differences between previously drought treted and control plants in PItotal (efficiency of PSII), of all provenances. 
Our result confirms the persistence of a very efficient biochemical mechanisms that provides very fast recovery of photo-
synthetic activity in pedunculate oak after drought release (Epron and Dreyer 1993; Arend et al. 2012; Speiss et al. 2012). 
Moreover, it is determined in all provenances regardless of the humidity of their original habitat. 
At the peak of the drought stress, photosynthetic activity (gs, ci, PN and PItotal) in Estonian provenance whic originated from 
dry habitat was more efficient than in the other provenences whic originated from humid habitats (Lithuanian, Poland, 
Croatian and Italian), including Hungarian provenances which originated from dry habitat like Estonian. This results in-
dicate that Estonian provenance, unlike all others, has a very pronounced mechanism for both, avoidance and tolerance to 
drought stress.

Phenotypic and Epigenetic Response to Drought Stress 
and Adaptability of Quercus robur L. Populations along 

a Latitudinal Gradient – PerdaQuercus

Materials and methods
The greenhouse experiment with experimentally controlled water supply was started in the spring of 2015 (Figure 1). 
Two-year-old saplings originated from six European pedunculate oak provenances (Estonia, Lithuania, Poland, Hungary, 
Croatia and Italy) was devided in two treatments (control and drought). In the control treatment, saplings were exposed to 
relative moisture content in the soil above 38 % (which repesented level of field capacity) in all growing season (1st April 
- 22nd October). In the drought treatment saplings were deprived of water (1st April - 21st July). At the last day of the drought 
period (21st July) relative moisture content in the soil was about 15 % (which represented permanent wilting point). After 
that, saplings in drought treatment were rewatered (22nd July - 22nd October) and exposed to the same relative moisture 
content in the soil, as well as, plants from control treatment. Instantaneous rate of net-CO2 assimilation (PN), stomatal con-
ductance (gs) and intercellular CO2 concentration (ci) were measured between 10:00 and 16:00 using a portable infrared 
gas analyser (LCpro+, ADC BioScentific, 2007) equipped with a broadleaf cuvette. The conditions inside the cuvette were 
kept constant with 400 ppm CO2, a photon flux density of 1000 µmol m-2 s-1 and temperature adjusted close to outside 
conditions. Parallel (on same dates) with collection of gas exchange prameters we measured pre-down leaf water potential 
(Ψ) using Scholander pressure chamber (PMS Instruments, Corvalis, Ore) and chlorophyll a fluorescence prameter (PItotal) 
using portable plant efficiency analyzer (Pocket PEA, Hansatech Instruments Ltd., Norfolk, UK). All collected data was 
compared in control to stressed saplings relations on 3 dates, 21st July (the peak of drought stress), 23th July (the first day 
of recowery) and 30th July (the eight day of recowery).

Results
At the end of the drought period after 112 days deprived of water, PN and gs in all provenances was decreased until it reached 
a level close to zero, whilst ci increased in all provenances (Figure 3a, b and c). This has resulted with significantly lower 
mean values of PN and gs in stressed than in control saplings, whilst mean values of ci was higher, but significantly only in 
Polish, Croatian and Italian provenances. After drought period, following re-watering affected recovery of photosynthetic 
activity. Accordingly, only one day after re-watering PN and ci of previously stressed (drought treated) saplings reached a 
level of control saplings in all provenances. The exception was Italian provenance which PN was still significantly lower in 
previously stressed than in control saplings. Unlike PN and ci, gs of all provenances was significantly lower in previously 
stressed than in control saplings. Eight days after re-watering PN of previously stressed saplings significantly exceeded 
control saplings and start to compensate for the lost part of assimilates during the drought period. The exception was Ital-
ian provenance which PN was higher in previously stressed than in control saplings, but not significantly. Intensive PN also 
resulted in a significant decrease of ci in previously stressed saplings in all provenances. Despite evident increase of gs, on 
the eighth day after start of re-watering, previously stressed saplings still had lower gs (not significantly) when compared to 
the control saplings in all provenances (Figure 3a, b and c). In stressed saplings the lost of soil and leaf water under drought 
period was followed by a gradual decline in gs and PN (Figure 3a, b and d). Accordingly, drought effects on gs and PN were 
related to measurements of Ψ to assess differences in drought sensitivity among the provenances, independent of differ-
ences in soil water access. Relationsheep between PN and/or gs with Ψ were very strong (p < 0.0001) in all provenances 
(Figure 4). The response of gs to decreasing water potentials was generaly similar in all provenaces except Estonian. In 
comparison with other, Estonian provenance had more efficient gs at Ψ values higher than -1.7 MPa and a less efficient gs 
at Ψ values lower than -1.7 MPa (Figure 4a). This results indicate on very efficient mehanisam to avoidannce of drought 
stress in Estonian provenances by closing stomata. In spite of this, in the entire range of Ψ (from 0.0 to -4.0 MPa) Estonian 
provenance had more efficient PN than all other provenances (Figure 4b). Accordingly, in Estonian provenance PN tendend 
to be less affected by low Ψ then in other provenances. This presumption was additionally confirmed by simmilar values 
of PItotal in drought treated and control plants of Estonian provenances, at the peak of drought stress (Figure 3e.) Except 
in Estonian provenance, chlorophyll a fluorescence parameter PItotal that integrates light harvesting, electron trapping and 
energy conversion at PS II indicates very efficient mehanisams to tolerance on drought stress in Hungarian provenaces. 
However, the first day after the rewatering PItotal in previously stressed and control plants was simmilar in all provenances 
(Figure 3e).

References
Adams, H.D., Guardiola-Claramonte, M., Barron-Gafford, G.A., Villegas, J.C., Breshears, D.D., Zou, C.B., Troch, P.A., Huxman, T.E., 2009. Temperature sensitivity of droughtinduced tree mortality portends increased 
regional die-off under global-change-type drought. Proc. Natl. Acad. Sci. USA 106, 7063–7066.
Archaux, F., Wolters, V., 2006. Impact of summer drought on forest biodiversity: what do we know? Ann. For. Sci. 63, 645–652.
Arend, M., Brem, A., Kuster, T.M., Guenthardt-Goerg, M.S., 2013. Seasonal photosynthetic responses of European oaks to drought and elevated daytime temperature. Plant Biol 15:169–176. doi: 10.1111/j.1438-
8677.2012.00625.x
Arend, M., Sever K., E. Pflug, Gessler A., Schaub M., 2016. Seasonal photosynthetic response of European beech to severe summer drought: Limitation, recovery and post-drought stimulation. Agr Forest Meterol, 220: 
83–89.
Bittner, S., Talkner, U., Krämer, I., Beese, F., Hölscher, D., Priesack, E., 2010. Modeling stand water budgets of mixed temperate broad-leaved forest stands by considering variations in species specific drought response. 
Agr. For. Meteorol. 150, 1347–1357.
Choat, B., Jansen, S., Brodribb, T.J., Cochard, H., Delzon, S., Bhaskar, R., Bucci, S.J., Feild, T.S., Gleason, S.M., Hacke, U.G., Jacobsen, A.L., Lens, F., Maherali, H., Martínez-Vilalta, J., Mayr, S., Mencuccini, M., Mitchell, 
P.J., Nardini, A., Pittermann, J., Pratt, R.B., Sperry, J.S., Westoby, M., Wright, I.J., Zanne, A.E., 2012. Global convergence in the vulnerability of forests to drought. Nature 491, 752–755.
Eaton, E., Caudullo, G., Oliveira, S., de Rigo, D., 2016. Quercus robur and Quercus petraea in Europe: distribution, habitat, usage and threats. In: San-Miguel-Ayanz, J., de Rigo, D., Caudullo, G., Houston Durrant, T., Mauri, 
A. (Eds.), European Atlas of Forest Tree Species. Publ. Off. EU, Luxembourg, pp. e01c6df+
Epron, D., Dreyer, E., 1993. Long-term effects of drought on photosynthesis of adult oak trees (Quercus petraea /Matt./ Liebl and Quercus robur L.) in a natural stand. New Phytol 125:381–389.
Fonti, P., Cherubini, P., Rigling, A., Weber, P., Biging, G., 2006. Tree rings show competition dynamics in abandoned Castanea sativa coppices after land-use changes. J. Veg. Sci. 17, 103–112.
Hanewinkel, M., Cullmann, D.A., Schelhaas, M.-J., Nabuurs, G.-J., Zimmermann, N.E., 2013. Climate change may cause severe loss in the economic value of European forest land. Nat. Clim. Change 3, 203–207.
Ives, A.R., Carpenter, S.R., 2007. Stability and diversity of ecosystems. Science 317, 58–62.
Kremer, A., 2010. Evolutionary response of European oaks to climate change. Ir For 67:53–66.
Lloret, F., Escudero, A., Iriondo, J.M., Martínez-Vilalta, J., Valladares, F., 2012. Extreme climatic events and vegetation: the role of stabilizing processes. Glob. Change Biol. 18, 797–805.
Pflug, E.E., Buchmann, N., Siegwolf, R.T.W., Schaub, M., Rigling, A., Arend, M., 2018. Resilient Leaf Physiological Response of European beech (Fagus sylvatica L.) to summer drought and drought release. Front. Plant 
Sci. 9:187. doi: 10.3389/fpls.2018.00187
Saxe, H., Cannell, M.G.R., Johnsen, Ø., Ryan, M.G., Vourlitis, G., 2001. Tree and forest functioning in response to global warming. New Phytol. 149, 369–400.
Spiess, N., Oufir, M., Matušíková, I., Stierschneider, M., Kopecky, D., Homolka, A., Burg, K., Fluch, S., Hausman, J.F., Wilhelm, E., 2012. Ecophysiological and transcriptomic responses of oak (Quercus robur) to long-term 
drought exposure and rewatering. Environ Exp Bot 77:117–126.
Wang, W., Peng, C., Kneeshaw, D.D., Larocque, G.R., Luo, Z., 2012. Drought-induced tree mortality: ecological consequences, causes, and modeling. Environ. Rev. 20, 109–121.
Xu, Z., Zhou, G., Shimizu H., 2010. Plant responses to drought and rewatering. Plant Signaling and Behaviour 5:6, 649–654. 

Table 1. The annual average soil water regime 
and hydro-geological data for the original 
provenance site are combination of data from 
the Institute for Environment and Sustainabili-
ty of the European commission Joint Research 
Center (JRC) and personal field observation. 
(http://eusoils.jrc.ec.europa.eu/ESDB_Ar-
chive/ESDB/Index.htm). Local climate vari-
ables was generated with the ClimateEU soft-
ware (Hamann, A., Wang T., Spittlehouse D.L., 
Murdock T.Q. 2013; ClimateEU, unpublished 
software package for Europe freely available 
at http://www.ualberta.ca/~ahamann/data/cli-
mateeu.html). 

HG 1: Soil with permeable substratum, remote from ground-
water: seldom wet 
Subclas 1C: Chalk and soft limeston with bimodal porosity; 
microporous with moderate storage capacity, but well-devel-
oped fissure system giving relatively high permeability
Subclas 1L: Weakly or unconsolidated microporous supstra-
tum wit a low permeability and storage capacity
HG 2: Lowland soil affected by groundwater, seasonally or 
permanently wet
HG 3: Soil with impermeable layers within 80 cm depth, sea-
sonally or permanently wet
HG 4: Soil of uplands and montins
Subclas 4W: Wet soil with organic surface horizon
CMD: Climate moisture deficit (positive values indicate of 
the moisture needed for vegetation growth that must be met 
from other sources than precipitation (e.g. soil moisture).
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Figure 2. Geographical location of provenance 
original sites.

Figure 1. Greenhouse experiment equipped 
with irrigation system and automatic weather 
stations which are used to simulate different 
water treatments (control and drought/rewa-
tering).
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138.7

Estonia (ES)
Lat: 58.23852; Long: 22.44289

Alt: 7; River distance: 120.5; HG: 1C

Mean annula temperaure: 6.1 °C
Mean annula precipitation: 568 mm

156.2

Lithuania (LI)
Lat: 54.53797; Long: 23.81117

Alt: 100 m; River distance: 4.8 km; HG: 3

Mean annula temperaure: 6.4  °C
Mean annula precipitation: 625 mm

221.7

Poland (PL)
Lat: 51.19030; Long: 16.54901

Alt: 118; River distance: 5.1; HG: 3

Mean annula temperaure: 8.6 °C

Mean annula precipitation: 555 mm

263.7

Croatia (CR)
Lat: 46.13976; Long: 17.09161

Alt: 130; River distance: 1.4; HG: 2

Mean annula temperaure: 10.8 °C

Mean annula precipitation: 793 mm

368.1

Hungary (HU)
Lat: 47.02512; Long: 18.26349

Alt: 137; River distance: 48.0; HG: 1L

Mean annula temperaure: 10.8 °C

Mean annula precipitation: 562 mm

454.0

Italy (IT)
Lat: 42.75538; Long: 18.91804

Alt: 137;River distance: 0.08; HG: 4W

Mean annula temperaure: 14.3 °C 

Mean annula precipitation: 723 mm

Drier habitats                   Annual dominant soil water regime (WR) Wetter habitats

Figure 4. Dependence of stomatal conduc-
tance (gs) and net CO2 assimilation (PN) on 
pre-dawn leaf water potential (Ψ) in drought 
treated saplings of six European pedunculate 
oak provenances. 
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