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Abstract: Common beech is a shade-tolerant tree species that can adapt to varying light intensities at
the level of whole plants, crown fragments, and individual leaves. The acclimation abilities of the
morphological, physiological, and biochemical characteristics of beech leaves were experimentally
determined in tree crowns for different levels of light availability. About 24% higher length, width,
and area and about 35% higher thickness were recorded in the sun leaves compared with shade
leaves. Lower and earlier maximum leaf pigment levels, a faster degradation of leaf pigments during
senescence, and a higher chlorophyll a/b ratio were observed in fully sun-grown leaves compared
with leaves growing deeper in the canopy. Changes in the intensity of oxidative stress and the
differential ability of developing and senescing leaves to defend against this effect under different
light conditions were determined. This resulted in a higher redox imbalance and faster senescence
in the outer parts of the tree crowns. Due to higher ascorbic acid and glutathione content and
slower activity loss of antioxidative enzymes involved in superoxide anion and hydrogen peroxide
decomposition, better control over the redox balance, oxidative stress, and senescence induction was
noted in the sun leaves.

Keywords: Fagus sylvatica; leaf senescence; oxidative stress; adaptation to light

1. Introduction

Light is critical for plant leaves as it plays a decisive role in determining their mor-
phological, anatomical, and physiological characteristics. Parts of trees, in particular,
assimilatory organs located in different parts of the crown, develop under different light
conditions. Although they exhibit various biochemical and physiological features charac-
teristic of their position in the crown, they can function normally under light intensities
characteristic of their development [1]. Leaves present in the inner parts of the tree crown
are prone to receiving reduced light intensity and consequently to changes in the spectral
composition due to shading caused by leaves located in the outer parts. Light acts as a
source of energy and related stimuli that determine the proper growth and development of
plants. Photoreceptors such as phytochrome, cryptochrome, phototropin, and other related
leaf characteristics, including leaf mass per unit area and photosynthetic rate per unit mass
of chlorophyll, contribute to efficient light utilization. These enable plants to track changes
in light signals, including light color, intensity, direction, and timing, as well as crown
density, responding accordingly [2]. Based on acclimation to light intensities, plant leaves
can be categorized as sun leaves and shade leaves. Leaves exhibit not only morphological
and anatomical acclimation to different light intensities for their growth and development
but also various biochemical and physiological characteristics that enable them to grow at
specific light intensities.

Besides driving electron transport in photosynthesis, light energy also increases the
production of reactive oxygen species (ROS) such as superoxide anion (O2

•−), singlet
oxygen (1O2), and hydrogen peroxide (H2O2); these ROS significantly extend the negative
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effects of the redox imbalance as well as the cellular capacity for reduction/oxidation (redox)
regulation and signaling [3]. ROS are primarily formed in chloroplasts, mitochondria, and
peroxisomes [4]. The preliminary source of O2

•− in photosynthesis is its light phase and
the Mehler reaction in photosystem PS I [5,6]. Leaves growing under normal conditions
possess an antioxidant system that scavenges excess ROS and ensures cellular redox balance.
Superoxide anion and its protonated form (HO2

•) undergo a dismutation reaction catalyzed
by superoxide dismutase (SOD), which results in the formation of H2O2. H2O2 can act as
a substrate for reactions taking place at specific distances from its formation sites, which
generate more reactive hydroxyl radicals (HO•) from H2O2 or O2

•− via Fenton and Haber–
Weiss reactions [7]. Increased production of ROS or a decrease in the antioxidant capacity
of cells, tissues, and organs leads to the formation of redox signals at the cell level due to
the accumulation of ROS in organelles carrying out electron-transport-related processes
(e.g., photosynthesis, respiration) [3]. Especially during autumn senescence, leaf growth
under oxidative stress induced by biotic or abiotic factors results in an imbalance between
increasing ROS formation and the antioxidant system’s ability to scavenge the ROS and
protect cellular macromolecules from damage.

From a biochemical perspective, leaves growing in the shade adapt to reduced light
intensity by means of their increased light absorption capacity. In most of the species,
shade-grown leaves have higher chlorophyll content per unit of fresh weight compared
with sun leaves [8]; however, this does not always translate to a higher chlorophyll content
per unit of leaf area [1]. This is because the measure of chlorophyll content depends on
light-intensity-related leaf thickness as it decides the intensity of light energy absorption by
light-harvesting complexes. Sun leaves compensate for the higher chlorophyll content per
unit fresh weight of shade leaves by their lower fresh weight per unit leaf area; thus, both
leaf types show comparable chlorophyll content per unit area. The higher ability of shade
leaves to utilize the limited light intensity is also supported by their higher chlorophyll b
content and, thus the lower chlorophyll a/b ratio and the higher total chlorophyll content
of light-harvesting complexes. The higher chlorophyll b proportion in the photosynthetic
systems of shade leaves allows light utilization over a wider range of wavelengths. In
leaves of plants growing in the shade and in leaves located in the shade part of the tree
canopy, a higher percentage of assimilates are used for the formation of the leaf blade.
These leaves are also characterized by a high leaf area ratio and specific leaf area; however,
due to relatively few smaller palisade mesophyll cells per unit area, they are thin and have
low leaf mass density.

Common beech (Fagus sylvatica L.) is an important deciduous species in the forests of
Poland and Central Europe. This species exhibits different morphological, physiological,
and genetic characteristics, which are related to the wide range of their occurrence in areas
characterized by varied climatic conditions [9,10]. These diverse characteristics enable this
species to adapt to various conditions. Beech shows typical features of a shade-tolerant
tree species [11]. Due to the light tolerance of leaves in seedlings in the understory and
shade canopy parts, beech can survive under stressful conditions caused by excess or
deficiency of light. Sun leaves, in particular, are structurally and functionally acclimated
to high light intensities; however, even in this type of leaves, excessive light intensity
causes disturbances in the activity of the antioxidant system and affects the stability of the
photosynthetic system due to the production of ROS by PSI and PSII. Compared with shade
leaves, sun leaves exhibit accelerated senescence processes because of the differential and
light-dependent cellular redox imbalance, displaying a steady state of photoinhibition [12].

Autumn senescence is one of the fundamental physiological and biochemical pro-
cesses in the leaves of beech and other trees [13,14]. This process determines the end date
of photosynthesis and accumulation of assimilates on the one hand and the beginning date
and course of remobilization of storage compounds on the other hand [15]. Thus, the timing
of induction and the rate of leaf senescence determine the lifespan of leaves and the accu-
mulation of organic matter. Previous studies have confirmed the significant participation
of ROS in the induction and control of the autumn senescence of beech leaves [10,16,17].
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ROS formation is the earliest response of beech leaves to decreasing temperature and 13-h
photoperiod, which determine leaf senescence and winter dormancy of beech [18]. One of
the important environmental factors affecting the intensity of ROS formation, the activity
of the antioxidant system, the redox balance of leaf cells, and the induction and course of
the senescence process is a significant difference in light intensity from the optimal level for
photosynthesis. This not only affects the characteristics of leaves located in the parts of the
crown with different degrees of illumination but also has an influence on whole plants.

In connection with the decisive role of free radical theory in the induction and control
of the course of autumn senescence of beech leaves and the participation of light in the
generation and accumulation of ROS in senescing leaves, as found in an earlier study was
undertaken to analyze the morphological and biochemical differences between sun and
shade beech leaves. The analyses carried out make it possible to assess the biochemical
mechanisms of maintaining the redox balance of leaves under different light conditions. In
light of the identified mechanism of induction of autumn senescence of beech leaves, they
should provide an answer to the basic question: what are the differences in the defense
mechanisms of the studied types of leaves against excessive accumulation of ROS and
disruption of the redox balance of cells? We tested the following hypothesis regarding the
biochemical basis of beech leaf response to light conditions during autumn senescence:
(a) higher light intensity for sun leaves induces greater ROS accumulation, chlorophyll
degradation, and oxidative stress formation; (b) differential intensity of ROS accumulation
in the sun and shade beech leaves (in terms of leaf type morphology and biochemistry)
induces differences in redox imbalance and, according to the free radical theory of leaf
senescence, determines the timing of induction, the course of leaf senescence and leaf
lifespan; (c) ROS accumulation in leaf types increases the activity of the antioxidant system
to the degree that depends on acclimation-induced biochemical changes in its activity at the
level of low-molecular-weight antioxidants and the enzymatic system. Light-dependent
production rates of ROS and the activity of the antioxidants system result in a spatial
gradient of leaf senescence induction and progression proportional to changes in canopy
light intensity. Confirming these hypotheses will make it possible to clarify the reason
for the earlier induction of beech leaf senescence in the outer, fully illuminated part of
the canopy and the gradual progression of this process toward the less illuminated leaves
located inside the canopy.

2. Materials and Methods
2.1. Plant Material

This study was conducted on beech trees aged 23 years planted in rows on a research
plot located in the Krzeszowice Forest District near Krakow (coordinates 50◦06′15.2′ ′ N,
19◦39′48.0′ ′ E). These beech trees were characterized by a lack of cover and this guaranteed
uniform insolation to each individual. Meteorological conditions during the study years
were determined from the data recorded by the meteorological station of the Institute of
Meteorology and Water Management in Balice near Krakow.

Sun and shade leaves were collected from 60 beech trees in 2019 and 2020 on the
following four dates: June 30, July 23, September 3, and October 2. The sun leaves were
collected from the upper part of the crown, fully exposed to the sun. The shade leaves
were collected from the lower shade part of the crown, characterized by approximately 40%
less light intensity than the upper part of the crown. For biochemical analysis, 10 sun and
shade leaves were frozen using liquid nitrogen and ground into powder. For dry weight
measurements, 100 mg of leaf powder was dried for 72 h at 70 ◦C until a constant weight
was achieved. To characterize the morphological parameters of the leaves, the following
parameters were analyzed using 10 leaves for each tree: leaf length (LL, cm), leaf blade
width (LW, cm), leaf perimeter (LP, cm), leaf area (LA, cm2), petiole length (PL, cm), leaf
index (LI: LL/LW × 100), petiole index (PI: PL/LL × 100), and leaf thickness (LT, µm) [19].
Leaf thickness was measured for five leaves from each tree at four points on each leaf,
and the average of these measurements was recorded. Measurements were made with a
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thickness gauge to the nearest 0.1 µm. The remaining parameters were determined using
the WINFOLIA software, version 2014 (Regent Instruments Inc., Quebeck, QB, Canada). The
digital images of leaves were captured using an Epson Perfection V800/850 flatbed scanner.

2.2. Biochemical Analyses
2.2.1. Leaf Pigments

Leaf pigments were extracted from the frozen leaf powder in 100% methanol cooled
to 4 ◦C. The absorbance of the extract was read at the following wavelengths 666, 653,
and 470 nm. Concentrations of chlorophyll and carotenoids were calculated using the
Lichtenthaler and Wellburn equations [20], and the results were expressed in mg g−1 DW.
The chlorophyll a/b ratio and carotenoid/chlorophyll ratio were determined from the
content of chlorophyll and carotenoids.

2.2.2. Oxidative Stress Parameters
Hydrogen Peroxide

Leaf H2O2 content was determined by peroxidase-mediated oxidation of Amplex Red
chromogen (Sigma, St. Louis, MO, USA). Briefly, H2O2 was extracted from 50 mg of leaf
powder in 50 mM sodium phosphate buffer (pH 7.4) containing 0.2% Triton X-100. The
Amplex Red oxidation reaction was carried out by mixing 50 µL of supernatant and 50 µL
of reaction mixture containing 0.1 mM Amplex Red (Cayman Chemical, Ann Arbor, MI,
USA) and 0.2 U/mL horseradish peroxidase (Sigma, St. Louis, MO, USA) dissolved in
sodium phosphate buffer (pH 7.4). The reaction was carried out at 30 ◦C in the dark for
30 min, and the absorbance was measured at 560 nm. The concentration of H2O2 was
determined using a standard curve for H2O2 concentrations of 0–8 µM. The H2O2 content
was expressed as µmol g−1 DW.

Thiobarbituric Acid-Reactive Substances

The degree of lipid peroxidation was determined by measuring thiobarbituric acid-
reactive substances (TBARS) [21]. In this procedure, approximately 50 mg of frozen powder
was shaken in 5% trichloroacetic acid (TCA), and then the supernatant was mixed with
20% TCA solution containing 0.5% thiobarbituric acid. The reaction was carried out for
30 min at 95 ◦C. To determine the TBARS content, absorbance at 532 nm was measured,
from which nonspecific absorbance at 600 nm was subtracted. The TBARS content of
leaves was calculated using an extinction coefficient of 155 mM−1 cm−1 and expressed as
nmol g−1 DW.

2.2.3. The Activity of the Antioxidant System
Ascorbate and Dehydroascorbate

The content of reduced and total ascorbic acid (AsA) was analyzed in accordance with
the method described by Gillespie and Ainsworth [22]. Briefly, the leaf powder was shaken
with 6% TCA. To reduce the oxidized form of AsA and determine the total AsA content,
10 mM dithiothreitol (DTT) was added to the supernatant, and the sample was incubated
for 20 min at 37 ◦C. Excess DTT was removed by adding 0.5% N-ethylmaleimide. The
reaction was performed at 37 ◦C by adding a reaction mixture containing TCA, H3PO4,
2,2′-dipyridyl, and FeCl3 to the samples, and the absorbance was read at 525 nm. The
AsA content was measured from a standard curve prepared for the concentrations of
0.15–10 mM. The content of the oxidized form of AsA was determined as the difference
between the total and reduced contents of the compound.

Glutathione and Glutathione Disulfide

The total (reduced glutathione (GSH) + oxidized glutathione (GSSG)) and oxidized
glutathione contents were determined using the method suggested by Rahman et al. [23].
Glutathione was extracted from leaf powder in 100 mM potassium phosphate buffer
(pH 7.5) containing 5 mM EDTA, 0.6% sulfosalicylic acid, and 0.1% Triton X-100. The
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total glutathione content was determined using the DTNB (5,5′-dithio-bis-nitrobenzoic
acid)–GR (glutathione reductase) recycling assay. The reaction progress was determined
by measuring the changes in absorbance at 412 nm. The total glutathione content was
calculated from a standard curve prepared for the concentrations of 0.4–26.0 µM GSH. The
GSSG content was determined after the removal of GSH from the compound by reaction
with 2-vinylpyridine. Excess 2-vinylpyridine was neutralized using triethanolamine. The
GSSG content was determined from a standard curve prepared for the concentrations of
0.4–26.0 µM GSSG.

Extraction and Activity of Antioxidative Enzymes

Antioxidative enzymes were extracted by shaking 50 mg of leaf powder in enzyme-
appropriate buffers at 4 ◦C. The leaf powder was then poured into the buffer in a ratio of
1:10 (w/v), and protein concentration was determined using the Bradford method with
bovine serum albumin as the standard [24].

Catalase

Catalase (CAT) (EC 1.11.1.6) was extracted in 50 mM potassium phosphate buffer
(pH 7.0) containing 5% (w/v) insoluble polyvinylpolypyrrolidone (PVPP), 2 mM ethylene-
diaminetetraacetic acid (EDTA), and 1 mM phenylmethylsulfonyl fluoride (PMSF). CAT
activity was measured following the Aebi method [25]. The reaction mixture contained
50 mM potassium phosphate buffer (pH 7.0), 7.5 mM H2O2, and enzyme extract. The
enzyme activity of the mixture was determined by measuring the disappearance of H2O2
at 240 nm using an extinction coefficient of 43.6 M−1 cm−1. The amount of enzyme used to
catalyze the degradation of 1 µmol H2O2 min−1 mg−1 proteins was considered as the unit
of enzyme activity.

Ascorbate Peroxidase

Ascorbate peroxidase (APX) (EC 1.11.1.11) was extracted in 50 mM potassium phos-
phate buffer (pH 6.8) containing 0.5% (v/v) Triton X-100, 5% PVPP, 1 mM PMSF, 2 mM
EDTA, 1 mM DTT, and 1 mM AsA. APX activity was determined in a reaction mixture
containing 50 mM phosphate buffer (pH 7.0) and enzyme extract. The reaction was initiated
by adding 5 µL of 200 mM H2O2. The enzyme activity was determined by the decrease
in absorbance at 290 nm due to enzymatic oxidation of AsA by H2O2 using an extinction
coefficient of 2.86 mM−1 cm−1 as described by Murshed et al. [26].

Superoxide Dismutase

Superoxide dismutase (SOD) (EC 1.15.1.1) was extracted in 50 mM potassium phos-
phate buffer (pH 7.8) containing 0.5% (v/v) Triton X-100, 5% PVPP, 1 mM PMSF, and
2 mM diethylenetriamine-pentaacetic acid (DTPA). The activity of SOD was determined
using WST-1 ((2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfo-phenyl)-2H-tetrazolium
(Dojindo, Munich, Germany) by following the modified method of Peskin and Winter-
bourn [27]. Superoxide ion formation was induced by the reaction of hypoxanthine cat-
alyzed by xanthine oxidase. The reaction mixture contained 50 mM phosphate buffer
(pH 7.8), 0.1 mM DTPA, 0.1 mM hypoxanthine, 0.1 mM WST-1, 10 µg ml−1 CAT, 5 mU/mL
xanthine oxidase, and enzyme extract diluted 2, 4, 8, and 16 times. WST-1 reduction was
monitored by measuring absorbance at 450 nm. Inhibition of WST-1 reduction was ex-
pressed as the difference in WST-1 reduction between the control (100% reduction) and
the reduction read for the sample. The enzyme unit was defined as the amount of enzyme
required for 50% inhibition of WST-1 reduction determined in the control measurement.

All absorbance measurements were taken using a Synergy-2 Microplate Reader (Biotek,
Winooski, VT, USA).
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2.2.4. Data Analysis

All parameters tested were expressed as means ± standard errors (SE). Differences be-
tween leaf collection dates, leaf collection year (2019 vs. 2020), and leaf type (sun vs. shade)
were considered as fixed factors. Changes in chlorophyll content were considered senes-
cence markers. Changes in H2O2 content, TBARS content, and carotenoid/chlorophyll ratio
were considered oxidative stress markers. Changes in the activity of the leaf antioxidant
system were analyzed by measuring the total, reduced, and oxidized AsA and glutathione
contents and the activity of CAT, APX, and SOD enzymes. Due to the observed deviations
in the leaf morphological parameters from the normal distribution, the significance of
differences between collection years and leaf type was analyzed using the nonparametric
Mann–Whitney U test. Repeated measures ANOVA (RM-ANOVA), with the Tukey test for
multiple-range analysis as a post hoc test, was used to analyze the biochemical parame-
ters of leaves when the data satisfied the requirements of ANOVA. The differences were
considered significant at p < 0.05. Prior to the analysis, the data were checked for normal
distribution (Kolmogorov–Smirnov test, p < 0.05) and homogeneity of variance (Bartlett’s
test) [28]. To demonstrate the relationships between the senescence markers (chlorophylls
and carotenoids), the oxidative stress markers, and the antioxidative system activity, Pear-
son’s correlation analysis and principal component analysis (PCA) were performed. For
PCA, the components with eigenvalues lower than one were discarded. To check whether
the PCA was justified, the correlation coefficients between the variables were calculated; the
Bartlett test was carried out; and the Kaiser–Meyer–Olkin (KMO) criterion was analyzed.
All analyses were carried out, and graphs were plotted using Statistica software, version
13 (Statsoft Inc., Tulsa, OK, USA), and OriginPro 2022 (OriginLab Corp., Northampton,
MA, USA).

3. Results
3.1. Climatic Conditions

The climatic conditions during the leaf collection period in 2019 and 2020 are shown
in Figure 1A,B. The minimum, mean, and maximum temperature, amplitude, and amount
of precipitation in June (2 weeks before the first leaf collection date), July, August, and
September are presented in Table 1. Higher minimum, mean, and maximum temperatures
were observed throughout the leaf collection period in 2019 than in 2020 (Figure 1A,B;
Table 1). Similarly, the total precipitation in 2019 was about 77% of that in 2020.
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Figure 1. Weather conditions during the 2019 (A) and 2020 (B) sampling periods. The gray bars
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Table 1. Temperature and precipitation profile during the 2019 and 2020 sampling periods.

Month

Year of Leaf Collection

2019 2020

Temperature [◦C] Total Prec. Temperature [◦C] Total Prec.

Min. Ave. Max Amp. [mm] Min. Ave. Max Amp. [mm]

June (last
2 weeks) 16.6 22.2 28.06 11.49 4.0 15.7 19.2 23.8 8.15 52.1

July 13.5 19.2 25.4 11.87 74.7 13.1 19.0 25.3 12.19 65.5

August 15.0 20.3 26.7 11.64 79.3 14.7 20.3 26.7 11.98 108.6

September 9.9 14.5 20.2 10.27 78.3 9.7 15.1 21.2 11.47 79.2

Whole sampling period

Average 13.3 18.6 24.6 11.37 236.3 13.0 18.3 24.4 11.41 305.4

SD 3.8 3.9 4.7 3.45 3.23 4.16

V% 28.3 20.7 18.9 26.61 17.62 17.05

Min.—minimum temperature, Ave.—average temperature, Max.—maximum temperature, Amp.—temperature
amplitude, total prec.—total precipitation, SD—standard deviation, V%—coefficient of variation.

During the leaf collection period, temperature patterns differed between 2019 and
2020. In 2020, more stable and mild temperature changes were observed, characterized by
a uniform average temperature range of 18–23 ◦C in June, July, and August, followed by a
mild decline in September. In 2019, similar average temperature patterns were observed in
June, July, and August. However, there was a sudden decline from about 24 ◦C to about
15 ◦C in early September, which was sustained until the end of the leaf collection period.
The mean temperature in June was more than 3 ◦C higher in 2019 compared with that in
2020. The mean temperature in July and August was similar in both years, whereas the
temperature in September was 0.6 ◦C higher in 2020 due to the mild decline (Figure 1A,B).
Based on the values of standard deviation and coefficient of variation, the variability of
minimum, mean, and maximum temperature during the leaf collection period was found
to be higher in 2019 than in 2020 (Table 1).

3.2. Morphological Features of Leaves

Significant differences in the studied traits were observed between sun and shade
leaves (Table 2). In sun leaves, leaf length, width, and leaf area were significantly higher
than in shade leaves (p < 0.001). Sun leaves showed about 22%–26% higher length and
width and more than 50% higher total area in comparison to shade leaves. They were also
found to be almost 35% thicker than shade leaves. The higher length, width, and area
of sun leaves resulted in an approximately 36% higher leaf perimeter than that of shade
leaves. However, sun leaves were characterized by less variation compared with shade
leaves (Table 2). Despite significant differences in leaf length and width, both sun and
shade leaves showed similar leaf index values and variability. Measurements revealed
significantly longer petioles, which, combined with the higher leaf length, resulted in a
significantly lower petiolar index in the sun leaves compared with shade leaves. Except for
leaf perimeter and petiole index, all these traits showed higher variability (standard error
and coefficient of variation) in sun leaves compared with shade leaves (Table 2).
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Table 2. Effect of leaf type (sun or shade leaves) on their morphological characteristics (mean ±
standard error) (Mann–Whitney U test).

Leaf Feature

Leaf Type
Mann–Whitney U

Test Z Value
pLight Shade

Ave. SE V% Ave. SE V%

Leaf length [cm] 5.74 0.13 17.61 4.70 0.1 16.37 5.708 <0.001

Leaf width [cm] 3.21 0.08 20.28 2.54 0.05 15.29 6.186 <0.001

Leaf area [cm2] 12.1 0.55 35.63 7.94 0.31 30.35 5.934 <0.001

Leaf thickness [µm] 110.83 2.07 14.44 82.3 1.36 12.80 8.212 <0.001

Leaf perimeter [cm] 16.17 0.36 19.70 11.91 0.40 26.07 4.876 <0.001

Petiole length [cm] 0.69 0.03 28.07 0.55 0.02 26.18 4.905 <0.001

Leaf index 180.4 2.07 8.88 185.8 1.94 8.07 −1.918 0.055

Petiole index 12.16 0.34 21.58 16.68 0.75 49.27 −3.825 <0.001

Ave—average, SE—standard error, V%—coefficient of variation.

3.3. Biochemical Analyses
3.3.1. Leaf Pigment Content

In all leaf collection dates and vegetation periods, shade leaves had significantly higher
contents of chlorophyll a, chlorophyll b, and total chlorophyll compared with sun leaves
(Figure 2A–C). The time in which the maximum chlorophyll content was observed in
leaves depended on leaf type and climatic conditions in a particular year. Shade leaves had
the highest chlorophyll content on about 20 July 2019 and 3 September 2020, whereas for
sun leaves, it was about 30 June 2019 and 20 July 2020. The occurrence of the maximum
chlorophyll content was found to be delayed in 2020 relative to 2019 (Figure 2A–C). The
fastest decline in the chlorophyll content was observed after the onset of leaf senescence in
September in sun leaves. A comparison of the percent degradation of chlorophylls during
the leaf collection period showed twice as fast chlorophyll degradation in the sun leaves
compared with that of shade leaves (Figure 2A–C). The rate of chlorophyll a and chlorophyll
b degradation was uneven and differentiated in a particular year and caused changes in
the ratio of these two pigments. Although variability in the chlorophyll content did not
allow interpreting the direction of changes of this index in a particular year characterized
by specific thermal and precipitation conditions, its value was significantly lower in shade
leaves for both vegetation periods, which denotes a higher proportion of chlorophyll b per
unit mass of the pigment (Figure 2D).

A significantly higher carotenoid content was found in shade leaves than in sun leaves
(Figure 3A). The carotenoid content depended on the climatic conditions of a given year.
A significantly higher carotenoid content was found in 2020, which was characterized
by a more stable temperature and higher precipitation (Table 1). A slight decrease in the
carotenoid content was observed in shade leaves for most of the leaf collection period,
regardless of the year of collection (Figure 3A). On the other hand, sun leaves showed
a slight decrease in the carotenoid content in the year with higher variability in climatic
conditions (2019) but a slight increase in 2020 which was characterized by more stable
climatic conditions.
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Figure 2. Changes in chlorophyll a (A), chlorophyll b (B), and total chlorophyll (C) contents and
chlorophyll a/b ratio (D) in sun and shade senescing beech (Fagus sylvatica L.) leaves. Analyses were
performed for sun (black line) and shade (red line) leaves in 2019 and 2020. Each point is the mean of
60 measurements (±standard error). For each type of leaves, means with different uppercase letters
differ significantly at p < 0.05. For each date, means with asterisks differ significantly at **—p < 0.01
and ***—p < 0.001.
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Figure 3. Changes in the carotenoid content (A) and carotenoid/chlorophyll ratio (B) in the sun and
shade senescing beech (Fagus sylvatica L.) leaves. Analyses were performed for sun (black line) and
shade (red line) leaves in 2019 and 2020. Each point is the mean of 60 measurements (±standard
error). For each type of leaves, means with different uppercase letters differ significantly at p < 0.05.
For each date, means with asterisks differ significantly at **—p < 0.01 and ***—p < 0.001.

3.3.2. Oxidative Stress Markers

Changes in oxidative stress intensity were determined using the following biochemical pa-
rameters: carotenoid/chlorophyll ratio, H2O2 content, and TBARS content (Figures 3B and 4A,B).
The carotenoid/chlorophyll ratio was significantly higher in sun leaves, and the increase in
the value of this index was greater in 2019, which was characterized by a higher temperature
variability and less rainfall (Table 1; Figure 3B) to the extent that it even generated stress con-
ditions. Shade leaves showed a significantly smaller increase in the carotenoid/chlorophyll
ratio regardless of climatic conditions in leaf harvest years (Figure 3B).

Significantly higher H2O2 content was noticed in shade leaves during both growing
periods (except for the initial period in 2020) (Figure 4A). The increase in the content
of this compound was slow in both shade and sun leaves until early September, after
which accelerated accumulation was observed in the former following the induction of leaf
senescence. Sun leaves did not show an accelerated increase in the H2O2 content at the
final stage of leaf collection (Figure 4A).

Throughout the leaf collection period, sun leaves showed a higher content of cell mem-
brane lipid peroxidation products (TBARS; Figure 4B). In 2019, which was characterized
by higher variability in thermal conditions and less precipitation, sun leaves showed a
continuous increase in the TBARS content. However, shade leaves showed an increase in
the TBARS content only from the end of July. In the next growing season (i.e., 2020), which
was characterized by more stable climatic conditions, the increase in the TBARS content
was slighter and slower compared with the previous growing season. However, in this
case, sun leaves showed a higher content of TBARS than shade leaves.
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Figure 4. Changes in hydrogen peroxide (A) and thiobarbituric acid-reactive substances (B) contents
in the sun and shade senescing beech (Fagus sylvatica L.) leaves. Analyses were performed for sun
(black line) and shade (red line) leaves in 2019 and 2020. Each point is the mean of 60 measurements
(±standard error). For each type of leaves, means with different uppercase letters differ significantly
at p < 0.05. For each date, means with asterisks differ significantly at ***—p < 0.001.

3.3.3. Low-Molecular-Weight Antioxidants

The biochemical response of leaves to the increase in the intensities of oxidative stress
was characterized based on changes in the content of low-molecular-weight antioxidants
(AsA and glutathione) and the activity of antioxidative enzymes (CAT, APX, and SOD).
Initially, a significantly higher total AsA content was found in shade leaves than in sun
leaves. For both leaf types, the maximum total AsA content was reached at the end of
July (except for sun leaves in 2019), after which a continuous and more rapid decrease
in the content was observed in shade leaves (Figure 5A). The cutoff date for changes in
both total and reduced AsA content, which were associated with changes in the trend of
minimum, average, and maximum temperature, was late August and early September.
Leaves collected from sunlight parts of the crown showed maximum or similar contents at
that time, whereas shade leaves showed a sudden decrease in the total AsA content. The
reduced AsA content showed similar changes with respect to total AsA content in both
years of the study (Figure 5B). During the study years, a sudden increase in the content
of dehydroascorbic acid (DHA; the oxidized form of AsA) was observed in sun leaves,
while a continuous slow increase was observed in shade leaves (Figure 5C). The increase
in oxidative stress with a concomitant decrease in the reduced form of AsA resulted
in a significantly higher increase in the proportion of DHA to total AsA in sun leaves
(Figure 5C).
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Figure 5. Changes in total ascorbate (A), ascorbate (B), and dehydroascorbate (C) contents in the sun
and shade senescing beech (Fagus sylvatica L.) leaves. Analyses were performed for sun (black line)
and shade (red line) leaves in 2019 and 2020. Each point is the mean of 60 measurements (±standard
error). For each type of leaves, means with different uppercase letters differ significantly at p < 0.05.
For each date, means with asterisks differ significantly at *—p < 0.05, and ***—p < 0.001.

Compared with shade leaves, the total content of reduced and oxidized forms of
glutathione was significantly higher in the sun leaves regardless of the climatic conditions
of both years. The maximum glutathione content in both sun and shade leaves was reached
in early September, followed by a decrease after induction of senescence (Figure 6A). A
significantly higher and rapidly increasing content of reduced glutathione was observed
in sun leaves compared with shade leaves (Figure 6B). This increase in the content of the
reduced form of glutathione occurred until the beginning of September under the more
variable climatic conditions of 2019 and until the end of July under the stable climatic
conditions of 2020. Significantly higher content of the oxidized form of glutathione was
observed in sun leaves during their growth period (July and August), followed by a sudden
and higher increase in shade leaves collected at the beginning of the senescing process
(Figure 6C). These mild changes in the content of the reduced glutathione resulted in an
increase in the contribution of the oxidized form of this compound to the total glutathione
content (Figure 6B,C).



Forests 2022, 13, 1333 13 of 25

Forests 2022, 13, x FOR PEER REVIEW 13 of 25 
 

 

conditions of 2020. Significantly higher content of the oxidized form of glutathione was 

observed in sun leaves during their growth period (July and August), followed by a sud-

den and higher increase in shade leaves collected at the beginning of the senescing process 

(Figure 6C). These mild changes in the content of the reduced glutathione resulted in an 

increase in the contribution of the oxidized form of this compound to the total glutathione 

content (Figure 6B,C). 

 

 

Figure 6. Changes in total glutathione (A), reduced glutathione (B), and oxidized glutathione (C) 

contents in the sun and shade senescing beech (Fagus sylvatica L.) leaves. Analyses were performed 

for sun (black line) and shade (red line) leaves in 2019 and 2020. Each point is the mean of 60 meas-

urements (±standard error). For each type of leaves, means with different uppercase letters differ 

significantly at p < 0.05. For each date, means with asterisks differ significantly at *—p < 0.05 and 

***—p < 0.001. 

3.3.4. Antioxidative Enzymes 

In both years, the activity of CAT, APX, and SOD was significantly higher in sun 

leaves (Figure 7). The activity of the antioxidative enzyme was found to be significantly 

higher in 2019, which was more thermally variable. A climate-dependent decrease in the 

Figure 6. Changes in total glutathione (A), reduced glutathione (B), and oxidized glutathione (C) con-
tents in the sun and shade senescing beech (Fagus sylvatica L.) leaves. Analyses were performed for sun
(black line) and shade (red line) leaves in 2019 and 2020. Each point is the mean of 60 measurements
(±standard error). For each type of leaves, means with different uppercase letters differ significantly
at p < 0.05. For each date, means with asterisks differ significantly at *—p < 0.05 and ***—p < 0.001.

3.3.4. Antioxidative Enzymes

In both years, the activity of CAT, APX, and SOD was significantly higher in sun leaves
(Figure 7). The activity of the antioxidative enzyme was found to be significantly higher
in 2019, which was more thermally variable. A climate-dependent decrease in the activity
of enzymes controlling H2O2 levels (CAT and APX) was observed during the beginning
of the leaf collection period (except for CAT in 2019), with a higher decrease in activity
in shade leaves. The highest difference in the pattern of activity changes between leaf
types was found for SOD, which is responsible for the superoxide ion dismutation reaction
(Figure 7C). In both years, an increase in the SOD activity was observed in sun leaves until
early September, after which the enzyme activity decreased. The SOD activity increased
at a particularly higher rate in the more thermally variable 2019 compared with 2020. A
continuous and faster decrease in the SOD activity was noticed in shade leaves in the less
climatically favorable 2019 (Figure 7C).
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Figure 7. Changes in catalase (A), ascorbate peroxidase (B), and superoxide dismutase (C) activities
in the sun and shade senescing beech (Fagus sylvatica L.) leaves. Analyses were performed for sun
(black line) and shade (red line) leaves in 2019 and 2020. Each point is the mean of 60 measurements
(±standard error). For each type of leaves, means with different uppercase letters differ significantly
at p < 0.05. For each date, means with asterisks differ significantly at **—p < 0.01 and ***—p < 0.001.

3.3.5. Correlation and Multivariate Analysis

According to the findings of the correlation analysis, the progress of leaf development,
and especially leaf senescence, resulted in a simultaneous increase in the intensity of oxida-
tive stress, the activity of biochemical defense mechanisms controlling H2O2 accumulation,
and the intensity of lipid peroxidation of cell membranes (Table 3). Significant differences
in Pearson’s correlation coefficients and slopes of the curves of the relationship between
chlorophyll content and oxidative stress markers (H2O2, TBARS, carotenoid/chlorophyll
ratio) between sun and shade leaves were observed in Table 3 (A). Significant differences
were also observed in the relationship of the above-mentioned stress markers with the
parameters determining the intensity of the activity of the antioxidant system (the content
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of small-molecule antioxidants and activity of antioxidant enzymes) between sun and shade
leaves, shown in Table 3 (B–D). Correlation analysis revealed that chlorophyll degradation
was associated with the accumulation of H2O2 and lipid peroxidation products, which was
higher in shade leaves. A faster increase in the total AsA and DHA contents was observed
in sun leaves, due to which their H2O2 levels were lower than in shade leaves in response to
H2O2 accumulation, as seen in Table 3 (B). An increase in the H2O2 content also resulted in
a further increase in CAT and SOD activities in the sun leaves compared with shade leaves,
which can be observed in Table 3 (D). At the same time, H2O2 accumulation was found to
be responsible for the faster decrease of APX activity in sun leaves. Similar relationships
were found for the contents of the reduced and oxidized forms of AsA and the activities
of antioxidant enzymes with the carotenoid/chlorophyll ratio, which was used to assess
the intensity of oxidative stress, seen in Table 3 (B,D). The content of TBARS, which are
one of the three markers of oxidative stress, showed a significant correlation with AsA
forms and antioxidant enzyme activities in shade leaves. Pearson’s correlation coefficients
and regression coefficients showed that an increase in the TBARS content was significantly
associated with a decrease in the content of the reduced form of AsA, an increase in its
oxidized form, and a decrease in the activities of all antioxidant enzymes in shade leaves.
Correlation between oxidative stress markers, and total, reduced, and oxidized glutathione
contents indicated a significantly lower rate of decline in these compounds in the shade
leaves compared with sun leaves and thus a higher contribution of glutathione in shaping
the resistance of these leaves to oxidative stress, see Table 3 (C).

PCA of leaf morphological traits revealed two factors meeting the Kaiser criterion,
characterized by eigenvalues higher than one and explaining 76.26% of the variation [29]
(Figure 8). The value of the KMO coefficient was 0.656. In addition, Bartlett’s test re-
vealed that the sample adequacy criteria of PCA were met (chi-square test value 12,883.81,
p < 0.001). The first component of PCA explained 60.55% of the variability, while the second
explained 15.71%. The former was primarily influenced by leaf width, length, area, and
perimeter, and—to a lesser extent—by leaf thickness and petiole length, whereas the latter
depended mainly on leaf shape (leaf index).
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Table 3. Pearson’s correlation coefficients (r) and corresponding curve slope coefficients between chlorophylls (Chl a, Chl b, and Chl a + b) and oxidative stress
markers (H2O2 content, TBARS content, and car/chl) (A) and between oxidative stress markers and antioxidative parameters (tAsA, AsA, DHA, tGSH, GSH, and
GSSG contents, and CAT, APX, and SOD activity) (B–D) of the sun and shade beech leaves.

A

Factor
H2O2 TBARS Car/chl

Light Shade Light Shade Light Shade

r Slope r Slope r Slope r Slope r Slope r Slope

Chl a −0.694 *** −0.03 −0.669 *** −0.17 −0.340 *** −32.03 −0.406 *** −80.31 −0.887 *** −0.10 −0.638 *** −0.04

Chl b −0.623 *** −0.04 −0.532 *** −0.30 −0.287 *** −49.98 −0.328 *** −144.14 −0.847 *** −0.18 −0.649 *** −0.10

Chl a + b −0.671 *** −0.02 −0.636 *** −0.11 −0.322 *** −19.76 −0.387 *** −53.58 −0.875 *** −0.07 −0.651 *** −0.03

B

Factor
tAsA AsA DHA

Light Shade Light Shade Light Shade

r Slope r Slope r Slope r Slope r Slope r Slope

H2O2 0.220 *** 50.73 −0.372 *** −37.29 0.147 ** 20.60 −0.626 *** 63.99 0.189 ** 30.10 0.491 *** 25.59

TBARS 0.064 0.010 −0.150 *** −0.019 −0.011 0.000 −0.376 *** −0.049 0.125 0.010 0.442 *** 0.029

Car/chl 0.328 *** 25.05 −0.342 * −126.63 0.347 *** 15.75 −0.394 *** −148.81 0.168 ** 8.85 0.147 * 28.21

C

Factor
tGSH GSH GSSG

Light Shade Light Shade Light Shade

r Slope r Slope r Slope r Slope r Slope r Slope

H2O2 −0.526 *** −1818.44 −0.587 *** −475.06 −0.553 *** −880.31 −0.252 *** −149.10 −0.475 *** −940.19 −0.801 *** −325.95

TBARS −0.443 *** −0.590 −0.238 *** −0.245 −0.452 *** −0.290 −0.048 −0.036 −0.408 *** −0.330 −0.404 *** −0.209

Car/chl −0.475 *** −543.15 −0.049 −149.17 −0.530 *** −279.37 0.177 ** 386.12 −0.410 *** −268.80 −0.356 *** −535.29

D

Factor
CAT APX SOD

Light Shade Light Shade Light Shade

r Slope r Slope r Slope r Slope r Slope r Slope

H2O2 0.165 ** 123.32 −0.441 *** −255.40 −0.508 *** −1.880 −0.585 *** −1.196 0.273 *** 330.45 −0.560 *** −214.94

TBARS 0.000 0.000 −0.190** −0.140 −0.237 *** 0.000 −0.501 *** −0.001 −0.096 0.050 −0.426 *** −0.208

Car/chl 0.319 *** 78.84 −0.317 *** −678.47 −0.553 *** −0.680 −0.223 *** −1.689 0.278 *** 111.44 −0.171 ** −242.109

H2O2—hydrogen peroxide, TBARS—thiobarbituric acid-reactive substances, car/chl—carotenoid/chlorophyll ratio, tAsA—total ascorbate, AsA—reduced ascorbate, DHA—
dehydroascorbate, tGSH—total glutathione, GSH—reduced glutathione, GSSG—oxidized glutathione, CAT—catalase, APX—ascorbate peroxidase, SOD—superoxide dismutase.
Pearson’s correlation coefficients (r) significance at: *—p < 0.05, **—p < 0.01, and ***—p < 0.001.
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Figure 8. Principal component analysis of the morphological parameters of the sun and shade beech
leaves. The first two principal components are plotted. LA—leaf area, LT—leaf thickness, LP—leaf
perimeter, PL—petiole length, LW—leaf width, LL—leaf length, LI—leaf index.

Based on the PCA of leaf biochemical parameters, five factors met the Kaiser criterion
and explained 49.87% of the variation (Figure 9). The value of the KMO coefficient was
0.532, with small-molecule antioxidants showing the lowest KMO values (mean 0.522)
and assimilatory pigments and antioxidant enzymes showing the highest (mean 0.719).
The criterion derived from Bartlett’s test was also met (chi-square test value 9774.04,
p < 0.001). The first component explained 34.98% of the variability, whereas the second
explained 14.89%. Biochemical parameters were categorized into four groups: A, B, C,
and D (Figure 9). Strong relationships were found between chlorophylls and carotenoids
(markers of leaf senescence) (group A). The decomposition of leaf pigments initiated
ROS formation, lipid peroxidation, and an increase in the carotenoid/chlorophyll ratio
(oxidative stress markers), which constituted a separate group of biochemical parameters
(group B). Oxidative stress was found to be responsible for an increase in the activity of the
antioxidant system composed of small-molecule antioxidants and antioxidant enzymes,
which constituted groups C and D of biochemical parameters (Figure 9).
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Figure 9. Principal component analysis of senescence markers, oxidative stress markers, and antiox-
idative system activity markers of the sun and shade beech leaves. The first two principal components
are plotted. The components allowed the distinction between three groups of metabolites: group A
consisted of leaf pigments (Chl a—chlorophyll a, Chl b—chlorophyll b, and carotenoids), group B con-
sisted of oxidative stress markers (H2O2—hydrogen peroxide, TBARS—thiobarbituric acid-reactive
substances, and Car/Chl—carotenoid/chlorophyll ratio), group C consisted of small-molecule an-
tioxidative compounds (tAsA—total ascorbate, AsA—reduced ascorbate, tGSH—total glutathione,
GSH—reduced glutathione, and GSSG—oxidized glutathione), and group D consisted of antioxida-
tive enzymes (ascorbate peroxidase—APX, catalase—CAT, and superoxide dismutase—SOD).

4. Discussion

This study analyzed the morphological, physiological, and biochemical characteristics
of sun and shade beech leaves acclimatized to varying levels of light intensities. Differ-
ences in the morphological characteristics and in the timing and intensity of physiological
processes, especially in the induction and course of autumn leaf senescence, were observed
depending on the light conditions. Due to the uniform light conditions of the study plot
and the absence of cover by other trees, leaves of all individual trees collected from the
upper part of the crown were characterized by 100% insolation, whereas those collected
from the lower part of the crown showed up to 60% insolation. Thus, the leaf response
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of trees reflected the actual effect of light intensity on the physiological and biochemical
characteristics of sun and shade leaves.

Tree species are classified into two categories based on their growth type: indetermi-
nate and determinate [30]. Indeterminate growth species form shoots and leaves throughout
the growing season, while determinate growth species form leaf primordia in the first year,
which then develop simultaneously at the beginning of the next growing season [31]. As
a consequence, in indeterminate growth species, successively emerging leaves show a
higher level of tolerance and adaptation of morphological and anatomical characteristics
to changes in light intensity [32]. Determinate growth species follow a different bud de-
velopment strategy. Since the anatomical characteristics of leaves are determined by light
conditions in the year of their bud formation, the leaves of determinate growth species
show the limited ability of morphological and anatomical acclimatization to light condi-
tions. Common beech is a determinate growth species; therefore, it forms buds and their
constituent leaf primordia under light conditions characteristic of the previous year of
vegetation and the position of buds in the crown. The leaf anatomical and morphological
structure of this species is determined by the light conditions prevailing during the period
of bud setting [12,33,34]. The present study showed that sun leaves had a better advantage
over shade leaves with respect to leaf area, leaf perimeter, and leaf thickness (morphological
traits), whereas a slightly lesser advantage was observed regarding leaf blade length and
width and petiole length. Similar observations on morphological traits differentiating the
leaves of provenience and phenological forms of beech and on the effect of climatic condi-
tions on these traits were reported by Dolnicki and Kraj [35], Hatziskakis [19], Stojnić [36],
and Kempf [37]. Modifications in anatomical and morphological features of leaves due
to varying light intensities are of particular importance in tree species characterized by a
high gradient of light intensity along the crown, including beech [34,38]. One of the most
important differences between the analyzed leaf types was that sun leaves appeared thicker
compared with shade leaves, which can be attributed to the formation of longer palisade
mesophyll cells as well as a large number of layers of this tissue [39,40]. In the sun leaves
of F. sylvatica, the number of layers of palisade mesophyll does not change even when light
intensity changes in the year following the bud setting, indicating that the assimilate meso-
phyll cells have lost their ability to divide before bud breaking [33,34]. The higher thickness
of sun leaves provides space for chloroplasts and is one of their adaptation mechanisms
to ensure high CO2 assimilation. In addition to changes in light intensity, day length and
temperature also determine beech leaf characteristics as they influence leaf life processes
such as bud flushing [41–43] and leaf senescence [10,18,44], which determine their lifespan.
The response of trees to light intensity, day length, and temperature shapes the control and
optimization of leaf life processes, the timing and duration of their phenological phases,
and consequently, the lifespan of leaves and their ability to carry out photosynthesis and
the accumulation of carbon and nitrogen compounds, followed by their remobilization
during autumn senescence [10,35,44–46].

Shade leaves of beech showed a higher total chlorophyll content, a higher proportion
of chlorophyll b, and a higher carotenoid content compared with sun leaves. Thus, shade
leaves minimized the effects of light deficiency by increasing their light-capturing capacity
and decreasing their carboxylation capacity per unit leaf area [40]. From the point of view
of silviculture, an important phenomenon is the shaping of the light intensity that reaches
the leaves, not only within and through the outer parts of the crown of an individual tree
but also through the surrounding trees. The intensity of light within a tree’s crown depends
on the vertical structure of the crown, the degree of leaf clustering, and the angle of the
leaf surface. The influence of the phenological characteristics of surrounding trees on the
intensity and spectral composition of the light reaching the studied individual is important.
Due to the influence of light on the analyzed biochemical processes, the interrelationship of
the timing of phenological events between analyzed and surrounding individuals is also
important. The lower chlorophyll a/chlorophyll b ratio in shade leaves, which is due to
the higher chlorophyll b content and the higher investment in light-harvesting complexes,



Forests 2022, 13, 1333 20 of 25

resulted in higher efficiency in utilizing the limited light available as to both the higher
range of light wavelengths absorbed and their limited intensity [40,47]. Changes in the
chlorophyll content were significantly affected by the thermal and precipitation conditions
under which beech trees had grown. The higher average temperature and the extremely
low precipitation in June 2019 during intensive leaf growth resulted in a significantly lower
leaf pigment content throughout the growing season in both leaf types and the earlier
attainment of their maximum pigment content, as well as the onset of degradation. Despite
the increase in precipitation in the subsequent months, the predominance of the chlorophyll
content in the year with higher precipitation persisted until the end of the growing season.
Although beech is a shade-tolerant species, it exhibits little tolerance to drought, which can
directly affect leaf senescence regardless of light intensity, thus causing stress responses
and increased ROS formation [18,48].

Light allows plants to perform photosynthesis and accumulate assimilates. In all but
most shade plant parts, photosynthesis, respiration, and photorespiration generate free
radicals and ROS as by-products [49,50]. Depending on the intensity of ROS accumulation,
these molecules play a signaling role when present at low concentrations and regulate
many cellular processes. However, excessive production of ROS has a toxic effect and
causes damage to macromolecules and cellular structures of plants [51,52]. In this view,
ROS are unavoidable toxic products of O2 metabolism. Consistent with other plants, the
vigorous increase in the ROS content in beech leaves disrupts the redox state of cells
and oxidative stress, which manifests itself in lipid peroxidation, increased permeability,
dysfunction of cell membranes, and degradation of photosynthetic pigments, among
others [10,17]. The cellular antioxidant system counterbalances the adverse effects of ROS
particles formed in the early stages of leaf development as by-products of photosynthesis
and respiration. When the activity of the antioxidant system decreases, the effects of ROS
particles formed during pre-senescence and senescence are not neutralized. According
to the free radical theory of leaf senescence, induction and further progress of beech leaf
senescence are associated with the increased formation of ROS resulting from the light-
intensity-dependent continuous photosynthesis process on the one hand and from the
induction of senescence-induced chlorophyll degradation, the release of free pigment
molecules from protein–pigment complexes, and the decreasing antioxidant capacity of
senescing leaves on the other hand [53]. Under different light conditions affecting the
growth and energy processes of sun and shade leaves, chlorophyll molecules released with
varying intensities from chloroplast complexes are involved in the formation of chemically
reactive singlet oxygen and superoxide anion molecules [4,54,55].

The present study demonstrated the influence of light conditions of beech leaf develop-
ment within the tree canopy on the timing and course of leaf senescence. Oxidative stress is
the major factor that induces leaf senescence. It increases the activity of enzymes involved
in chlorophyll metabolism [20] and promotes photo-oxidative stress in cells [16,17]. This
type of stress occurs when the absorption of light energy exceeds the ability of the leaves to
use it in photosynthesis. The excess of absorbed light energy leads to nonphotochemical
quenching and oxidative stress due to ROS accumulation and accelerated senescence. Thus,
photo-oxidative stress plays a vital role in the light-intensity-specific response of leaves un-
der different degrees of illumination. The higher light intensity with a concomitant change
in the temperature trend and a 13-h photoperiod created stress conditions leading to an
earlier induction of senescence in the sun leaves compared with shade leaves that were not
subjected to such intense photo-oxidative conditions, which is consistent with the findings
of previous studies [18,56,57]. The sink limitation hypothesis may also explain the delayed
senescence of shade leaves under reduced light intensity conditions, where leaf senescence
is tightly linked to photosynthate and nutrient supply [48]. These phenomena lead to an
earlier and more intense degradation of photosynthetic complexes, earlier release, and
degradation of chlorophyll molecules, quicker decline in the capacity to dissipate excess
excitation energy in chloroplasts, and, in turn, the higher accumulation of ROS in the sun
leaves. The ability of beech trees to counteract these phenomena, in particular the activity
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of the antioxidant system, depends on the climatic conditions of the population origin [10]
and the phenological characteristics of the individuals [16–18]. The present study showed
that the position of leaves in the crown and the leaf type (sun or shade) also played a role in
counteracting the above-mentioned phenomena. Previous studies have demonstrated that
the mechanism of senescence induction in beech leaves is best explained by the free radical
theory, assuming that this process is controlled by the changing balance between ROS and
their scavenging by the cellular antioxidant system inducing cellular redox disorders and
oxidative stress and altering the expression of specific groups of genes [10,16,17]. Thus,
the resistance of leaves to the accumulation of ROS generated by stress factors during the
autumn temperature drop and adequate photoperiod is critical for the timing of induction
and subsequent senescence of beech leaves [16,17,48].

Degradation of chlorophyll–protein complexes, which varied in timing and intensity
and was associated with leaf senescence, resulted in the release of highly photoactive free
chlorophyll particles in beech leaves at a rate dependent on climatic conditions in a given
year and light availability. Light absorption by free chlorophyll molecules resulted in
the formation of ROS (including superoxide ions and singlet oxygen) and changes in the
redox state of cells [4,17,54]. These processes led to an increase in the content of H2O2-a
product of dismutation of superoxide ions- and TBARS-products of peroxidation of cell
membrane lipids. Both types of leaves showed slower decomposition of carotenoids in
comparison with chlorophyll, which resulted in an increase in the carotenoid/chlorophyll
ratio. Carotenoids play an important role in protecting the photosynthetic chloroplast
system against photo-oxidative damage. These pigments are components of PSII, and they
can act as accessory light-harvesting pigments, quench the chlorophyll triplet state, and
scavenge singlet oxygen and other highly reactive species such as ROS. Slower and later
carotenoid degradation during the senescence of shade leaves improved the protection of
the PSII system against photo-oxidation, thus slowing down chlorophyll degradation and
ROS formation and delaying senescence [55,58]. Carotenoid/chlorophyll ratio and TBARS
content increased at a faster rate in sun leaves compared with shade leaves, indicating
higher oxidative stress in the former. The degradation of chlorophyll–protein complexes
which varies depending on the light intensity, the release of free chlorophyll molecules,
the production of free radicals and ROS, and the activity of the harmful particle trapping
system are the factors relating to the biochemical characteristics of leaves from different
parts of the crown to the resistance of leaves to oxidative stress, induction and progression
of senescence, and adaptation to life under specific light conditions. Due to higher light
intensity, sun leaves showed earlier and faster decomposition of chlorophyll and thus
the earlier release of free chlorophyll molecules, resulting in a more intense formation of
superoxide ions. However, thanks to an increase in the SOD activity already in the pre-
senescence period and a higher activity of the enzyme in sun leaves than in shade leaves, the
superoxide ion was dismutated and transformed into less reactive and less dangerous H2O2.
Even a small increase in the H2O2 content in sun leaves activates the entire mechanism of
its decomposition. It includes the accumulation of small-molecule antioxidants (AsA and
glutathione), the maintenance of an adequate proportion of their reduced form, an increase
in the Foyer–Halliwell–Asada cycle and in consequence, higher involvement of APX and
CAT in H2O2 degradation reactions, compared with shade leaves. This smaller increase in
the H2O2 content in sun leaves was a consequence of a higher activity of the antioxidant
system controlling its content despite potentially higher production of superoxide ions.

Changes in the redox state of cells associated with the chlorophyll degradation rate
and ROS production were dependent on the light intensity, as well as the ability of leaves
to remove superoxide ions and H2O2 and limit lipid peroxidation, which is characteristic
of both sun and shade leaves. The relationship between these processes and the decisive
effect of light intensity on them confirm their vital role in the adaptation of leaf types to
optimal senescence. In addition to the decreasing temperature, which causes a decrease
in the activity of the antioxidant system, light inducing ROS formation and increasing the
susceptibility of leaves to oxidative stress affect the course of senescence and the lifespan of
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assimilatory organs [4,18,44,59]. Therefore, light differentiates the course of this process in
different parts of beech tree crowns.

Since the senescence of beech leaves follows the free radical theory, differences in the
intensity of ROS formation, the activity of the antioxidant system, and the changes in leaves
located in parts of the crown with different light intensities are of fundamental importance
for the induction and course of leaf senescence in the crown. The mechanism of defense
followed by beech leaves against the increasing accumulation of superoxide ions and H2O2
is based mainly on the simultaneous increase in the intensity of AsA and glutathione
formation-antioxidants participating in the Foyer–Halliwell–Asada cycle [17,60] and the
increase in the efficiency of regeneration of reduced forms of these compounds. This ensures
the sufficient activity of the cycle and guarantees protection to leaves against oxidative
stress. Although the AsA content in the initial period of development was higher in shade
leaves, the gradual decline in the antioxidant capacity, and especially senescence, induced
a faster rate of decrease in the AsA content as compared to sun leaves. Similarly, sun
leaves were characterized by a higher glutathione content than shade leaves. The different
accumulation capacity of AsA was not the only characteristic feature associated with the
acclimatization of beech leaves to specific light intensity, but the access to its reduced
form also determines the activity of the Foyer–Halliwell–Asada cycle. The reduction of
monodehydroascorbate radicals involving PSI and the reduced form of glutathione is the
primary mechanism by which an adequate reduction of the AsA pool is maintained [16,17].
This links the photosynthesis process, the ability of leaves to form NADPH, and the
chlorophyll degradation to the ability of leaves to maintain a high proportion of reduced
form of AsA and glutathione. Sunflower leaves showed an increase in the total AsA content
while maintaining a constant level or slight decrease in the reduced form of AsA. In sun
leaves, the higher, as well as increasing content of glutathione (total and reduced form)
resulted in an efficient regeneration of the reduced form of AsA. Thus, sun leaves exhibited
an enhanced ability to control the increase in H2O2 levels resulting from the formation and
dismutation of superoxide ions. On the other hand, shade leaves showed a decrease in
total and reduced AsA contents already at the end of July, which—combined with a lower
content of glutathione—resulted in a lower activity of the Foyer–Halliwell–Asada cycle
enzymes indicated by the analyses. The lower activity of CAT in the shade leaves resulted
in a significantly higher content of H2O2, especially in the senescence period, and weaker
regulation of H2O2 formation in comparison with sun leaves.

5. Conclusions

This study demonstrated the importance of light conditions in determining the mor-
phological traits and physiological processes of two types of leaves in beech trees—sun
leaves and shade leaves. Sun leaves showed a significant advantage over shade leaves with
respect to morphological traits and leaf thickness. Of particular importance were differ-
ences in leaf thickness between sun and shade leaves. These differences were attributable
to the light intensity during bud formation, and the production of several cell layers in the
palisade mesophyll, and these traits influenced the biochemical processes related to leaf
senescence occurring in the cells. In this study, leaves collected from parts of the crowns
differing in light intensity showed acclimation of biochemical processes associated with
the degradation of leaf pigments, the formation of ROS, and the activity of the antioxidant
system to light conditions determining the timing of induction and course of leaf senes-
cence. Sun leaves showed a higher intensity of oxidative stress than shade leaves. However,
because of the higher activity of the antioxidant system, they showed better control over the
degree of ROS accumulation. This is demonstrated by increasing ascorbic acid content in
response to oxidative stress, higher glutathione content, and increased antioxidant enzyme
activity. Particularly noteworthy is the control mechanism of H2O2 level in sun leaves. It
includes the pool of H2O2 formed in biochemical reactions and the result of the superoxide
ion dismutation process. The ability of cells to maintain the equilibrium redox state was
decisive for the acclimatization of leaves to light conditions and emerging differences
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between sun and shade leaves, control over chlorophyll degradation, accumulation of ROS,
and induction of senescence. These results highlight the important role played by the leaf
antioxidant system in controlling the date and the rate of leaf senescence along canopy
gradient under varying light availability conditions in beech trees.
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