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Abstract: Quercus pubescens Willd. is a deciduous species that can retain leaves in the winter either as dead, standing leaves 
(marcescence), or as living, winter-green leaves. The retention of green leaves through winter is rare in continental areas. 
Winter-green leaves were observed on one-year-old seedlings of Q. pubescens in the winter of 2020 in the nursery of the 
Faculty of Forestry that lasted until the end of April 2021. The photosynthetic activity of photosystem II was measured using 
the rapid light curve method based on modulated pulse chlorophyll fluorescence. We assessed the potential photosynthetic 
activity of the leaves across the range of physiological stages: winter-green leaves retained from the previous growing season 
and on the leaves from the first, second, and third growth flush during the growing season. Photosystem II of winter-green 
leaves attained ~50-60% of the maximal photosynthetic activity obtained in spring and summer leaves, respectively. Climate 
data indicated that winter-green leaves exhibited frost resistance in the winter of 2020/2021, as their photosynthetic activity 
was preserved despite 33 days with sub-zero temperatures. The rapid light curve method also revealed the gradual acclima-
tion of seedlings on a flush level, with leaves from the third flush best able to use available light under high temperatures 
and insolation efficiently. The results of rapid light use as an indicator of seedling acclimation are discussed. Some remarks 
on the possible practical significance of the winter-green leaves phenomenon (as in genetic selection) are highlighted.

Keywords:  frost and light acclimation; leaf senescence; Quercus pubescens Willd. — downy oak; PSII activity; winter-green 
leaves

INTRODUCTION

In temperate deciduous species, leaves are formed at 
the beginning of the growing season and usually shed 
before the winter (and sometimes during the growing 
season). The shoot elongation and leaf emergence occur 
in determinate (such as the case of flush growth) or 
indeterminate (succeeding) modes of shoot growth, as 
reviewed by Kikuzawa and Lechowicz [1]. Leaf senesce 
occurs in the fall when day length and temperature 
decrease [2]. Once the nutrients are salvaged and trans-
located from the senescing leaves, the leaves die and 
decay [3] and are removed from the stem by natural 
abscission [2]. However, senescence may fail (“aborted 
senescence”), leaving withered, dead leaves throughout 
the winter in a leaf pattern known as marcescence [4]. 
The timing of leaf senescence depends on physiological, 

genetic, and environmental factors [3] that influence 
the longevity of the leaves throughout seasons. In some 
cases, such as in certain Populus clones [5,6], Rhamnus 
cathartica L. [7], or Alnus cordata (Loisel.) Duby [8], 
the trees can retain green leaves until late fall. Less 
commonly, the leaves of temperate deciduous trees are 
retained throughout the winter and remain green and 
physiologically active until the beginning of the next 
growing season. This has been reported in Q. lobata 
Née [9,10] and blackberry (Rubus fruticosus s.l.) [11]. 
Winter-green leaves can also be found in mutants of 
different species [3].

Changing environmental conditions may extend 
the growing seasons of Q. pubescens [12]. Also, aborted 
senescence, marcescent leaf habit [4,13], and reten-
tion of green leaves may occur if the winters are mild 
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[14]. This phenomenon is primarily reported for Q. 
pubescens on warm sites in the Mediterranean region 
[15,16]. Multiple leaf flushing adds to the phenological 
plasticity of oaks. Shoot elongation and leaf expansion 
occur rapidly during each flush growth, alternating 
with bud development to form a rhythmic pattern [17]. 
The number of flushes varies, but oaks may exhibit 
several growth flushes in a growing season [18,19]. 
Observations of flush-level acclimation offer more 
detailed insights into morphological and physiologi-
cal responses in oak seedlings, enhancing our under-
standing of their phenotypical plasticity [20,21]. Leaf 
chemistry can also vary considerably within different 
flushes [22]. As the total growth of oak seedlings is 
directly related to multi-flush growth, the trait is helpful 
in designing regeneration systems tailored to incen-
tivize optimal offspring growth [18,23]. Multi-flush 
growth is also important in morphological studies for 
species identification [24] or inflorescence morphol-
ogy on adult trees [25]. A recent study [26] revealed 
that multi-flush growth has a role in defense priming 
against herbivores by conveying the priming memory 
from older to most recent flushes. In this context, we 
chose the flush-level approach in our study, as it is 
recommended for morphological and physiological 
comparisons using samples from different flushes 
[21,27]. The study aimed to compare the photosyn-
thetic capacity of winter-green leaves with that of 
spring and summer leaves from flushes developed in 
the following growing season. This was done to assess 
the acclimation of the photosynthetic capacity of oak 
seedlings across different growth flushes throughout 
the growing seasons. The working hypothesis was that 
the photosynthetic capacity of winter-green leaves is 
impaired compared to spring and summer leaves. The 
rapid light curve (RLC) method was used, as it is widely 
applied in greenhouse and field conditions to assess 
the photosynthetic activity of plants [e.g. 28-30]. In 
varying light environments, employing RLC offers a 
rapid assessment of photosynthetic capacity. This as-
sessment considers the leaf ’s capacity to withstand 
short-term light variations and reflects its immediate 
light exposure history [31-33]. Thus, it is advantageous 
in fieldwork with light-adapted plants. 

MATERIALS AND METHODS

Site conditions

The research was conducted on downy oak (Quercus 
pubescens sensu lato) seedlings with winter-green leaves 
retained from the 2020 growing season in the nursery 
of the Faculty of Forestry of the University of Belgrade 
(44°46’57.2”N, 20°25’31.6”E) in open air conditions. 
Winter-green leaves were also observed in 2022 and 
2023. The soil in the nursery is loam to clay loam with 
a pH in KCl between 7.14 and 7.24. The basic climate 
parameters for 2020, 2021, and 2022 were calculated 
using data from the Republic Hydrometeorological 
Institute of Serbia for Belgrade meteorological station 
and compared to the 1991-2020 averages [34]. The 
mean temperature in 2020, 2021, and 2022 was 13.7-
14.5°C and higher by 4-10% than that of the 1991-2020 
average. Precipitation was 654.3, 795.3, and 639.7 mm 
in 2020, 2021, and 2022, respectively. Total precipita-
tion in 2020 and 2022 was lower by 6-8% compared 
to the 1991-2020 average, while in 2021, it was 14% 
higher. Total insolation in the growing seasons of 2020, 
2021, and 2022 was higher by 12.1-16.1% compared to 
the 1991-2020 average (Supplementary Fig. S1). The 
mean daily relative humidity (%) during measurement 
campaigns was 77% (20/04/2021), 62% (28/05/2021), 
and 51-55% (14 and 15/09/2021).

Plant material

Seedlings were selected from the generative progeny 
test established in October 2019 from 20 maternal 
trees originating from the Košutnjak Forest. Acorns 
were collected from the local population of the zonal 
association Quercetum cerridis-virgilianae Jov. et. Vuk. 
77 [35]. Watering and weeding were carried out periodi-
cally. One-year-old seedlings with winter-green leaves 
originated from one half-sib line (mother tree coordi-
nates: 44°46’31.6”N 20°25’28.0”E). The phenomenon 
was also observed in the offspring of other half-sib lines 
(Supplementary Fig. S2); however, winter-green leaves 
were not recorded in all the seedlings within a single 
family (Supplementary Fig. S3). We used seven normally 
developed seedlings with fully formed and undamaged 
winter-green leaves. Measurements were taken for each 
plant using three fully developed leaves located near 
the terminal bud during the following physiological 
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stages. (Supplementary Fig. S4): winter-green leaves 
on 20/04/2021; first growth flush on 28/05/2021 and 
second and third growth flush on 14/09 and 15/09/2021. 
Thus, the total sample consisted of 21 leaves for each 
leaf set. The third flush was an exception, with six out 
of seven experimental plants displaying growth during 
this phase, resulting in a sample of 18 leaves (81 leaves 
analyzed in total). One limitation is that we could not 
determine whether the winter-green leaves originated 
from the first flush or from subsequent flushes during 
the 2020 growing season.

Chlorophyll fluorescence measurements

The photosynthetic activity of photosystem II (PSII) 
was calculated using the rapid light curves measure-
ments of the modulate pulse chlorophyll fluorescence 
with a portable chlorophyll fluorimeter Junior PAM 
(Gademann Instruments GmbH, Würzburg, Germany). 

The photochemical activity of PSII was calculated 
using WinControl software (v3.29; Heinz Walz GmbH, 
Effeltrich, Germany) and the photochemical quantum 
yield of PSII (Y(II)). For the RLCs, 12 PAR (actinic) 
intensities were used, namely 25, 45, 65, 90, 125, 190, 
285, 420, 625, 820, 1150, and 1500 µmol cm−2 s−1. At each 
PAR intensity, a saturation pulse of 10,000 µmol cm-2 s-1 
lasting 0.8 seconds was applied. The light duration of 
each actinic light was 10 s, thus providing information 
on the photochemical activity of photosystem II. At 
each actinic level, quantum yield [Y(II)] and electron 
transport rate (ETR) were calculated. As the leaves 
were light-adapted, the quantum yield was calculated 
in WinControl software according to Genty et al. [36]:

Y(II) = (FM’−F’)/FM’    (1)

The relative electron transport rate (ETR) was 
calculated as follows: 

ETR = PAR × ETR-Factor × PPS2/PPS1 × Y(II) (2)

According to the equipment manual, the 
WinControl-3 software default value for the ETR-Factor 
is 0.84, while the PPS2/PPS1 (photons absorbed by 
PS II relative to photons absorbed by photosynthetic 
pigments) default is 0.5. 

Statistical analysis

To test for differences in the mean values of photosyn-
thetic activity in winter-green leaves of Q. pubescens 
seedlings, we used nonparametric statistics (Kruskal-
Wallis test) after verifying that the assumptions for 
parametric tests (normal distributions and equal vari-
ances) were not met. Statistica 6.0 computer software 
(Stat Soft, Inc.), Statgraphic Plus 5.0 (Statistical Graphics 
Corporation, USA), and Adinsoft XLSTAT 2017 soft-
ware (free trial version) were used for statistical analysis.

RESULTS

Despite 33 frost days recorded during the winter of 
2020/2021 (Supplementary Figure S1), the winter-green 
leaves maintained their green leaf area, showing early 
signs of senescence and/or frost damage on only a 
few leaves. (Fig. 1). Winter-green leaves exhibited 63, 
61, and 47% of the maximal photosynthetic activity 
(ETR) of leaves measured on the first, second, and third 

growth flush in the 2021 growing sea-
son, respectively. Quantum yield val-
ues indicated that winter-green leaves 
utilized 30-40% of the absorbed pho-
tons for a photochemical reaction in 
the low light range (25-420 µmol cm-2 
s-1). Spring and summer leaf flushes 
behaved similarly in this range, with 
a quantum yield between 36 and 57%. 
As PAR levels increased, quantum yield 
decreased in all leaf sets, being lowest 
in winter-green leaves (0.12) and high-
est in third flush leaves (0.26) (Fig. 2). 
Quantum efficiency of PSII expressed 
as the initial slope of the RLC (Fig. 

Fig. 1. a – Winter-green leaves from the 2020 growing season and the onset of leaves from 
the 2021 growing season on 1-year-old downy oak (Quercus pubescens Willd.) seedling 
on 20/04/2021; b – first flush leaves (28/05/2021).
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2) showed a decrease in winter-green 
leaves by around 25% compared to 
other leaf flushes.

The differences for Y(II) and ETR 
between the winter-green leaves and 
the leaves of the first, second, and third 
growth flushes were statistically signifi-
cant at all levels of PAR (Tables 1 and 
2). Therefore, the working hypothesis 
can be accepted, i.e., that the photo-
synthetic capacity of the winter-green 
leaves was impaired compared to that 
of the spring and summer leaves. At 
most PAR levels, there were no signifi-
cant differences in leaf photosynthetic 
activity between the different growth 

Fig. 2. Rapid light curves at four different physiological stages of seedling development: 
winter-green leaves retained from winter 2020, measured in April 2021; leaves from the 
first spring flush (Flush 1) and leaves from the second and third flushes developed during 
summer 2021 (Flush 2 and Flush 3). The results represent average values (±standard error 
of the mean) of quantum yield of Photosystem II (Y) and electron transport rate (ETR) 
based on 21 leaves from 7 plants for each of the physiological stages except for Flush 3 
where 18 leaves from 6 plants were used.

Table 1. Statistical testing of photochemical quantum yield of Photosystem II between different leaf flushes based on the Kruskal-Wallis test
Stages PAR 
µmol cm−2 s−1

WG F1 F2 F3 Kruskal Wallis test Significance
n = 21 n = 21 n = 21 n = 18 df = 3

0
 

A 0.40 (0.11)  0.54 (0.11) 0.56 (0.15)  0.55 (0.13) 
B 0.40 [0.17]a  0.56 [0.17]b 0.63 [0.20]b 0.60 [0.11]b CK = 20.18 P<0.05

25
 

0.39 (0.09) 0.53 (0.11) 0.57 (0.12) 0.55 (0.10)
0.38 [0.09]a 0.56 [0.14]b 0.62 [0.12]b 0.60 [0.10]b K= 23.85 P<0.05

45
 

0.37 (0.08) 0.51 (0.12) 0.56 (0.12) 0.56 (0.11)
0.37 [0.10]a 0.57 [0.14]b 0.61 [0.12]b 0.60 [0.06]b K= 27.02 P<0.05

65
 

0.36 (0.08) 0.49 (0.12) 0.54 (0.12) 0.54 (0.13)  
0.35 [0.12]a 0.54 [0.23]b 0.60 [0.13]b 0.59 [0.06]b K= 24.31 P<0.05

90
 

0.34 (0.07) 0.47 (0.12) 0.53 (0.13) 0.53 (0.13)  
0.33 [0.09]a 0.51 [0.21]b 0.59 [0.11]b 0.58 [0.05]b K= 24.77 P<0.05

125
 

0.33 (0.06) 0.45 (0.13) 0.51 (0.13) 0.52 (0.13)  
0.33 [0.10]a 0.50 [0.23]b 0.56 [0.13]b 0.57 [0.05]b K= 22.34 P<0.05

190
 

0.30 (0.06) 0.42 (0.13) 0.47 (0.14) 0.50 (0.13)  
0.30 [0.09]a 0.46 [0.22]b 0.52 [0.15]b 0.55 [0.06]b K= 22.48 P<0.05

285
 

0.27 (0.06) 0.40 (0.11) 0.43 (0.13) 0.47 (0.11)  
0.27 [0.09]a 0.43 [0.18]b 0.51 [0.06]bc 0.51 [0.06]c K= 26.99 P <0.05

420
 

0.24 (0.05) 0.36 (0.11) 0.38 (0.13) 0.43 (0.11)  
0.24 [0.09]a 0.38 [0.15]b 0.41 [0.19]b 0.46 [0.07]b K= 24.54 P<0.05

625
 

0.19 (0.05) 0.32 (0.09) 0.33 (0.12) 0.38 (0.11)  
0.19 [0.06]a 0.32 [0.14]b 0.34 [0.18]b 0.42 [0.08]b K= 28.21 P<0.05

820
 

0.17 (0.03) 0.28 (0.08) 0.29 (0.11) 0.34 (0.10)  

0.17 [0.04]a 0.28 [0.11]b 0.30 [0.16]b 0.36 [0.09]b K= 29.38 P<0.05
1150

 
0.13 (0.03) 0.23 (0.07) 0.24 (0.09) 0.30 (0.09)  

0.13 [0.04]a 0.23 [0.10]b 0.24 [0.13]bc 0.31 [0.10]c K= 32.84 P<0.05
1500

 
0.12 (0.03) 0.19 (0.07) 0.20 (0.08) 0.26 (0.09)  

0.12 [0.03]a 0.20 [0.06]b 0.20 [0.11]b 0.27 [0.11]b K= 27.84 P<0.05
WG – winter-green leaves; F1, F2 and F3 – leaves from the first, second and third growth flush (a spurt of growth) developed during the growing season;  
A, mean values ± SD; B, median values [interquartile range]; C, K values, Kruskal-Wallis test was applied to examine differences among medians; df = 
degree of freedom. Medians in a row without a common superscript letter differ, as analyzed by Steel-Dwass-Critchlow-Fligner procedure after Kruskal-
Wallis test (P<0.05); n, sample size (number of leaves).
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flushes in the 2021 growing season, although the third 
flush leaves tended to perform a higher photochemical 
activity of PSII at higher PAR levels (Fig. 2). However, 
statistical analysis suggests that only at PAR levels 285 
and 1150 were there significant differences of Y and 
ETR between the third and the first growth flush (Tables 
1 and 2).

DISCUSSION

The leaves of Q. pubescens from the 2020 growing sea-
son exhibited prolonged longevity, maintaining photo-
synthetic activity throughout the winter until the onset 
of the next growing season. The photosynthetic capacity 
of winter-green leaves was reduced compared to leaves 
that developed in the subsequent growing season. The 

winter-green leaves of Rubus fruticosus s.l. also exhib-
ited relatively low photosynthetic activity, indicating 
adaptation to sub-zero temperatures [11]. We noticed 
the same pattern in Q. pubescens, as the number of days 
with sub-zero temperatures in the winter of 2020/2021 
was considerable (33 days). Longer and stronger frosts 
are needed for the initiation of senescence processes in 
Q. pubescens, as demonstrated by Holland et al. [14] in 
comparisons with Q. frainetto Ten., Q. cerris L., and Q. 
robur L. Our results imply that Q. pubescens seedlings 
can retain winter-green leaves and utilize winter days 
with positive temperatures and higher total insolation, 
thus extending their functional longevity (as defined 
in [37]). The species showed considerable ecological 
plasticity, altering its leaf habit under favorable condi-
tions. The subsequent flushes that emerged during the 

Table 2. Statistical testing of electron transport rate (ETR) between different leaf flushes based on the Kruskal-Wallis test

Stages  PAR 
µmol cm−2 s−1

WG F1 F2 F3 Kruskal Wallis test Significance
n = 21 n = 21 n = 21 n = 18 df = 3

25
 

A 4.11 (0.96)  5.5 (1.18) 6.00 (1.30)  5.80 (1.33) 
B 4.00 [1.00]a  5.90 [1.40]b 6.60 [1.20]b 6.35 [1.05]b CK = 24.36 P<0.05

45
 

7.06 (1.57)  9.60 (2.24) 10.58 (2.32)  10.56 (2.04) 
7.00 [1.90]a  10.80 [2.60]b 11.60 [2.30]b 11.35 [1.12]b K= 26.99 P<0.05

65
 

9.79 (2.29)  13.46 (3.12) 14.87 (3.42)  14.76 (3.59) 
9.60 [3.30]a  14.60 [6.20]b 16.40 [3.40]b 16.50 [1.62]b K= 24.27 P<0.05

90
 

12.98 (2.74)  17.96 (4.48) 020.08 (4.87)  20.19 (4.90)   
12.50 [3.50]a  19.40 [8.10]b 22.20 [4.40]b 21.95 [1.97]b K= 24.41 P<0.05

125
 

17.38 (3.44)  23.80 (6.95) 26.88 (6.91)  27.34 (6.88)   
17.40 [5.30]a  26.10 [12.30]b 29.60 [6.90]b 30.11 [2.70]b K= 22.44 P<0.05

190
 

24.15 (8.10)  33.82 (10.22) 37.46 (11.01)  39.68 (10.12)   
23.80 [7.40]a  36.80 [17.30]b 41.50 [12.20]b 43.70 [4.57]b K= 22.52 P<0.05

285
 

32.34 (6.88)  47.51 (12.89) 51.66 (15.93)  56.27 (13.69)   
32.70 [10.60]a  51.50 [21.10]b 56.30 [19.50]bc 61.25 [7.45]c K= 26.99 P<0.05

420
 

42.06 (9.35)  62.98 (18.80) 67.61 (23.20)  75.66 (50.18)   
41.80 [15.70]a  67.70 [26.60]b 72.00 [33.90]b 82.00 [12.57]b K= 24.54 P<0.05

625
 

51.23 (11.99)  83.26 (23.17) 87.17 (30.33)  100.62 (28.80)   
49.40 [16.80]a  83.20 [37.60]b 90.60 [46.40]b 109.35 [21.82]b K= 28.21 P<0.05

820
 

57.40 (11.92)  96.15 (27.91) 101.02 (37.35)  118.88 (34.24)   
57.50 [14.50]a  96.10 [37.20]b 105.00 [56.10]b 125.35 [32.40]b K= 29.38 P<0.05

1150
 

64.75 (16.78)  111.55 (34.01) 116.18 (44.01)  144.26 (41.77)   
61.80 [19.80]a  112.10 [46.80]b 114.00 [64.70]bc 151.15 [47.60]c K= 32.84 P<0.05

1500
 

77.29 (18.41)  122.56 (42.30) 127.35 (51.15)  164.86 (55.45)   
76.90 [18.20]a  126.00 [40.30]b 127.90 [68.00]b 169.15 [70.75]b K= 27.84 P<0.05

WG – winter-green leaves; F1, F2, and F3 – leaves from the first, second, and third growth flush (a spurt of growth) developed during the growing season; 
A, mean values ± SD; B, median values [interquartile range]; C, K values, Kruskal-Wallis test was applied to examine differences among medians; df = 
degree of freedom. Medians in a row without a common superscript letter differ, as analyzed by the Steel-Dwass-Critchlow-Fligner procedure after the 
Kruskal-Wallis test (p<0.05); n, sample size (number of leaves).
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2021 growing season also showed marked acclimation 
to changing light conditions. Acclimation at the flush 
level was also observed in Q. robur seedlings [21,38,39]. 
This enabled higher photosynthetic efficiency, espe-
cially under high light conditions in the third growth 
flush. Q. pubescens leaves during the second growing 
season demonstrated a rapid response to variations in 
light conditions. These acclimation patterns, coupled 
with the species’ documented drought tolerance [40], 
could position Q. pubescens as one of the winners in 
a changing climate [41].

The underlying cause of winter-green leaves in 
species that typically undergo leaf abscission is not fully 
understood. There are several potential explanations for 
this phenomenon. In plants, certain phenotypes might 
display modified senescence as a result of mutations 
[3]. However, we can largely dismiss this hypothesis, as 
our seedlings came from a progeny of 20 half-sib lines, 
with most of them exhibiting this trait. Delayed leaf 
senescence may be triggered by drought [42], but this 
possibility can also be discounted, as the Q. pubescens 
seedlings did not experience a lack of precipitation dur-
ing summer months and were also regularly watered. 
Another potential explanation may lie in the slowed 
senescence of Q. pubescens leaves that receive higher 
PPFD [4]. This was observed on adult trees [4], but it 
may also pertain to juvenile plants. The climate data 
supports these results in our research. Compared to 
the 1991-2020 average, total insolation in the growing 
seasons of 2020, 2021, and 2022 increased by 12.1, 
14.8, and 16.1%, respectively. We hypothesized that 
the high insolation might have prompted a genetic 
response, activating specific ancestral genes; this could 
explain why the Q. pubescens seedlings resembled their 
evergreen ancestors [43], indicating adaptation to a 
warming climate. This, however, may refer only to some 
specimens of Q. pubescens. The hypothesis can only be 
partly accepted, as the retention of winter-green leaves 
was not observed in all seedlings, despite experiencing 
the same light conditions within the micro area. The 
species is known for exhibiting atavistic traits such 
as summer flowering with untypical lignified flower 
branchlets, as reported by Bobinac et al. [25] from the 
same population in Košutnjak, Belgrade on a speci-
men determined as Q. virgiliana Ten. Winter-green 
leaves were observed during natural regeneration in 
the Belgrade area, similar to what was noted on our 

seedlings in 2021, 2022, and 2023. The role of the 
population should be considered as well [12].

Some authors classify Q. pubescens (determined 
as Q. virgiliana Ten.) in the Mediterranean as a semi-
evergreen oak species [15]. Our results confirm that Q. 
pubescens can be a winter-green species in continental 
areas as well, as suggested by Holland et al. [14]. Our 
results also correspond with those indicating that oaks 
are anticipated to maintain longer canopy duration in 
future warmer climates characterized by fewer chilling 
temperatures [44]. Herein we only covered the photo-
synthetic capacity of Q. pubescens leaves. To deepen 
our understanding of the role of winter-green leaves 
in the acclimation of Q. pubescens, future research 
should explore this leaf pattern from the perspectives 
of chlorophyll degradation and phenological studies. 
The observed retention of green leaves may be a trait 
worth including in genetic selection, as suggested by 
Nelson and Isebrands [6]. Considering the significant 
phenological variability of Q. pubescens, winter-green 
leaves, as a potentially valuable trait in forestry, should 
be investigated in future research on a broader scale in 
the region and encompass various growing conditions 
that might influence this particular trait.

CONCLUSIONS

In the initial stages of development, Q. pubescens can 
alter its typical deciduous leaf habit, potentially extend-
ing leaf longevity throughout the entire winter. This 
adaptation may be attributed to environmental factors, 
such as heightened insolation and population genetics. 
In one-year-old seedlings, winter-green leaves retained 
chlorophyll and sustained approximately 50-60% of 
the photosynthetic activity observed in subsequent 
growth flushes during the 2021 growing season. In 
conclusion, winter-green leaves demonstrate resilience 
against sub-zero temperatures, maintaining photosyn-
thetic activity until the start of the next growing season. 
This highlights the species’ remarkable plasticity in 
both phenological and photosynthetic activity patterns.
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SUPPLEMENTARY MATERIAL

Supplementary Fig. S1. Basic climate parameters in 2020, 2021, and 2022 compared to the 1991-2020 average (±standard error of the mean).
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Supplementary Fig. S2. One-year-old seedlings of Quercus pu-
bescens Willd. in a progeny test in the nursery of the University 
of Belgrade, Faculty of Forestry, with both abscised and retained 
green leaves from the 2020 growing season (16/03/2021).

Supplementary Fig. S3. One-year-old Quercus pubescens Willd. 
seedlings from a single half-sib line, with both abscised and re-
tained green leaves from the 2020 growing season (16/03/2021).

Supplementary Fig. S4. Schematic representation of the sampled 
physiological stages: winter-green leaves developed in 2020 and 
leaves from the three flushes developed during the growing sea-
son 2021.




