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Abstract
Key message Decreased absorptance and increased singlet oxygen production may cause photoinhibition of both 
PSII and PSI in birch leaves during autumn senescence; however, photosynthetic electron transfer stays functional 
until late senescence.
Abstract During autumn senescence, deciduous trees degrade chlorophyll and may synthesize flavonols. We measured 
photosynthetic parameters, epidermal flavonols, singlet oxygen production in vivo and photoinhibition of the photosystems 
(PSII and PSI) from green and senescing silver birch (Betula pendula) leaves. Chlorophyll a fluorescence and  P700 absorbance 
measurements showed that the amounts of both photosystems decreased throughout autumn senescence, but the remain-
ing PSII units stayed functional until ~ 90% of leaf chlorophyll was degraded. An increase in the chlorophyll a to b ratio, a 
decrease in > 700 nm absorbance and a blue shift of the PSI fluorescence peak at 77 K suggest that light-harvesting complex 
I was first degraded during senescence, followed by light-harvesting complex II and finally the photosystems. Senescing 
leaves produced more singlet oxygen than green leaves, possibly because low light absorption by senescing leaves allows 
high flux of incident light per photosystem. Senescing leaves also induced less non-photochemical quenching, which may 
contribute to increased singlet oxygen production. Faster photoinhibition of both photosystems in senescing than in green 
leaves, under high light, was most probably caused by low absorption of light and rapid singlet oxygen production. However, 
senescing leaves maintained the capacity to recover from photoinhibition of PSII. Amounts of epidermal flavonols and singlet 
oxygen correlated neither in green nor in senescing leaves of silver birch. Moreover, Arabidopsis thaliana mutants, incapable 
of synthesizing flavonols, were not more susceptible to photoinhibition of PSII or PSI than wild type plants; screening of 
chlorophyll absorption by flavonols was, however, small in A. thaliana. These results suggest that flavonols do not protect 
against photoinhibition or singlet oxygen production in chloroplasts.

Keywords Autumnal senescence · NPQ · Flavonoid · Oxidative stress · Photodamage · Photosynthesis · Reactive oxygen 
species

Introduction

During autumn senescence, deciduous trees degrade a vast 
number of macromolecules to remobilize nutrients for win-
ter storage. Among the degraded complexes are chlorophyll-
binding proteins of photosynthetic electron transport chain, 
including photosystem II (PSII), photosystem I (PSI) and 
their light harvesting antennae (LHCII and LHCI). Unbound 
chlorophylls can cause trouble since under illumination they 
would produce the harmful singlet oxygen (1O2; for reviews, 
see Mattila et al. 2015; Di Mascio et al. 2019). Indeed, accu-
mulation of intermediates of chlorophyll degradation or bio-
synthesis has been shown to lead to massive 1O2 production, 
oxidative damage and, finally, cell death in mutant plants 
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(Tanaka et al. 2003; Przybyla et al. 2008). 1O2 production 
is known to initiate also signaling pathways leading to cell 
death (Przybyla et al. 2008). Consequently, even though the 
nitrogen atoms of the chlorophyll molecules are not remo-
bilized (Kräutler et al. 1991; Curty and Engel 1996; for a 
review see Kuai et al. 2018), chlorophyll is degraded via 
controlled pathways to colorless end products which remain 
in the vacuole (Matile et al. 1988) and do not produce 1O2 
(Hörtensteiner 2004; Kashiyama and Tamiaki 2014; Kuai 
et al. 2018).

To our knowledge, it is not known whether 1O2 produc-
tion increases in deciduous species during autumn senes-
cence. Varying results have been previously obtained with 
senescing Hordeum vulgare (barley). Only a small increase 
in 1O2 production during dark-induced senescence has been 
observed in vivo (Springer et al. 2015), and no increase 
in 1O2 production was observed in thylakoid membranes 
(normalized to chlorophyll content) isolated during devel-
opmental senescence (i.e. senescence of older leaves) from 
H. vulgare leaves (Jajić et al. 2015). Similarly, no increase 
in 1O2 production by isolated thylakoids was observed dur-
ing monocarpic (i.e. death of the whole plant when seeds 
develop) senescence (Krieger-Liszkay et al. 2015). On the 
contrary, large amounts of 1O2 were produced during methyl 
jasmonate-induced senescence (Springer et al. 2015) and 
during monocarpic senescence in another H. vulgare acces-
sion (Lomerit; Krieger-Liszkay et al. 2015). Krieger-Liszkay 
et al. (2015) showed that the Lomerit accession degraded 
PSII early during senescence and the authors concluded that 
the degradation of PSII or LHCII might be responsible for 
the observed 1O2 production.

The order in which the components of the photosynthetic 
electron transport chain are degraded upon senescence 
varies according to species and may differ even between 
varieties of a species (Krieger-Liszkay et al. 2015). For 
example, in Acer saccharum (sugar maple) PSI and LHCI 
are degraded early, but in Quercus bicolor (swamp white 
oak) both photosystems are degraded before LHCs (Moy 
et al. 2015). In general, fates of photosynthetic components 
during autumn senescence in deciduous trees are not well 
understood. LHCI contains only little chlorophyll b and 
the cores of PSII and PSI none (Mazor et al. 2015; Wei 
et al. 2016); therefore changes in the chlorophyll a to b ratio 
offer information about the order in which the complexes 
are degraded. In tree species, the ratio commonly decreases 
during (autumn) senescence, e.g. in Betula populifolia (grey 
birch), Q. bicolor and A. saccharum (Lee et al. 2003; Moy 
et al. 2015). However, even though the components of the 
photosynthetic electron transport chain are degraded, the 
chain may remain remarkably functional until late senes-
cence (Keskitalo et al. 2005; Kotakis et al. 2014; Moy et al. 
2015; Mattila et al. 2018). It has been argued that keep-
ing photosynthesis functional as long as possible ensures 

efficient nutrient resorption (Keskitalo et al. 2005; Moy et al. 
2015). Accordingly, Hoch et al. (2003) found that increased 
PSII damage and chlorophyll degradation under high light 
and low temperature coincided with less efficient nutrient 
removal during senescence in anthocyanin-deficient mutants 
of Cornus sericea (red osier), Vaccinium elliottii (Elliott’s 
blueberry), and Viburnum sargentii.

Asymmetric degradation of components of (photosyn-
thetic) electron transport chain in senescing leaves may 
lead to the production of 1O2 and also other reactive oxy-
gen species (ROS; Krieger-Liszkay et al. 2019). Indeed, 
the amounts of ROS, mainly hydrogen peroxide, have been 
observed to increase during (or prior to) visual senescence, 
simultaneously with cellular damage (Dhindsa et al. 1981), 
also in some deciduous trees (Cheeseman 2009; Shi et al. 
2012). Levels of any ROS depend not only on the rates of 
its production but also on the rates of detoxification. The 
detoxification mechanisms often decline during senescence 
(Procházková and Wilhelmová 2007). For example, activi-
ties of catalase and ascorbate peroxidase decrease in some 
deciduous trees throughout autumn senescence (Kukavica 
and Jovanovic 2004). However, enhancements of antioxida-
tive systems during senescence have also been reported; for 
example, in B. pendula (silver birch) transcription of many 
genes encoding proteins with antioxidative functions, e.g. 
ascorbate peroxidase, increases during senescence (Sillan-
pää et al. 2005). ROS also function as signaling molecules, 
and an increase in (chloroplast-derived) ROS has been pro-
posed to act as a signal initiating senescence (Leshem 1988; 
Hung and Kao 2005; Wang et al. 2016; Mayta et al. 2018).

The amounts of flavonoids, especially those of antho-
cyanins, often increase during senescence (Lee et al. 2003). 
It has been suggested that these secondary metabolites 
can act as screens for visible light and/or ultraviolet (UV) 
radiation. Anthocyanins may also function as antioxidants 
as they can quench 1O2 (Csepregi and Hideg 2017). Hoch 
et al. (2003) showed that anthocyanin-deficient mutants of 
several deciduous woody species can cope with optimal 
conditions but are damaged when exposed to high light 
stress at a low temperature. Birches (Betula spp.) usually 
do not synthesize large amounts of anthocyanins during 
senescence (Taulavuori et al. 2011); however, B. papyrifera 
(paper birch) was as tolerant against the stress conditions as 
species that accumulate anthocyanins (Hoch et al. 2003). 
An increase (up to 30%) in flavonols was observed to occur 
simultaneously with, or slightly after, the initiation of chlo-
rophyll degradation during autumn senescence in B. pendula 
(Mattila et al. 2018). On the contrary, leaves that are fallen 
off contain smaller amounts of at least some flavonol spe-
cies than green leaves in B. pendula (Paaso et al. 2017). In 
anthocyanin producing species, amounts of flavonols may 
either decrease (Sitko et al. 2019), increase or stay constant 
(Mattila et al. 2018) during senescence. Flavonol amount 
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has been shown to increase in response to UV radiation in B. 
pendula (Morales et al. 2010) and in response to coldness in 
B. nana (dwarf birch; Stark et al. 2015). Flavonols can react 
with 1O2 and hydrogen peroxide (Majer et al. 2014; Csepregi 
and Hideg 2017), and the scavenging of hydrogen peroxide 
may have regulatory functions (An et al. 2016; Watkins et al. 
2017; Muhlemann et al. 2018). However, the functional roles 
of flavonols in senescence are poorly understood.

B. pendula is an ecologically and economically impor-
tant deciduous tree species endemic to north and central 
Eurasia (Hynynen et al. 2010). In this species, the fates of 
photosynthetic complexes during senescence have been lit-
tle studied. Therefore, we aimed at better understanding if 
(and how) senescing leaves, while degrading chlorophyll 
and photosynthetic complexes, are able to cope with light-
induced damage. We also tested whether the increase in fla-
vonols, observed in B. pendula during senescence, protects 
chloroplast functions. Therefore, photoinhibition, electron 
transfer reactions, 1O2 production in vivo and flavonols were 
measured during natural autumn senescence of B. pendula. 
It was found that even though both photosystems are prone 
to light-induced damage in senescing leaves, photosynthetic 
electron transfer stays functional and the leaves possess 
capacity to recover from the damage until almost all chlo-
rophyll is degraded. Flavonols increase in senescing birch 
leaves, however, these flavonoid species do not seem to pro-
tect chloroplasts from photoinhibition.

Materials and methods

Plant material and growth conditions

Leaves were collected from three mature B. pendula Roth. 
trees, growing in a small park between a road and a for-
est (60°27′30.6"N 22°18′33.3"E, Turku, Finland; Fig. 1). 
Leaves were kept on moist paper in darkness before meas-
urements (conducted on the same day as collection, unless 
otherwise indicated). Arabidopsis thaliana (L.) Heynh. 
wild type (Col-0 and Nö-0) and mutants (fls1-2 and ldox 
fls1-2; RIKEN_PST16145 and SALK_028793 x RIKEN_
PST16145, respectively; Stracke et al. 2009) were grown 
in a growth chamber (Weiss Gallenkamp) at the photosyn-
thetic photon flux density (PPFD) of 150 µmol  m−2  s−1 at 
22 °C in 8 h/16 h day/night rhythm. After 4 weeks of growth, 
the growth light was supplemented with 5 W  m−2 of UV-A 
(368 nm, ~ 15 nm full width at half maximum (FWHM); 
LED Fedy, Shenzen, China) for two weeks and then addi-
tionally for one week with 10 W  m−2 of UV-A, to induce 
flavonol synthesis.

Pigment analyses

Chlorophylls were measured either after extraction in 
dimethylformamide (DMF) or non-invasively by an optical 
method (Dualex Scientific, Force-A, Paris, France; Cerovic 
et al. 2012). For the former, leaf discs (d = 6 mm) were incu-
bated in DMF for three to seven days at 4 °C in darkness 
after which chlorophylls a and b were quantified spectro-
photometrically according to the coefficients in Porra et al. 
(1989). Relative chlorophyll values recorded by Dualex were 
converted to µg  cm−2 according to a previously established 
calibration curve (Mattila et al. 2018): Chlorophylls a + b 
(µg  cm−2) = 1.1432 × Dualex—5.7427.

Flavonols were probed by measuring the ratio of chloro-
phyll a fluorescence induced by UV radiation to fluorescence 
induced by visible light from intact leaves either with Dualex 
(Force-A) or with a QEPro spectrometer (Ocean Optics). 
The method is based on absorption of UV radiation by fla-
vonols. Thus, the presence of flavonols lowers chlorophyll 
excitation under a source of UV radiation, thereby decreas-
ing fluorescence emission (Goulas et al. 2004). Flavonols do 
not absorb visible light, which allows visible-light-excited 
chlorophyll a fluorescence to be used for normalization of 
the results. When the QEPro spectrometer was used, leaves 
were illuminated with 368 nm UV-A radiation (LED Fedy; 
narrowed using 360 and 370 nm filters; Corion line filter, 
FWHM 10 nm; Newport Corp.) or 600 nm visible light 
(obtained through a Corion line filter, FWHM 10 nm; New-
port Corp.) and chlorophyll fluorescence was recorded at 
660–700 nm. Intensities of the 368 nm and 600 nm light 
were set low enough to prevent an actinic effect on chloro-
phyll a fluorescence yield. Dualex measures flavonols with 
a similar principle (Cerovic et al. 2012).

Pigment measurements were conducted in the laboratory, 
under dim light, except when chlorophyll and flavonol con-
tents of single leaves were followed during autumn (between 
27 August and 26 October 2018) in which case the measure-
ments were conducted under field conditions, as described 
previously (Mattila et al. 2018).

Fluorescence, absorbance and photoinhibition

Unless otherwise indicated, chlorophyll a fluorescence and 
near-infrared (NIR) absorbance changes (reflecting the 
reduction state of  P700) were measured from excised leaves 
of B. pendula (collected between 30 August and 16 Octo-
ber 2019) or mutant and wild type A. thaliana with Dual/
KLAS-NIR fluorometer/spectrophotometer (Walz GmbH; 
Schreiber and Klughammer 2016) as follows. A leaf, dark-
acclimated for at least 30 min, was placed between the 
measuring heads of Dual/KLAS-NIR after which an auto-
matic calibration was done. Actual measurements started 
with a 30 s dark incubation (only the measuring beam of 



 Trees

1 3

the fluorometer was on), after which a saturating pulse (SP; 
800 ms) was fired to calculate  (FM-FO)/FM =  FV/FM. After 
another 30 s, far-red (FR) light (735 nm, ~ 14 nm FWHM, set 
to maximum intensity) was switched on for 15 s, at the end 
of which a second SP was fired (to calculate the maximum 
amount of oxidizable  P700). In some cases, as indicated, a 
45 s dark period followed, after which an actinic light was 
switched on for 2.5 min (621 nm, ~ 14 nm FWHM, PPFD 

1650 μmol  m−2  s−1) or for 5 min (PPFD 1750 μmol  m−2  s−1; 
leaves collected 28 September 2020). An SP was fired every 
60 s, during the actinic light and subsequent 2.5-min or 4.5-
min darkness, to calculate non-photochemical quenching 
(NPQ;  FM/FM‘-1).

To induce photoinhibition, leaves were placed on a moist 
paper (temperature was set at 20 °C) and illuminated with a 
sunlight simulator (SLHolland; PPFD 2000 µmol  m−2  s−1). 

Fig. 1  A B. pendula tree during autumn 2018. The circles highlight 
the course of senescence in three individual leaves, marked with dif-
ferently dashed circles. Between 18 and 22 October 2018, one of the 

leaves has fallen off. The last photograph shows senescing leaves with 
PSII yield  (FV/FM) of 0.42 ± 0.02, collected from a different B. pen-
dula tree
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 FV/FM and  P700 signals were recorded as described above. To 
test the recovery capacity, birch leaves were illuminated for 
90 min (green leaves) or 30 min (senescing leaves) with the 
SLHolland sunlight simulator (PPFD 3000 µmol  m−2  s−1) 
and then allowed to recover for 11 h in low light (PPFD 
20 µmol  m−2  s−1) at room temperature (~ 22 °C) with peti-
oles in water. In the case of the recovery measurements,  FV/
FM was measured with FluorPen (Photon Systems Instru-
ments, Czech Republic).

Leaf absorption spectra

Absorption spectra were measured from nine leaf discs 
(d = 9 mm), obtained from at least three leaves of B. pen-
dula (collected on 1 October 2019) using an integrating 
sphere (Labsphere). A slide projector was used for illumi-
nation and spectra were measured with a calibrated STS-
VIS spectrometer (Ocean Optics). Absorption of the sphere 
itself was calibrated according to Idle and Proctor (1983) by 
measurements with matt black cardboard earlier calibrated 
for reflectance (Pätsikkä et al. 1998). The measurement was 
done to obtain the relative difference between yellow and 
green leaves and full quantitation of the absorptance was 
not attempted.

Singlet oxygen measurement

Leaf discs (d = 6 mm) of B. pendula (collected between 4 
and 5 October 2018) were vacuum infiltrated and incubated 
over-night in darkness in a solution containing 200 µM Sin-
glet Oxygen Sensor Green (SOSG; Invitrogen™) and 4% 
methanol. Leaf discs were kept in water to prevent drying 
and illuminated (PPFD 2000 µmol  m−2  s−1) at 20 °C. Red 
light (> 650 nm) was used to prevent 1O2 production by the 
sensor itself (Ragás et al. 2009). SOSG fluorescence was 
excited with 500 nm light (obtained through a Corion line 
filter, FWHM 10 nm), measured with a QEPro spectrometer 
(Ocean Optics) and quantified by integrating the signal at 
530–535 nm. In 1O2 measurements,  FV/FM was measured 
with FluorPen (Photon Systems Instrument).

Estimation of the effect of leaf chlorophyll content 
on SOSG fluorescence

The effect of absorption of the leaf on SOSG fluorescence 
was estimated by assuming that a leaf is a homogenous layer 
(thickness 1) of absorbing material. Now, light intensity 
within the leaf at depth x from the upper surface is, accord-
ing to the Lambert–Beer law

where ε is the extinction coefficient. For simplicity, a 
natural-logarithm-based ε is used. The intensity of SOSG 
fluorescence at depth x is the product of I0 and the fluores-
cence yield of SOSG (ɸ). Estimates for the values of ε at 
the excitation and emission wavelengths (εx and εm, respec-
tively), are obtained from measurements of leaf absorptance 
α by noting that at leaf thickness 1, I = 1—α, and therefore 
ε = ln(1/(1—α)).

At the surface, SOSG fluorescence originating at depth 
x has the intensity

Observable SOSG fluorescence (Fobs), as a fraction of 
SOSG fluorescence that would have been obtained without 
any attenuation by the leaf (Fzero = ɸI0) is then

When the sum εx + εm approaches zero, Fobs approaches 
I0ɸ. The SOSG emission intensity that would be obtained 
if the leaf did not absorb the excitation or emission wave-
length, is equal to the experimentally observed intensity 
divided by the quantity in Eq. 3.

As only relative absorption spectra of yellow and green 
leaves were available, the spectra were normalized by set-
ting the absorptance of the green leaves to 100% at 430 nm; 
earlier measurements from green leaves (Hogewoning et al. 
2012; Mattila et al. 2020) show over 95% absorptance in 
this region.

77 K fluorescence emission spectra

Leaf discs (d = 6 mm) of B. pendula (collected on 13 Novem-
ber 2019 from different birch individuals than in other 
experiments; 60°27′02.9"N 22°17′36.6"E, Turku, Finland) 
were frozen and ground in liquid nitrogen in the presence of 
quartz grains to dilute the sample (Weis 1985). Fluorescence 
was excited with 440 nm light (obtained through a Corion 
line filter, FWHM 10 nm) and measured with a QEPro spec-
trometer (Ocean Optics) in liquid nitrogen.

Figures and statistics

Figures were prepared in SigmaPlot (Systat Software, Inc). 
Statistical differences were calculated in Excel (Micro-
soft) with Student’s t test (2-tailed distribution): paired 
between time points (within the same leaf) and otherwise 

(1)I(x) = I0e
−�x

,

(2)F(x) = I0�I(x)e
−�mx = I0�e

−�xxe
−�mx = I0�e

−x(�x+�m)

(3)
Fobs

Fzero

=
1

∫
0

e
−x(�x+�m)dx =

1

�x + �m

(

1 − e
−(�x+�m)

)

.
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heteroscedastic (between different leaves). Linear regression 
was calculated by fitting a line (least squares) to the data 
points in Excel.

Results

While maximum fluorescence decreased, PSII yield 
remained high in a senescing leaf until almost all 
chlorophyll was degraded

To study natural senescence in B. pendula, leaves were col-
lected from three outside-grown mature trees (Turku, Fin-
land; Fig. 1) during the autumns 2018, 2019 and 2020, and 
brought to laboratory for measurements. As earlier shown 
in Mattila et al. (2018), senescence is a very rapid process 
at the level of an individual birch leaf (Fig. 1).

To investigate the photosynthetic reactions during autumn 
senescence, especially the fates of both photosystems (PSII 
and PSI), chlorophyll a fluorescence parameters and  P700 
absorbance changes were simultaneously recorded with 
Dual/KLAS-NIR fluorometer/spectrophotometer from dark-
acclimated leaves with different chlorophyll concentrations. 
The fluorescence parameter  FV/FM is a measure of the maxi-
mum quantum yield of PSII photochemistry and  FM is the 
maximum fluorescence value, obtained when all PSII reac-
tion centers are closed for photochemistry.  P700 absorbance 
changes, in turn, show the light-dependent oxidation and 
electron-transfer-dependent re-reduction of  P700, the pri-
mary donor of PSI. The maximum fluorescence yield,  FM 
(mainly originating in PSII; Franck et al. 2002), declined 
with decreasing chlorophyll content of the leaves (Fig. 2a). 
On the contrary,  FV/FM stayed high until about 90% of chlo-
rophyll was degraded, after which  FV/FM declined rapidly 
(Fig. 2a). The results indicate that even though the amount of 
PSII decreased in senescing leaves, the remaining PSII units 
remained functional. During the degradation of chlorophyll, 
the chlorophyll a to b ratio increased in a biphasic manner. 
The data suggest that the ratio first increased very slowly 
until ~ 75% of chlorophyll had been degraded; the  R2 value 
of the trend, highlighted with a regression line in Fig. 2a, is 
weak but statistically significant. After this first phase, the 
chlorophyll a to b ratio rapidly increased (Fig. 2a). In a B. 
pendula leaf, the sequence of events depicted in Fig. 2 takes 
about a week (Fig S1; Mattila et al. 2018).

From here on, most measurements were conducted only 
with green leaves (30–40 µg chlorophyll  cm−2) and yellow 
(senescing) leaves that still had high PSII activity (4–15 µg 
chlorophyll  cm−2). First, we measured the absorption spectra 
of the leaves by placing green or senescing leaves inside an 
integrating sphere and measuring how much they absorb 
diffuse light at each wavelength (Idle and Proctor 1983). Not 
surprisingly, senescing leaves absorbed less light, although 

Fig. 2  Maximum quantum yield of PSII photochemistry (FV/FM), 
amount of oxidizable PSI  (P700), maximal fluorescence (FM), chloro-
phyll (Chl) a to b ratio (a), in  vivo absorption (b) and fluorescence 
spectra at 77  K (c), measured from B. pendula leaves with differ-
ent chlorophyll concentrations. The dashed line in (a) is fitted to 
the chlorophyll a/b values with chlorophyll contents > 10  µg   cm−2 
(slope = -0.0238; R2 = 0.541; P = 0.0005). The insert in (b) shows 
the difference in absorption between green and senescing leaves. The 
spectra in (c) are normalized to the peak value of PSI fluorescence. 
Chlorophyll (a + b) contents were 28.6 ± 2.44 and 4.85 ± 1.45 µg  cm−2 
in (b) and, before dilution, 12.6 ± 1.94 and 4.16 ± 0.88 µg  cm−2 in (c), 
for green and senescing leaves, respectively. Chlorophyll was quanti-
fied spectrophotometrically after extraction with DMF. Values in (a) 
represent single measurements of leaves with different chlorophyll 
concentrations. Averages calculated from at least three biological rep-
licates of green or senescing (yellow) leaves are shown in (b–c). Error 
bars show standard deviation (SD). Leaves in (c) were collected from 
different trees than leaves used in the rest of the experiments
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the difference was proportionally smaller at wavelengths 
shorter than 500 nm than at other visible light wavelengths 
(Fig. 2b). The loss of absorbance was proportionally highest 
at the longest wavelengths absorbed by the leaves (insert in 
Fig. 2b).

Next, to specifically probe the fates of the two photo-
systems, we measured fluorescence spectra from diluted 
leaf powder at 77 K (Fig. 2c). Fluorescence spectra at 77 K, 
where contributions from different PSII and PSI related 
complexes to the emission spectrum are well resolved (see 
Wientjes et al. 2011), provides an estimate of the ratio of 
the number of chlorophyll molecules associated with PSII 
to those associated with PSI. Dilution of the leaf material by 
quartz sand (Weis 1985) allows elimination of self-absorp-
tion that would otherwise affect the ratio of the intensities of 
the spectral peaks. The data showed that the emission peak 
of PSI (~ 730 nm) was blue shifted by approximately 1 nm 
in senescing leaves. In addition, the ratio of PSII (~ 685 nm) 
to PSI fluorescence was higher in senescing leaves than in 
green ones (Fig. 2c). Leaves used for the 77 K measurements 
were collected from different B. pendula individuals than 
those used for all the other experiments, but the blue shift 
and the proportional decrease in the PSI fluorescence were 
consistently observed in five different individuals, suggest-
ing that it is a general feature of B. pendula senescence.

Photosynthetic parameters in senescing and green 
leaves

To further compare the photosynthetic performance of 
leaves with different chlorophyll contents, chlorophyll a 
fluorescence transients and oxidation state of  P700 were 
recorded during a light treatment and subsequent darkness 
(Fig. 3). Non-photochemical quenching (NPQ) and the coef-
ficient of photochemical quenching (qL) during and after a 
2.5 min high light illumination (PPFD 1650 µmol  m−2  s−1) 
were calculated from the fluorescence data. NPQ reflects 
the efficiency by which the photosynthetic machinery con-
verts excitation energy to heat, and qL is a measure of the 
fraction of open PSII reaction centers (Kramer et al. 2004). 
Maximum fluorescence under light  (FM’) was quenched to a 
greater degree, compared to dark-acclimated values (FM), in 
green than senescing leaves, in line with higher NPQ levels 
in green leaves (Fig. 3a, c). Relaxation of NPQ after switch-
ing off the light was similar in both types of leaves (Fig. 3a, 
c). NPQ increased up to 4 or 5 min of illumination in both 
leaf types but yellow leaves always showed less NPQ than 
green ones (Fig. S2). On the contrary, there was no differ-
ence in qL between green and senescing leaves (Fig. 3a, e), 
indicating that the photosynthetic electron flow functioned 
well in yellow leaves. The chlorophyll a fluorescence level 
measured in the dark was higher in senescing leaves than 

in green ones (Fig. 3a, e), and senescent leaves showed a 
higher ratio of  FM to chlorophyll content than green leaves 
(Fig. S3).

Far-red (FR) light oxidized P700 more efficiently in green 
than in senescing leaves (Fig. 3b, d). Switching on the strong 
actinic light, on the contrary, rapidly oxidized  P700 in senesc-
ing leaves (Fig. 3b, f). In green leaves, stable oxidation was 
reached only after ~ 30 s (Fig. 3b, f). In addition,  P700 was 
reduced more slowly in darkness after FR light treatment 
or SP in senescing than in green leaves (Fig. 3b). The slow 
reduction of  P700 after FR treatment and rapid oxidation 
of  P700 under visible actinic light suggest that the flow of 
electrons from the plastoquinone pool to  P700

+ is slower in 
senescing than in green leaves.

Photoinhibition proceeded rapidly in senescing 
leaves

As the NPQ measurements (Fig. 3c) implied that senescing 
leaves may not be protected against high light as efficiently 
as green leaves, we next exposed the leaves to photoinhibi-
tory light. Green and senescing leaves of B. pendula were 
illuminated from the adaxial side with high light simulating 
sunlight (PPFD 2000 µmol  m−2  s−1) for 90 min at 20 °C 
(Fig. 4) and activities of PSII and PSI were measured. High 
light caused a decrease in  FV/FM (measured on both sides of 
the leaves) and  P700 signal (Fig. 4a–b), indicating that high 
light caused a decrease in the activities of PSII and PSI in 
both leaf types. Both (PSII and PSI) signals decreased faster 
in senescing leaves (57% and 24% loss of activity of PSII 
(adaxial side) and PSI, respectively) than in green leaves 
(25% and 9% loss of activity of PSII (adaxial side) and PSI, 
respectively).

Next, we measured if the leaves could recover from 
the PSII damage. Green leaves were illuminated, at PPFD 
3000 µmol  m−2  s−1 for 90 min, and senescing leaves for 
30 min to inhibit a similar fraction of PSII units (Fig. 4c). 
The capacity to recover from PSII photoinhibition was very 
similar in both types of leaves (Fig. 4c). However, after 3 h 
and 11 h of recovery, sufficient fluorescence signal could no 
longer be recorded from ~ 50% of senescing leaves, possibly 
due to bleaching of chlorophyll.

Senescing leaves produced more singlet oxygen, 
and flavonols did not affect singlet oxygen 
production

To understand the reasons behind the susceptibility of 
senescing leaves to photoinhibition and to probe the possible 
protective role of flavonols, 1O2 production under high light 
(> 650 nm; PPFD 2000 µmol  m−2  s−1) was measured from 
green and senescing leaves, hand-picked so that they con-
tained different levels of flavonols (Fig. 5). Flavonols absorb 
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UV radiation (see Csepregi and Hideg 2017) and, therefore, 
their amounts can be estimated by measuring the absorb-
ance of UV radiation from intact leaves. In B. pendula the 
method works well; a difference in UV absorbance between 

yellow and green leaves seemed to be almost entirely due to 
increased flavonol content of the yellow leaves (measured 
by liquid chromatography; Mattila et al. 2018), presumably 
because birches do not accumulate much anthocyanins. 

Fig. 3  Representative chlorophyll a fluorescence (a) and  P700 (b) 
traces measured from dark-acclimated green and senescing (yellow) 
B. pendula leaves, treated with white saturating pulses (arrows), far-
red (FR) and orange light (AL; PPFD 1650 µmol  m−2  s−1), at 20 °C. 
Chlorophyll (a + b) contents of green and senescing leaves were 30.6 
and 4.46  µg   cm−2, respectively, in (a) and (b). Fluorescence curves 
are normalized to the maximum values, and  P700 curves between the 
minimum and maximum values, and the green curve in (b) is addi-
tionally straightened between the start and end points to remove drift 
in the signal. Fluorescence (c, e) and  P700 (d, f) parameters were 
measured from leaves with different chlorophyll contents, treated as 

shown in (a–b). Chlorophyll was quantified spectrophotometrically 
after extraction with DMF. Non-photochemical quenching of fluores-
cence (NPQ) was calculated as FM/FM’-1 and photochemical quench-
ing of fluorescence (qL) as (FM’-F)/(FM’-F0′) x (F0′/F) (fluorescence 
values at 275 s were taken as F0′). F at 400 s indicates the difference 
in the fluorescence level in the darkness between the time points of 
20 s and 400 s (e).  P700 level during FR represents the amount of  P700 
oxidized during FR illumination relative to maximum oxidizable  P700 
(d); the time required for  P700 to reach stable oxidation upon switch-
ing on AL is shown in (f)



Trees 

1 3

During autumn, the flavonol contents of individual leaves 
stayed constant, until an increase, coinciding with chloro-
phyll degradation, was observed (Fig. S1), in agreement with 
our previous study (Mattila et al. 2018). At the beginning of 
the autumn, however, different leaves of B. pendula, even 
from the same tree, contained different levels of flavonols 
(Fig. S1).

1O2 production was measured with the fluorescent dye 
SOSG; the fluorescence yield of the dye (at ~ 520–550 nm) 
increases upon reaction with 1O2. All types of leaves pro-
duced 1O2 during the 0–120 min illumination, but SOSG 
fluorescence increased during illumination significantly 
faster in senescing leaves than in green leaves (Fig. 5). The 
amount of flavonols, however, did not affect the rate of 
increase in SOSG fluorescence (Fig. 5). To estimate relative 
rates of 1O2 production, between yellow and green leaves, 

the better penetration of both the 500 nm excitation light 
and 530–535 nm SOSG fluorescence in yellow than green 
leaves was taken into account. The effect of leaf chlorophyll 
concentration on the intensity of SOSG fluorescence was 
estimated according to Eq. 3 (see “Materials and methods”). 
As the leaf absorption spectra (Fig. 2b) had been measured 
only to obtain the difference in the spectral form, they 
were, therefore, normalized by assuming 100% absorptance 
for green leaves at 430 nm, which led to extinction coef-
ficients εx = 3.599 and εm = 1.821 for green and εx = 0.773 
and εm = 1.611 for yellow leaves, and thus the respective 
Fobs/Fzero values were 0.184 and 0.381 for green and yellow 
leaves. The slope of the increase in SOSG fluorescence, after 
the correction for leaf absorptance, was still 2.3–2.8 times 
as high in yellow than in green leaves, and the flavonoid 
content of the leaf did not affect the slope (Table S1). Thus, 

Fig. 4  Photoinhibition of PSII (a) and PSI (b) and recovery from 
PSII photoinhibition (c) in green and senescing (yellow) B. pendula 
leaves (d).  FV/FM (a) was measured from the adaxial and abaxial 
sides of the leaf. Leaves were illuminated at the PPFD of 2000 (a–
b) or 3000 µmol   m−2   s−1 (HL; c) at 20 °C. In (c) green leaves were 
illuminated for 90 min and yellow leaves for 30 min. During subse-
quent recovery (R), leaves were illuminated with low light (PPFD 
20  µmol   m−2   s−1). After 3  h of recovery, fluorescence signal could 

be detected from six out of seven senescing leaves (indicated by †) 
and after 11  h from four out of seven senescing leaves (††). Error 
bars show SD from three biological replicates. Initial chlorophyll 
(a + b) contents were 30.6 ± 6.3 and 5.12 ± 2.42 µg  cm−2 in (a–b) and 
18.1 ± 3.45 and 4.80 ± 1.92  µg   cm−2 in (c), for green and senescing 
leaves, respectively. Chlorophyll was quantified spectrophotometri-
cally after extraction with DMF
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the analysis confirmed the observations suggested by the 
data in Fig. 5, indicating that yellow leaves produced 1O2 
at higher rates than green leaves, and that the differences in 
1O2 production between the leaves with different flavonol 
contents (but similar chlorophyll contents) were not statisti-
cally significant (Table S1).

To verify that a protective effect of flavonols was not 
masked by other factors in outside grown B. pendula 
leaves, photoinhibition of PSII and PSI was measured from 
green leaves of A. thaliana wild types (Nö-0 and Col-0) 
and mutants fls1-2 (Nö-0 background) and ldox fls1-2 (a 
cross between the mutants in Nö-0 and Col-0 backgrounds; 
Fig. 6a). Due to enzymatic blocks in the flavonoid biosyn-
thetic pathway, fls1-2 is unable to produce flavonols and ldox 
fls1-2 lacks both anthocyanins and flavonols (Stracke et al. 
2009). The different lines showed small differences in pho-
toinhibition rates but no systematic effect due to the lack of 
flavonoids could be found (Fig. 6b). Furthermore, flavonols 

did not affect PSI photoinhibition (Fig. 6c). Fluorescence 
measurements showed only small differences in UV absorb-
ance between the wild types and the mutants but verified 
a higher flavonoid level in the Nö-0 wild type than in the 
flavonoid-less mutants (Fig. 6d).

Discussion

Photosynthetic electron transfer in senescing leaves 
of B. pendula

In the autumn, from the first signs of yellowing, it may 
take 1–2 months until all leaves of a silver birch (B. pen-
dula) tree have fallen. However, during this time indi-
vidual leaves of the senescing tree remain green until, 
in seemingly random order, rapid (lasting about 1 week) 
chlorophyll degradation is initiated (Figs.  1 and S1; 

Fig. 5  Increase in SOSG fluorescence during high-light illumina-
tion of green and senescing (yellow) leaves of B. pendula with dif-
ferent flavonol (flv) contents (a). SOSG-infiltrated leaf discs (b) 
were illuminated for 0–120  min in high light (> 650  nm; PPFD 
2000 µmol  m−2  s−1), at 20 °C, and SOSG fluorescence at 530–535 nm 
was measured. Error bars show SD from six replicates. Statistically 

significant differences (Student’s t-test; paired between time points, 
heteroscedastic otherwise) are indicated by * (P < 0.05), ** (P < 0.01) 
or *** (P < 0.001). Averaged chlorophyll and flavonol contents 
(measured with an optical method) and PSII yields (FV/FM) of the 
leaves are listed in the table (SD in parentheses; c)
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Mattila et al. 2018). Even in the senescing leaves, the max-
imum quantum yield of PSII photochemistry stays high 
until about 90% of chlorophyll is degraded (Fig. 2a), and 
photochemical quenching of chlorophyll a fluorescence 
is similar in both green and senescing leaves (Fig. 3e). 
These results show that photosynthetic electron transport 
remains functional until late senescence, in accordance 
with previous studies (Keskitalo et al. 2005; Kotakis et al. 
2014; Moy et al. 2015). Thus, silver birch keeps photosyn-
thesis ongoing during autumn by two mechanisms. First, 
senescence of an individual leaf is rapid while most leaves 
remain fully green, and second, even during degradation of 
chlorophyll, the remaining photosystems in the leaf retain 
functionality.

To our knowledge, the fates of the photosynthetic com-
plexes during autumn senescence in B. pendula have not 
been previously reported. We observed an increase in 
chlorophyll a to b ratio in the leaves of B. pendula during 
autumnal chlorophyll degradation; the increase was ini-
tially quite slow but more remarkable towards abscission 
(Fig. 2a). Even though the chlorophyll a to b ratio com-
monly decreases during autumn senescence in tree species 
(Lee et al. 2003; Moy et al. 2015), a small increase in chlo-
rophyll a to b ratio has been previously observed in some 
senescing trees, e.g. in Prunus serotina (black cherry), 
A. pensylvanicum (striped maple) and Fagus grandifolia 
(American beech) (Lee et al. 2003). Because both the  FM 
yield and the amount of oxidizable  P700 declined almost 
linearly with the chlorophyll content of leaves (Fig. 2a), 
the increasing chlorophyll a to b ratio suggests that dur-
ing senescence in B. pendula, light harvesting antennae 
were degraded prior to the photosystems. In H. vulgare, 
an increase in chlorophyll a to b ratio during leaf senes-
cence was shown to coincide with a decline in the amounts 
of (some of) the LHCIIs, while the photosystems were 
assumed to become degraded at rates similar to each other 
(Krupinska et al. 2012). The present data suggest that 
LHCI was the main target of degradation in birch during 
the initial slow phase of an increase in the chlorophyll 
a to b ratio. The blue shift in PSI fluorescence at 77 K 
(Fig. 2c) supports the hypothesis, as the core complex of 
PSI absorbs at shorter wavelengths than LHCI (Wientjes 
et  al. 2011). Loss of LHCI subunits also agrees with 
the proportionally higher PSII to PSI ratio in the 77 K 
spectra (Fig. 2c). The lower in vivo absorption of light 

at λ > 700 nm in senescing than in green leaves (Fig. 2b) 
confirms the loss of some long-wavelength absorbing chlo-
rophylls of LHCI. In addition, FR light oxidized  P700 more 

Fig. 6  Leaves of A. thaliana Nö-0 (3) and Col-0 (1) wild types and 
ldox fls1-2 (4) and fls1-2 (2) mutants (a) were illuminated (PPFD 
2000  µmol   m−2   s−1) at 20  °C, and photoinhibition of PSII (b) and 
PSI (c) was measured. FV/FM (b) was measured from the adaxial 
and the abaxial side of the leaves. The ratio of chlorophyll fluores-
cence excited by 600 nm light to chlorophyll fluorescence excited by 
365 nm radiation, was measured from the adaxial side (d). Error bars 
show SD from four biological replicates

▸
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efficiently in green than in senescing leaves (Fig. 3b, d), 
further supporting the idea that the antenna size of PSI 
decreased during senescence. To conclude, the present 
data suggest that in B. pendula degradation first attacks 
LHCI subunits and during the last phase before abscission, 
also LHCII is degraded before the photosystems (Figs. 2, 
3).

Donation of electrons to  P700
+ was slower in senescing 

than in green leaves (Fig. 3). The findings that (i)  P700
+ 

was re-reduced slowly after an FR treatment, which has 
little effect on PSII (Fig. 3b), (ii) the maximum quantum 
yield of PSII photochemistry and photochemical quench-
ing remained high (Fig. 3e) and (iii) the amount of PSII 
did not seem to decrease faster than that of PSI (Fig. 2), 
suggest that the limitation causing slow reduction of 
 P700

+ is not PSII but elsewhere in the electron transfer 
chain. The amount of the cytochrome b6/f complex has 
been reported to decrease early in both developmental 
and monocarpic senescence, e.g. in Avena sativa (oat) and 
Glycine max (soybean) (Ben-David et al. 1983; Hidema 
et al. 1991; Guiamét et al. 2002), and also the amount of 
plastocyanin has been reported to decrease early in mono-
carpic senescence (Shimakawa et al. 2020). Our data may 
suggest that these findings might be relevant also in the 
case of autumn senescence of tree leaves, but the present 
data do not allow precise localization of the reason for 
the slow electron donation in B. pendula. An increase 
in the dark-fluorescence level in senescing B. pendula 
leaves was observed in the present study (Fig. 3e). This 
might be caused by enhanced cyclic electron flow around 
PSI, as was observed in senescing Euphorbia dendroides 
(tree spurge) (Kotakis et al. 2014) and H. vulgare (Catalá 
et al. 1997), even though increased cyclic electron flow is 
thought to be associated with the type of senescence where 
PSII is degraded before PSI (Kotakis et al. 2014; Krieger-
Liszkay et al. 2019).

Singlet oxygen and photodamage in senescing 
leaves

Senescing B. pendula leaves produced more 1O2 than green 
leaves (Fig. 5; Table S1). As evident already from the yel-
low color of the leaves, the carotenoid to chlorophyll ratio 
increases during senescence in B. pendula. Furthermore, the 
amount of alpha-tocopherol, a lipid-soluble quencher of 1O2, 
increases during (early) senescence in B. alba; the name 
refers probably to B. pubescens (downy birch) but possibly 
also to B. pendula (García-Plazaola et al. 2003), suggesting 
that senescing birch leaves indeed need enhanced protection 
against 1O2.

Development of NPQ decreases 1O2 production (Roach 
et al. 2012; Dall’Osto et al. 2012), and zeaxanthin, a pigment 
involved in a form of NPQ, may also directly quench 1O2 

(Havaux et al. 2000). Thus, the decreased NPQ capacity of 
senescing B. pendula leaves (Fig. 3c) might have contributed 
to the higher 1O2 production. NPQ capacity has been shown 
to decrease during senescence also previously in e.g. B. pen-
dula (Sillanpää et al. 2005) and A. saccharum (Junker and 
Ensminger 2015). The  FV/FM values of green and senescing 
leaves differed from each other (0.75–0.83 and 0.71–0.82, 
respectively; calculated based on the data in Fig. 3c), which 
might suggest that sustained quenching of chlorophyll fluo-
rescence (i.e. quenching that does not relax during a 30 min 
dark-acclimation time; see Malnoë et al. 2018) would have 
affected the NPQ values of yellow leaves. However, a plot of 
the ratio of  FM to chlorophyll content against the chlorophyll 
content did not show any indication of sustained fluores-
cence quenching in senescing leaves (Fig. S3).

1O2 production increases with increasing light intensity 
(Fufezan et al. 2002; Dall’Osto et al. 2012). Therefore, the 
diminished absorption of light by senescing leaves (Fig. 2b), 
which would lead to decreased self-shading, may also con-
tribute to the increased 1O2 production, especially as the 
decline of chlorophyll in B. pendula appears to start from 
the antenna of PSI that does not produce (much) 1O2 (Hideg 
and Vass 1995; Cazzaniga et al. 2012).

Photoinhibition of both PSII and PSI proceeded 
almost three times faster in senescing than in green leaves 
(Fig. 4). PSII damage increases linearly with light intensity 
(Tyystjärvi and Aro 1996). Moreover, earlier experiments 
have shown that the rate of the damaging reaction of pho-
toinhibition of PSII strongly depends on the chlorophyll con-
tent of a leaf; photoinhibition increases with decreasing chlo-
rophyll content (Pätsikkä et al. 2002; Serôdio and Campbell 
2021). The reason behind this counter-intuitive relationship 
is that in a dark green leaf, each chloroplast absorbs fewer 
photons per unit time than in a light green leaf. Furthermore, 
chlorophyll is not the only photoreceptor of photoinhibition 
(Hakala et al. 2005; Ohnishi et al. 2005) and, therefore, a 
high chlorophyll content may also directly screen photoin-
hibitory light. Thus, the low light absorption by senescing 
leaves (Fig. 2b) is a possible reason for rapid PSII dam-
age. Senescence in itself does not seem to affect the rate 
of photoinhibitory damage to PSII in G. max (when about 
60% of chlorophyll was still present; Guiamét et al. 2002). 
Growth of Phaseolus vulgaris with excess  Cu2+ (leading to 
low, ~ 30% of control, chlorophyll content of leaves) also did 
not enhance damage to PSII when isolated thylakoid mem-
branes were illuminated at a fixed chlorophyll concentration 
of the suspension (Pätsikkä et al. 2002). The protective effect 
of high chlorophyll content should not be mixed with the 
effect of PSII antenna size on photoinhibition, about which 
there are contrasting results (see  Tyystjärvi et al. 1994 Park 
et al. 1997). The size of PSI antenna that seems to decrease 
during birch senescence is not likely to determine the rate of 
PSII photoinhibition. Furthermore, rapid degradation of the 
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chlorophylls during senescence may be important because 
undegraded, unbound chlorophyll produces 1O2 with a high 
quantum yield (Krasnovskii 1977).

It is possible that the increased 1O2 production in senesc-
ing leaves contributed to the increased photoinhibition of 
PSII (Figs. 4, 5). It is known that the repair reactions of 
PSII are sensitive to 1O2 (Kojima et al. 2009) whereas data 
speaking both for and against a role for 1O2 in the damaging 
reaction exist (for a review, see Tyystjärvi 2013). In the pre-
sent experiments, we did not differentiate between the repair 
and damage of PSII. Therefore, it is not possible to judge 
whether the increased 1O2 production of senescing leaves 
(Fig. 5) directly damaged PSII or slowed down the repair.

In rye (Secale cereale), the synthesis of new D1-protein 
decreases during dark-induced senescence, decreasing the 
plants’ capacity to recover from PSII damage (Kar et al. 
1993). On the contrary, even senescing B. pendula leaves 
were able to recover from PSII photoinhibition (Fig. 4c). 
Anyway, rapid 1O2 production in senescing leaves (Fig. 5) 
during the high-light treatment may have triggered degra-
dation of chlorophyll (Kar and Feierabend 1984) as, after 
the subsequent recovery period, fluorescence signals could 
no longer be measured from about 50% of the senescing 
leaves. Decreased NPQ has been previously shown to lead 
to the degradation of chlorophyll in high light (Havaux 
et al. 2000). It has been proposed that an entire (damaged) 
chloroplast can be digested, e.g. during senescence (Wada 
et al. 2008; Martinez et al. 2008), and B. pendula might be 
able to recognize and degrade damaged chloroplasts during 
autumn senescence. Based on electron microscopy images 
from senescing P. tremula leaves, Keskitalo et al. (2005) 
proposed that cells with intact chloroplasts and cells with 
degenerated chloroplasts (gerontoplasts) exist in a single 
leaf. Indeed, it is well known that senescing leaves do not 
senesce uniformly, but some areas stay green longer. In the 
case of B. pendula, cells close to veins remain green longer 
than other areas (Fig. 1; Dodge 1970).

Also PSI was photoinhibited faster in senescing than in 
green leaves (Fig. 4). Photoinhibition of PSI is caused by 
excess electron transfer from PSII (Sonoike 1996). However, 
no acceptor side limitation of PSI was observed in senescing 
leaves of B. pendula (Fig. 3), indicating lack of strong elec-
tron pressure at PSI in senescing leaves. The reduction of 
oxygen to superoxide by PSI has been linked to PSI photoin-
hibition (Takagi et al. 2016), and senescence has been sug-
gested to enhance the production of superoxide by PSI in H. 
vulgare (Krieger-Liszkay et al. 2015). Furthermore, antioxi-
dative protection may be weak in senescing leaves (Kukavica 
and Jovanovic 2004). Also 1O2 may damage PSI (Cazzaniga 
et al. 2012; Takagi et al. 2016) but in green leaves 1O2 is 
mostly produced by PSII (Hideg and Vass 1995; Cazzaniga 
et al. 2012), and due to the short lifetime of 1O2 (~ 2 µs in 
water; Merkel and Kearns 1972), the damage is expected to 

occur near the production site (Moan 1990; Mattila et al. 
2015). However, PSI might produce 1O2 in senescing leaves.

Flavonols during senescence

It has been suggested that flavonols scavenge 1O2 (Majer 
et al. 2014). Here, the abundance of flavonols was estimated 
by measuring differences in the absorbance of UV-A radia-
tion from intact leaves. The method was shown to correlate 
well (even though not linearly) with the total amounts of fla-
vonols (measured with liquid chromatography) in B. pendula 
leaves (Mattila et al. 2018). The A. thaliana fls1-2 mutant 
lacks flavonol synthase activity and consequently most fla-
vonols, and the ldox fls1-2 double mutant has been shown 
to contain neither flavonols nor anthocyanins (Stracke et al. 
2009). Increased flavonol amounts did not decrease 1O2 pro-
duction in green or senescing leaves of B. pendula (Fig. 5), 
nor did their absence make the A. thaliana mutant leaves 
more vulnerable to photoinhibition (Fig. 6). Taken together, 
the data suggest that flavonols do not play a major role in 
protection against light induced 1O2 production, at least in 
the present experimental conditions. This is in good accord-
ance with the suggestion that the synthesis of flavonols 
(which do not contain nitrogen) functions as an energy 
escape valve during abiotic stress conditions (Hernández 
and Van Breusegem 2010), and possibly also during autumn 
senescence. In B. pendula, the difference in flavonol levels 
between the two leaf groups (~ 1.3 and 1.6) was not huge 
(even though our previous comparison with a liquid chroma-
tography method suggests that the total amount of flavonols 
may increase twofold in this case), and, therefore, a small 
protective effect may have remained undetected.

Conclusions

We present experimental evidence that the remaining pho-
tosystems of a senescing silver birch (B. pendula) leaf 
retain full functionality including the repair cycle of PSII 
functions. However, high light causes a rapid decline in the 
activities of both photosystems in senescing leaves. In the 
case of PSII, low chlorophyll content is an obvious reason 
for rapid photoinhibition. Furthermore, the rate of produc-
tion of the harmful 1O2 is much faster in a yellow leaf than 
in a green leaf, and this may contribute to the vulnerability 
of the photosystems in high light. Flavonols increase dur-
ing senescence, but these compounds do not seem to affect 
the susceptibility to high light or the amount of 1O2 in birch 
leaves.
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