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Facing contrasting light regimes during a vegetation season and depending on canopy position, physio-
logical plasticity of leaves is vital for tree species to sustain the optimal ratio between the benefit of car-
bon assimilation and the costs of photoprotection in a given leaf. We tested the seasonal adjustment of 
sun and shade leaf photochemistry of sessile oak (Quercus petraea (Matt.) Liebl.) to changing light envi-
ronments by parallel investigation of the meteorological conditions, photosynthetic pigment content, PSII 
quantum efficiency and excitation energy quenching. Sun and shade leaves got adapted to their prevailing 
light regimes till mid of May. High LMA was a favourable trait in avoiding water loss and decreasing 
photoinhibition in both flushing and sun leaves, while low LMA optimized the light absorbing leaf surface 
in the lower canopy layer. Partitioning of excitation energy dissipation pathyways that is PSII photochem-
istry-Y(II), regulated-Y(NPQ) and non-regulated-Y(NO) quenching changed significantly during leaf 
ontogeny and with the position of leaves in the canopy. At 800 μmol m–2 s–1Y(II) < Y(NO) < Y(NPQ) was 
characteristic to early developmental stage of leaves from both canopy layers and to mature shade leaves, 
and Y(NO) < Y(II) < Y(NPQ) to mature sun leaves but the magnitude of Y(NPQ) and violaxanthin cycle 
activity differed in different canopy positions.

Keywords: Quercus petraea – photosynthetic pigments – chlorophyll fluorescence – sun and shade leaves 
– VAZ (violaxanthin + antheraxanthin + zeaxanthin)

INTRODUCTION

In closed forest stands leaves of mature trees represent the primary assimilatory sur-
face, and as such, are involved in processes that range from light harvesting and uti-
lization, gas exchange to forest productivity. In deciduous forests the seasonal cycle 
of leaf formation of canopy trees has a major influence on the seasonal variation of 
leaf area index (LAI), the light availability and light utilization by species in the 
understorey layers, the global carbon, water and radiation balances.
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During the ontogenetic development, leaves in any position of the tree canopy go 
through many anatomical, biochemical and physiological changes that favour the 
efficient light harvesting and protection and a relatively rapid shift from being a car-
bon sink to a carbon source [34]. Broad-leaved temperate deciduous forest tree spe-
cies exhibit a more or less simultanous leaf formation in early spring that leads to the 
increase of leaf density and rapid development of an extensive light gradient from the 
top to the bottom of tree crown. Tree species have a large capacity to alter leaf traits 
to cope with this large gradient in irradiance [18, 35]. Mature leaves in different posi-
tions of a tree crown are also subjected to different humidity conditions. The light-
driven differences in leaf traits at the top (sun) and lower or inner parts (shade) of tree 
crown have been reported for several forest species, among others Fagus sylvatica L. 
and Quercus petraea (Matt.) Liebl. [e.g. 2, 14]. Briefly, in sun leaves of trees leaf area 
and chlorophyll content per dry mass is lower and leaf mass per area, thickness, sto-
matal density, chlorophyll a/b ratio, and CO2 assimilation capacity per area is higher 
than in shade leaves. Quercus petraea (Matt.) Liebl. (sessile oak) is a late succes-
sional deciduous forest tree species, which has a wide distribution in Europe. In 
Hungary, Quercus petraea is the most abundant tree species (10%) in the natural for-
est vegetation. At lower altitude (250–450 m) it occurs in mixed forests mostly 
together with Quercus cerris, and at higher altitude (400–700 m) together with 
Carpinus betulus in the canopy layer [3]. Natural closed forests of sessile oak are 
typically multi-layer communities, as the crown architecture of mature trees permits 
enough light to go through supporting the growth and physiological performance of 
shrubs and herbs. At the level of individual trees that light gradient within the crown 
is not so steep as in case of other deciduous forest species, e.g. beech.

Differences in physiological and biochemical traits of fully developed sun and 
shade leaves have been described for several deciduous forest tree species [19, 25, 26, 
30] but more complex analysis focusing on the variation of these key traits during 
seasonal cycle of leaf formation are rather sporadic [23]. 

In the current study, we test how leaves adjust light utilization capacity and photo-
synthetic apparatus at the early and late developmental stages with respect to crown 
position of mature sessile oak trees. For this purpose we assess i) the within-crown 
variation in leaf photosynthetic pigment content and leaf mass per area ratio ii) vari-
ation in photochemical efficiency of PSII, and partitioning of different excitation 
energy dissipation processes during maturation of leaves. 

MATERIALS AND METHODS 

Sampling area

The study was carried out at Síkfőkút Project LTER forest (47°90’N, 20°46’E, eleva-
tion 320–340 m), Bükk Mountains, north-eastern Hungary during the growing season 
in 2008. The average annual precipitation is 601 mm and the average annual tem-
perature is 9.9 °C at the site [16]. The growth season usually lasts from mid-April to 
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mid-October. In the northern mountain region of Hungary the annual total of global 
radiation falls between 4300–4400 MJ m–2. The soil is a deep brown forest soil 
formed on miocenic pebble [16]. The studies were performed in a mixed stand 
dominated by sessile oak (Quercus petraea) and turkey oak (Quercus cerris) in the 
canopy layer. The tree species composition of the stand: Quercus petraea 46.9%,  
Q. cerris 22.8%, Carpinus betulus 0.4%, Acer campestre 28.2%, Acer tataricum 
0.9%, Cerasus avium 0.8%.

Monitoring of environmental characteristics 

The daily average temperature, daily sum of rainfall, and daily maximum photosyn-
thetic photon flux density (PPFD) over (25 m above ground) and below (2 m above 
ground) the canopy layer were studied during the leaf maturation period in 2008. 
Weather conditions were recorded automatically in every 30 min by Hobo ProSeries 
RH&Temp sensor (Onset Computer Corporation, Pocasset, USA) and Hobo Micro 
Station (Onset Computer Corporation, Pocasset, USA) with external sensors. 

Leaf sampling and LMA

Four neighbouring mature sessile oak trees (95–100 years, height 20–22 m, DBH: 
28–36 cm) were selected for this study. Leaf sample collection and measurements in 
the top (20 m) and lower (10 m) positions of tree crown were performed from a 25 m 
high meteorological tower. In this paper leaves from the former position are consid-
ered as ’sun leaves’ and the latter ones as ‘shade’ leaves.

Leaf samplings and field measurements were regularly performed between 11 a.m. 
and 15 p.m. on sunny days from the middle of April to the 1st week of September. The 
time interval between the measurements was adjusted to the course of leaf development. 
It was only 6–8 days after bud break till the middle of May but increased to 2–4 weeks 
towards the end of the growing season. To assess the diurnal changes of leaf traits 
indicative of the capacity for photoprotection of mature leaves, separate measurements 
and samplings were carried out at 7 a.m., 13 p.m. and 20 p.m. on 29th June 2008.

The ratio of leaf mass to leaf area (LMA, g dm–2) was determined for 10–15 leaves 
and then averaged per sunny and shaded positions of sample trees. Leaf area was 
measured by an AreaScope equipment (developed at the Department of Botany, 
University of Debrecen, Debrecen, Hungary), and leaf dry mass was measured after 
drying at 85 °C.

Chlorophyll fluorescence measurements

Chlorophyll fluorescence parameters were measured by PAM 2000 chlorophyll fluor-
ometer (Heinz Walz GmbH, Effeltrich, Germany) between 11 a.m. and 15 p.m. on 
sunny days. The variable to minimal fluorescence ratio (Fv/Fo = (Fm – Fo)/Fo) instead 
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of Fv/Fm was used for assessment of maximum quantum yield of PSII photochemistry 
of leaves from the upper and lower canopy positions. Fv/Fo is supposed to indicate 
more sensitively and with higher amplitude the effects of potential photoinhibition 
than Fv/Fm [21]. Fv/Fo was measured after a 30 min dark adaption period on 15–30 
leaves as a total of four sample trees from both canopy positions at each sampling 
occasion.

Chlorophyll fluorescence quenching was analysed on leaf samples illuminated 
continuously with 800 μmol m–2 s–1 by white halogen light source till steady-state (in 
average 5 min duration) using saturation pulse method [31]. This actinic light inten-
sity was ca. twice higher for shade leaves and ca. twice lower for sun leaves than the 
average daily maximum light intensity experienced in their crown positions. During 
continuous illumination a saturating light flash (ca. 6000 μmol m–2 s–1) with a con-
secutive far red pulse (3 s) was applied in every 20 s in order to estimate different 
fluorescence quenching parameters. Saturation pulse method was applied on 4–8 
leaves collected from the sunny and shaded canopy positions of individual trees after 
a 30 min dark adaption on selected measurement days. The following fluorescence 
parameters were calculated:

Fo’ – minimal fluorescence yield of PSII in light adapted state, measured after far 
red pulse [29]

Fm’ – maximum fluorescence yield of PSII in light adapted state, measured during 
a saturating pulse [29]

Ft – steady-state fluorescence yield of PSII in light adapted state, under actinic 
irradiation [29]

ΔF = Fm’ – Ft – variable fluorescence in light adapted state [29]
Y(II) – proportion of photochemical energy conversion [17], which corresponds to 

ΔF/Fm’ [11] 
Y(NPQ) = 1 – ΔF/Fm’ – Ft/Fm = (Ft/Fm’) – (Ft/Fm) – proportion of regulated energy 

dissipation [17]
Y(NO) = Ft/Fm – proportion of non-regulated energy dissipation [17].

Determination of photosynthetic pigments

Parallel to chlorophyll fluorescence measurements leaf discs (7 mm diameter) were 
cut and immediately frozen in liquid nitrogen and stored at –70 °C until analysis for 
photosynthetic pigments. Samples were powdered in liquid nitrogen and photosyn-
thetic pigments were extracted with 80% acetone (with 0.1% NH4OH). Absorbancies 
of pigment extract were measured at 470, 646.8 and 663.2 nm with an UV/VIS 1601 
spectrophotometer (Shimadzu, Japan) and used for calculation of concentrations of 
chlorophyll a (CHL a) and chlorophyll b (CHL b) by means of formulae suggested 
by Wellburn [38].

Carotenoid components including xanthophyll cycle pigments were determined in 
the same extract by means of the reversed phase HPLC method modified after 
Goodwin and Britton [12]. The HPLC system (JASCO, Japan) consisted of a 
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Rheodyne 7725 injector (Rheodyne, Rohnert Park, USA), PU980 intelligent pump, 
LG-980-02 Ternary gradient unit, ERC 3113 Degasser, UVB 970 UVB/VIS detector, 
Nucleosil C18 column (5 μm, 25 × 0.46 cm) (Teknokroma, S Coop. C. Ltda, Barce-
lona) and a Delta-Pak guard column (C18/5 μm, 300A ) (Waters, Ireland). The pig-
ment analysis was performed from 20 μl acetone extract. The pigments were eluted 

Fig. 1. Seasonal changes in (a) the daily average temperature (thin line) and daily sum of rainfall (vertical 
bars), and (b) in daily maximum PPFD over (at 25 m above ground, gray) and below (at 2 m, dark grey) 
the forest canopy layer during the measuring period in 2008. X with dotted lines represent the sampling 

times



Ecophysiological traits of maturing Q. petraea leaves 177

Acta Biologica Hungarica 61, 2010

with acetonitrile : water (9 : 1 with 0.01% triethylamine) for 18 min followed by a 12 
min elution with ethlyacetate. Detection wavelength was 450 nm. Total run time was 
30 min and the flow rate was 1 cm3 min–1. High purity zeaxanthin (Extrasynthese, 
France) was injected regularly as a standard during the analysis for identification of 
peaks in the chromatogram and calculation of pigment concentrations. Chlorophyll 
content was expressed on a dry weight basis (mg g–1) and carotenoid compounds 
were calculated on CHL basis (mmol mol–1 CHL a + b). 

Data processing and statistical analyses

Measured data were processed by MS Excel 2003. The calculated data of sun and 
shade leaves of the sampled four Q. petraea trees separately were compared statisti-
cally by F- and two-tailed T-tests using Past v2.0 [13]. As no statistically confirmed 
difference were found between the trees all measured and calculated data of a given 
parameter were merged by ‘sun’ and ‘shade’ groups.

Differences between sun and shade leaf samples were analyzed statistically by 
Welch’s t-test using Past v2.0 [13] and were considered as non-significant (NS) or 
significant at p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001 significance levels.

RESULTS

Weather conditions during the study period

The study period of 2008 could be regarded as more or less ordinary considering the 
climatic conditions of the study site. Sampling days generally represented the given 
period of the year with average daily temperatures of 8.4 °C on 16th April, 12.4 °C on 
24th April, 12.6 °C on 30th April, 13.1 °C on 9th May, 21.5 °C on 27th May, 16.8 °C 
on 12th June, 24.3 °C on 25th June, 23.7 °C 28th July and 23.0 °C on 3rd September 
(Fig. 1). Winter and early spring of 2008 was relatively dry with the sum of 41 mm 
precipitation from 1st January till 1st April (data not shown). April and May was also 
dry with 34 and 45 mm, respectively. June and July was more humid with monthly 
total rainfall of 63 mm and 106 mm, respectively, which was due to rainy periods 
from 7th to 18th June (56 mm) and from 14th to 25th July (75 mm) and a strong rainfall 
at 7th of July (29 mm). Late summer was dry, the total monthly rainfall was only 35 
mm in August and 37 mm in September. 

Difference between daily maximum PPFD intensities measured above (25 m) and 
below the tree canopy layer (2 m) indicates that leaf flushing of trees started in the 
mid of April and development of individual leaves and whole tree crown was rapid 
and finished till early May. From that time the midday values of PPFD exhibited ca. 
1500 μmol m–2 s–1 difference between the two measurement heights (Fig. 1).



178 ERZSÉBET SZŐLLŐSI et al.

Acta Biologica Hungarica 61, 2010

LMA and leaf pigment content

After leaf flush LMA was high but it decreased very rapidly, by the end of April, to a 
minimum value in both crown layers, then it showed a gradual increase during the 
season (Fig. 2). LMA was very responsive to the contrasting light conditions within 

Fig. 2. Seasonal changes in LMA (leaf mass per area g dm–2) and total chlorophyll content (mg CHL a + b 
g–1 dry leaf mass) of sun (open circles) and shade leaves (closed circles). Means ±S.E. *, **, *** represent 

significant differences between sun and shade leaves at p < 0.05, p < 0.01 and p < 0.001
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the canopy. Mature (summer) leaves from sunny canopy layer exposed to full light 
conditions exhibited 40–50% larger LMA than shade leaves.

After flushing, CHL a + b content per unit of dry mass in the developing leaves 
exhibited a rapid linear increase with simultaneous decrease of LMA till the end of 
April in both canopy layers (Fig. 2). Then CHL a + b content increased moderately 
and showed small fluctuation till the last sampling date (3rd September).

Fig. 3. Seasonal changes in total carotenoid pool (CAR) and xanthophyll cycle pool (VAZ) (mmol mol–1 
CHL_a + b) of sun (open circles) and shade leaves (closed circles). Means ±S.E. *, **, *** represent 

significant differences between sun and shade leaves at p < 0.05, p < 0.01 and p < 0.001
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Fig. 4. Composition of the carotenoid pool in different developmental stages of sun and shade leaves
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Leaves in lower position invested more in synthesizing CHL than leaves in the top 
of trees (Fig. 3). The difference in CHL a + b between shade and sun leaves was 
smaller in spring (in avegare 1.6 mg g–1) but increased by summer (to 3 mg g–1 in 
average) when leaf maturation finished. In spring the rate of CHL accumulation took 
place in parallel in sun and shade leaves since flusing leaves caused only weak 
shadow at lower crown position. But when the progressive shadow and steeper light 
gradient developed in the tree crown in May and June the shade leaves started to 
diverge from sun leaves and continued to accumulate CHL to 6–7 mg g–1.

In early stage of development leaves exhibited high total carotenoid content per 
CHL a + b (CAR) in both canopy layers (Fig. 3). CAR per CHL decreased more or 
less antiparallel to the changes of CHL per dry mass both in sun and shade leaves, its 
strong decrease was observed between mid-April and mid-May. Mature leaves had 
relatively low CAR per unit CHL. The pool of photoconversible carotenoid com-
pounds, violaxanthin (V) + antheraxanthin (A) + zeaxanhin (Z) per unit CHL a + b 
(VAZ) also varied during the leaf development with the highest values in April. There 
were consistent differences in CAR and VAZ between sun and shade leaves of trees 
with higher values in the former group (Fig. 3).

Seasonal pattern of CAR per unit leaf dry mass was similar to that of CHL per dry 
mass (data not shown).

The contribution of individual carotenoid compounds to CAR pool per unit CHL 
a + b changed during the leaf maturation in both canopy layers (Fig. 4). There were 
consistent increases of Lut/CAR% and Neo/CAR% during leaf maturation. VAZ/
CAR% was higher, while Lut/CAR% was lower in sun leaves than in shade leaves 
whereas other pigments including β-carotene only showed not clear trend toward 
increased ratio in sun leaves during summer. α-Carotene was absent both in sun and 
shade leaves.

Chlorophyll fluorescence parameters

Seasonal course of midday Fv/Fo value was similar in the two types of leaves (Fig. 5). 
After leaf flush in mid-April, Fv/Fo was low (0.90 ± 0.10 for sun leaves and 1.43 ± 0.15 
for shade leaves). With leaf maturation in June, Fv/Fo increased gradually to its 
maximum (4.78 ± 0.42 for sun leaves and 5.12 ± 0.18 for shade leaves, respectively) 
and later remained around these values. Mature leaves from the top of the sample 
trees exhibited 10–20% lower Fv/Fo values around midday than leaves from lower 
position of the crown on every measurement day from 27th May.

To assess whether mature sun leaves experienced significant photoinhibition 
induced by high irradiance and heat stress the diurnal variation of Fv/Fo and its rela-
tion to changes in VAZ cycle pigments were studied on a typical uncloud summer 
day, 29th June 2008. In the morning Fv/Fo of sun leaves was similar to that of shade 
leaves (Table 1). By midday 20% decrease of Fv/Fo was observed in sun leaves while 
Fv/Fo of shade leaves reduced only by 1.5%. However, Fv/Fo was fully recovered by 
the evening of the measuring day (Table 1). Concentrations of VAZ pool pigments 
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also varied significantly during the day in sun leaves compared to shade leaves (Table 
1). In the morning violaxanthin content was 85% of VAZ pool in sun leaves but it 
decreased to 49% by midday with a parallel increase in zeaxanthin (34%) and anther-
axanthin (17%). By the evening violaxanthin became again the dominant compound 
of VAZ pool. 

Fig. 5. Seasonal course of midday Fv/Fo ratios describing the maximum quantum yield of PSII photo-
chemistry [21] of sun (open circles) and shade (closed circles) leaves. Means ±S.E. *, **, *** represent 

significant differences between sun and shade leaves at p < 0.05, p < 0.01 and p < 0.001

Table 1
Size of VAZ pool and daily change in relative violaxanthin, antheraxanthin and zeaxanthin content and 
variations of Fv/Fo values in sun and shade leaves during a bright sunny summer day (29th June 2008).

Means ±S.E.

Sun leaves Shade leaves

morning midday evening morning midday evening

VAZ pool
mmol mol–1 (CHL)

52.75
±15.96

56.28
±14.65

48.66
±10.07

26.26
±7.14

25.25
±5.34

23.60
±4.05

Violaxanthin 84.8% 48.6% 89.5% 94.0% 87.7% 92.1%

Anteraxanthin 10.3% 17.5% 6.2% 3.5% 6.6% 2.4%

Zeaxanthin 4.9% 33.9% 4.3% 2.5% 5.7% 5.5%

Fv/Fo 5.17
±0.16

4.2
±0.31

5.06
±0.34

5.17
±0.07

5.09
±0.17

5.06
±0.19
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Fig. 6. Proportional quantum yields of PSII photochemical energy conversion (Y(II)), regulated non-
photochemical (Y(NPQ)), and non-regulated non-photochemical (Y(NO)) quenching in sun (open circles) 
and shade (closed circles) leaves after 5 min continuous illumination by white actinic light (800 μmol s–2 
s–1). Means ±S.E. *, **, *** represent significant differences in traits between sun and shade leaves at 

p < 0.05, p < 0.01 and p < 0.001
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In early measurement dates of the growing season (till the end of April) values of 
Y(II) expressing the proportion of absorbed energy utilized in photochemistry were 
slightly or not significantly different in illuminated sun and shade leaves (Fig. 6). 
Later, maturing sun leaves exhibited significantly higher Y(II) than shade leaves. 
Y(II) of sun leaves increased gradually from 0.144 ± 0.024 (mid of April) to 
0.281 ± 0.026 (mid of June) while that of shade leaves decreased to a minimum 
(0.096 ± 0.041) in early May and later it did not change.

In contrast to Y(II), Y(NPQ) expressing the proportion of regulated non-photo-
chemical quenching in excitation energy dissipation showed very similar seasonal 
course in sun and shade leaves, and with the exception of the first sampling date it 
was lower in sun leaves (Fig. 6). Y(NPQ) was low in mid-April such as 0.420 ± 0.069 
for shade leaves, and 0.490 ± 0.055 for sun leaves. Then Y(NPQ) increased to 
0.640 ± 0.041 in shade leaves and 0.568 ± 0.021 in sun leaves till early May. In mid- 
June a slight decrease of Y(NPQ) was observed in both types of leaves (0.584 ± 0.021 
for shade leaves, 0.486 ± 0.044 for sun leaves). 

Sun and shade leaves differed less in non-regulated non-photochemical quenching 
Y(NO) (except mid of May, Fig. 6). In early developmental stage Y(NO) was high in 
leaves from both canopy layers (sun leaves 0.396 ± 0.063, shade leaves 0.375 ± 0.025) 
but it decreased with maturing of leaves in summer. Mature sun leaves exhibited 
lower (but not significantly) Y(NO) than shade leaves.

DISCUSSION

Broad-leaved temperate deciduous forest tree species evolved a variety of leaf traits 
to obtain efficient light harvesting and light utilization. Leaf traits change temporally 
in a close correlation with the seasonal cycle of leaf formation and spatially within 
the tree crown due to the light gradient from the top to the lower parts of crown. In 
our study we found plastic age and light-dependent modifications in all investigated 
leaf traits of mature sessile oak trees.

Seasonal change of LMA showed a “biphasic” character in both canopy layers 
starting with high values after leaf flush, then showing a rapid decrease to a transient 
minimum and again an increase in summer. Very high LMA, and enhanced mass 
increment over the leaf area expansion in early developmental stage of leaves allowed 
the formation of efficient transporting tissues in the first phase of leaf development. 
High LMA is also a favourable trait of flushing leaves in avoiding water loss and 
photoinhibition of photosynthetic apparatus. LMA was very responsive to the forma-
tion of within-canopy light gradient. Sun leaves showed higher LMA than shade 
leaves of sessile oak. While high LMA (or the low value of its reciprocal, SLA that is 
Specific Leaf Area, dm2 g–1) is an efficient leaf trait in moderating the photoinhibition 
under full irradiation in the sunny canopy layer, low LMA (high SLA) is a determi-
nant in maintaining and optimizing the light absorbing surface of leaves grown in 
shade environment of lower canopy layer [1, 27]. 
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Higher LMA of mature sun leaves may also favour the gradual change in leaf 
inclination angle to more vertical in the upper canopy of sessile oak as it was observed 
in the field. This allows to form a less steep light gradient within the canopy that 
improves significantly light interception at the bottom of crown [15, 25, 35].

Mature leaves in lower canopy of sessile oak invested more in synthesizing chlo-
rophylls per unit of dry mass (CHL a + b) than leaves in the the upper canopy. This 
divergence in leaf pigmentation within the tree crown coincides with previous obser-
vations for different forest tree species [6, 9, 32]. However, there may be considerable 
variation in the magnitude of within-crown variation of CHL among tree species due 
to the crown architecture, age, density of forest stand etc. [35]. 

In early spring CHL content in sun and shade leaves differed less than later in the 
season when light gradient formed in the crown and shade leaves are forced to con-
tinue the accumulation of CHL in order to enhance the light utilization capacity.

In contrast to CHL per dry mass, leaves at the top of trees develop larger pools of 
Car and VAZ per CHL than shade leaves. This change is frequently associated with 
sun exposed leaves to enhance photoprotection against the high irradiance [8, 20, 36]. 
Large CAR and VAZ pools indicated an increased need for photoprotection in spring 
leaves.

Seasonal course of Fv/Fo reflected that leaf photosynthesis capacity fluctuated sig-
nificantly during leaf ontogeny in both canopy layers of sessile oak. After leaf flush 
as area expanded, CHL a + b increased and the chloroplasts were assembled, Fv/Fo – 
expressing the maximum photochemical efficiency of PSII – rapidly increased to a 
maximum value. The results presented here confirm that sun leaves of mature sessile 
oak trees had constitutively lower midday values of Fv/Fo than shade leaves. Mature 
sun leaves exhibited significant depression in Fv/Fo from morning till midday. This 
reflected that absorbed quanta are driven from photochemistry to other processes as 
main determinants of photoprotection in sun exposed leaves [8]. Zeaxanthin accumu-
lation via the light-induced de-epoxidation of violaxanthin also reached high degree 
(33% in VAZ pool) in these leaves around midday. It has been reported for many spe-
cies that zeaxanthin is able to improve the heat dissipation of excess excitation 
energy and contribute to the regulated non-photochemical quenching and the revers-
ible decrease of potential photochemical efficiency during high-light hours [5, 7, 28, 
37]. Although zeaxanthin formation in sun leaves of sessile oak around midday might 
prevent a significant part of the slowly recovery component of photoinhibition, 
changes in Fv/Fo (Fig. 5 and Table 1) indicated a simultaneous photoinactivation of 
reaction centers requiring their de novo synthesis and a longer recovery time than the 
leaf predarkening period (30 min). A previous study [22] demonstrated that high irra-
diation frequently induces photoinhibition in sun leaves of sessile oak, with a persist-
ent decline of Fv/Fm around midday requiring an overnight recovery time of PSII 
reaction centres. 

Excitation energy absorbed by the antennae of PSII is primarily but not fully uti-
lized by photochemistry. Klughammer and Schreiber [17] introduced a model for 
estimation the complementary PSII quantum yields. The excess energy over that used 
in photochemical quenching (Y(II) is dissipated as heat by regulated and electron 
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transport-dependent parthway of non-photochemical quenching Y(NPQ) including, 
e.g. xanthophyll cycle, and as heat loss or fluorescence by unregulated non-photo-
chemical quenching (Y(NO). According to this model Y(II) + Y(NPQ) + Y(NO) = 1.

Partitioning of these three pathways in excitation energy dissipation changed sig-
nificantly during leaf ontogeny and with the position of leaves in the canopy. The 
magnitude of contribution of these processes varied in the following order: early 
developmental stage of leaves from both canopy layers: Y(II) < Y(NO) < Y(NPQ); 
mature shade leaves: Y(II) < Y(NO) < Y(NPQ); mature sun leaves: 
Y(NO) < Y(II) < Y(NPQ).

In early developmental stage, illuminated leaves were able to utilize only a small 
fraction of absorbed photons for photochemistry (Y(II)) and the excitation energy is 
lost mostly as heat and fluorescence via non-photochemical quenching processes with 
a nearly equal contribution of regulated (Y(NPQ) and passive, un-regulated dissipa-
tion (Y(NO) (Fig. 6). Maturing leaves with the increase in CHL (Fig. 2) and Fv/Fo 
(Fig. 5) gradually gained capability to shift the partitioning of these processes and 
used increasing amounts of quanta from actinic light illumination (800 μmol m–2 s–1) 
for photochemistry. Maturing leaves increased the regulated non-photochemical 
quenching (Y(NPQ)) of excitation energy, too but the magnitude of Y(NPQ) differed 
in different canopy positions. In early May sun and shade leaves had 16 and 53% 
higher Y(NPQ), respectively, compared to those results in mid-April. In mature 
leaves of both canopy layers loss of excitation energy as Y(NO) was 30–35% lower 
than in flushing leaves.

Late successional forest tree species such as sessile oak are described by relatively 
low CO2 assimilation capacity [4, 22]. Therefore, mature leaves in the top of these 
trees frequently absorb more light that can be used in CO2 fixation. Leaves experienc-
ing excess light develop protective strategies to avoid the accumulation of ROS 
induced by over-excitation of PSII during high light hours [10, 33]. Our results con-
firm that sun exposed mature leaves of sessile oak are able to prevent ROS-induced 
photodamages by developing processes implemented in regulated non-photochemical 
quenching (Y(NPQ)) such as the xanthophyll cycle. However, leaves in early devel-
opmental stage with low maximum (Fv/Fo) and actual photochemical efficiency 
(Y(II)) and lack of the ability to build up high Y(NPQ) are susceptible to stresses like 
late frost, or spring heat stress.
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