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Abstract—Parameters of chlorophyll fluorescence induction (CFI) are widely used for assessment of the physiological state
of higher plant leaves in biochemical, physiological, and ecological studies and in agricultural applications. In this work we
max
have analyzed data on variability of some CFI parameters – Ф PSII
= Fv/Fm (relative value of variable fluorescence), qNPQ
(non-photochemical quenching coefficient), RFd (“vitality index”) – in autumnal leaves of ten arboreous plant species of
the temperate climatic zone. The correlation between the chlorophyll content in the leaves and fluorescence parameters
characterizing photosynthetic activity is shown for two representative species, the small-leaved linden Tilia cordata and the
max
rowan tree Sorbus aucuparia. During the period of mass yellowing of the leaves, the Ф PSII
value can be used as an adequate
characteristic of their photochemical activity, while in summer the qNPQ or RFd values are more informative. We have estabmax
lished a correlation between the Ф PSII
value, which characterizes the maximal photochemical activity of the photosystem II,
and “chromaticity coordinates” of a leaf characterizing its color features. The chromaticity coordinates determined from
the optical reflection spectra of the leaves serve as a quantitative measure of their hues, and this creates certain prerequisites
for a visual expert assessment of the physiological state of the leaves.
DOI: 10.1134/S0006297914030122
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An approach of chlorophyll fluorescence induction
(CFI) is widely used for assessment of the physiological
state of the photosynthetic apparatus (PSA) of plants [111]. This method is used for solution of fundamental
Abbreviations: Car, carotenoids; CFI, chlorophyll fluorescence
induction; Chl, chlorophyll; CIE, International Commission
on Illumination (fr. Commission internationale de l’éclairage);
NPQ, non-photochemical quenching; PSI, photosystem I;
PSII, photosystem II; PSA, photosynthetic apparatus; qNPQ,
non-photochemical fluorescence quenching coefficient, qNPQ =
= (Fm – Fm′ )/Fm′ ; RFd, “vitality index”, RFd = (FM – FT)/FT;
ΦPSII, efficiency of PSII photochemical activity, ФPSII = (Fm′ –
st.st.
F ′)/Fm′ ; Ф PSII
, steady-state value of the PSII photochemical
max
activity; Ф PSII
, maximal efficiency of PSII photochemical
max
activity, Ф PSII
= Fv/Fm.
* To whom correspondence should be addressed.

problems in biochemistry and biophysics of photosynthesis, plant physiology, and also in various ecological and
agricultural studies, etc. The main advantages of fluorescence studies on the PSA are noninvasiveness, the possibility of performing express analysis under field conditions, and the sensitivity of parameters determined by this
method to some practically important stress factors of the
environment [1, 7, 12, 13]. The first works using fluorescence methods of PSA analysis were performed more
than 80 years ago by Kautsky and Hirsch [14]. They
detected non-monotonic changes in the fluorescence
intensity of leaves of different plants. The slow phase of
the fluorescence induction curve correlated with the rate
of CO2 assimilation, was suppressed at low temperatures,
and was inhibited with cyanide. It is now known that
chlorophyll a (Chl a) of photosystem II (PSII) is the
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orescence quenching. Photochemical activity of PSII is
max
= Fv/Fm (Fv =
often characterized by the parameter ФPSII
Fm − F0) measured in response to a saturating light flash
given after a sufficiently long-term adaptation of the leaf
to darkness (from dozens of minutes to some hours [10,
max
22]). The parameter Ф PSII
characterizes the maximal efficiency of PSII photochemical activity. The operating efficiency of PSII, ΦPSII = (Fm′ – F ′)/Fm′ , measured during
illumination of the leaf (or after insufficiently long-term
max
dark adaptation) is usually lower than Ф PSII
, and its value
decreases with increase in the light intensity [10]. The
value of ΦPSII gradually increases along with adaptation to
st.st.
illumination and reaches the steady-state level ФPSII
(Fig.
1). The intensity of the light-dependent electron transport through PSII at the given illumination is proportional to the parameter ΦPSII measured at a given moment
under given conditions. Along with these coefficients, the
coefficients RFd = (FM – FT)/FT [26, 27] and FM/FT =
= RFd + 1 [28, 29] are used also. Depending on the par-
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major source of fluorescence of green plant leaves; the
contribution of photosystem I (PSI) to the gross fluorescence of the PSA at physiological temperatures is
insignificant, but it increases at low temperatures (4120 K) [6]. From the mid-1980s a method of pulse amplitude modulation fluorimetry (PAM-fluorimetry) has
received wide application [15]. This method is based on
the measurement of fluorescence when a plant is illuminated by a continuous “actinic” light along with short
pulses of light with saturating intensity. Figure 1 presents
a typical picture of changes in the Chl fluorescence intensity in higher plant leaves obtained according to the routine protocol of measurements. Zigzag-like arrows indicate the application of saturating intensity light flashes
given in the dark or on the background of continuous illumination. The initial fluorescence level F0 corresponds to
luminescence under the influence of weak pulses of measuring light. In response to the first flash of the saturating
light given before the switching on the continuous light,
the fluorescence increases from the initial level F0 to the
maximal level Fm. After the abatement of fluorescence in
the dark, continuous light was added. The fluorescence
intensity measured during the continuous light changes
non-monotonically. Figure 1 shows that immediately
after the addition of the continuous light the fluorescence
intensity first rapidly increases and then decreases relatively slowly. The decrease can be caused, first, by activation in the light of the Calvin cycle reactions and, second,
by strengthening of the thermal deactivation of Chl excited states within the light-harvesting antenna. The illumination of chloroplasts leads to a fast reduction of the plastoquinone pool that manifests itself by a relatively fast initial increase in fluorescence intensity. The light-induced
activation of the Calvin cycle reactions accelerates electron outflow from PSI. This results in re-oxidation of the
plastoquinone pool, which reveals itself as a decrease in
the Chl fluorescence (photochemical fluorescence quenching) [3, 9, 16, 17].
The abatement of the fluorescence under the action
of the continuous light is caused also by strengthening of
the thermal deactivation of Chl excited states within the
light-harvesting antenna, so-called non-photochemical
quenching (NPQ) of Chl fluorescence [7, 9, 18]. The nonphotochemical quenching decreases the probability of
generation of singlet oxygen, which can initiate uncontrolled oxidative reactions in the cell [19-21]. The
increase in NPQ can be recorded by a decrease in the fluorescence intensity measured on the imposition of saturating light flashes given on the background of the continuous light (Fig. 1). The increase in NPQ of Chl fluorescence within the light-harvesting antenna is known [2225] to reflect the protective reaction of the plant PSA in
response to excess illumination.
The efficiency of NPQ can be characterized by the
parameter qNPQ = (Fm – Fm′ )/Fm′ (see determinations in
Fig. 1), i.e. by the coefficient of non-photochemical flu-
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Fig. 1. Kinetics of chlorophyll fluorescence induction of a smallleaved linden (T. cordata) leaf recorded using the PAM-protocol.
Moments of addition and turning-off of the continuous actinic
light are shown by vertical lines, and moments of saturating intensity light flashes are shown by zigzag arrows. Changes in fluorescence on leaf illumination and in the ΦPSII and qNPQ parameters
are shown on the upper and lower panels, respectively.
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ticular task, other CFI parameters measured over a wide
time interval (from milliseconds to dozens of minutes) are
also used [8, 9, 30, 31].
It is still actively discussed which CFI parameters are
the most useful for analysis of photosynthetic activity of
the PSA and its protective reactions against the excess
light. In particular, the coefficient of non-photochemical
quenching of Chl fluorescence qNPQ is used rather frequently as a parameter characterizing the weakening of
PSII activity associated with the activation of mechanisms for PSA protection against light-induced damage
[18, 23, 24]. On the other hand, Demmig-Adams et al.
[22] have criticized the use of this parameter for assessment of physiological state of plants under conditions of
long-term (e.g. seasonal) suppression of photosynthetic
activity. To assess the stress-induced suppression of photosynthetic activity, they proposed the use of the paramemax
ter Ф PSII
.
In the present work, we have compared the possibilities of using some parameters of CFI for assessment of
the physiological state of leaves of arboreous plants of the
temperate climatic zone in summer and in autumn. The
wide use of the parameter ΦPSII and other above-listed
parameters for assessment of the plant physiological state
requires studies on their natural variability. In this paper
we present data on variability of some CFI parameters for
leaves of arboreous plants of the temperate climatic zone
under conditions of their natural growth and on its correlation with contents of pigments in the leaves. According
to our data, during the period of mass yellowing of leaves,
their photochemical activity can be adequately charactermax
ized with the parameter Ф PSII
, whereas in summer such
above-presented steady-state characteristics as Ф st.st.
PSII,
qNPQ, or RFd are preferable. We have analyzed also the possibility of using a visual expert assessment on choosing a
homogenous (in functional characteristics of the photosynthetic activity) material for photosynthetic studies. In
this paper we consider the expert assessment as a visual
(non-instrumental) assessment of leaf parameters characterizing its photosynthetic activity. Such assessment is
principally underlain by a correlation in the decrease in
PSA activity of arboreous plant leaves in autumn with
changes in their pigment composition [32-34]. Besides,
such assessment, though very rough, is necessary on dealing with a real plant material. Moreover, in some works
spectral features of leaves and chlorophyll-containing
fruits were studied in detail, and the possibility was shown
of using instrumentally-measured reflection spectra for
determination of pigment contents in plant tissues [3437]. However, according to our knowledge, the possibility of quantitative visual assessment of PSA characteristics
has never been considered. In the present work, based on
our data on the correlations between characteristics of the
max
st.st.
PSA of autumnal leaves (Ф PSII
, Ф PSII
, qNPQ, and RFd) and
the Chl content, and using the literature data on the
threshold color discrimination by the human eye, we have

attempted to answer the question about characteristic difmax
in the leaves of arboreous plants in
ferences of Ф PSII
autumn that can be visually assessed by a researcher.

MATERIALS AND METHODS
Objects of the study. The study was performed on
leaves of some arboreous plants of the temperate climatic
zone: small-leaved linden (Tilia cordata Mill.), rowan
tree (Sorbus aucuparia L.), stag’s-head (Salix fragilis L.),
Norway maple (Acer platanoides L.), hawthorn (Crataegus
sp. L.), Norway spruce (Picea abies (L.) H. Karst), blue
spruce (Picea pungens Engelm.), Archangel’ fir (Pinus
sylvestris L.), Siberian larch (Larix sibirica Ledeb.), and
the semi-shrub with partially lignified sprouts – the red
raspberry (Rubus idaeus L.). The measurements were performed in August and in October 2009-2013.
Measurements of chlorophyll fluorescence induction.
Induction curves of fluorescence of leaves were measured
with a portable FluorPen FP100 fluorimeter (Photon
max
System Instruments, Czechia). The CFI parameters Ф PSII
=
= Fv/Fm, ΦPSII = (Fm′ – F ′)/Fm′ , qNPQ = (F m – Fm′ )/Fm′ , and
RFd = (FM – FT)/FT were determined according to published works [8, 9, 27] (see Fig. 1 for determination of the
fluorescence parameters). To study correlations of the
CFI parameters and Chl content in the leaves, the measurements were performed on cuttings from dark-adapted
leaves. In all other cases the measurements were performed on intact leaves that had not been separated from
the plant in the evening (not earlier than 2 h after sunset,
i.e. on dark-adapted leaves). The fluorescence was excited and measured from the ventral (abaxial) side of the
leaf.
Measurement of reflection spectra of leaves and calculation of chromaticity coordinates. Reflection spectra of
leaves, r(λ), were measured with a portable PolyPen RP
400 spectrophotometer (Photon System Instruments) in
the range 380-780 nm. The measurements were performed on the same cuttings of the leaves immediately
after the CFI determination.
To determine chromaticity coordinates of the leaf
cutting, the reflected light spectrum ϕ(λ) was calculated
on illumination of the specimen with daylight. The energy distribution S(λ) in the daylight spectrum was assumed
according to the International Commission on Illumination (CIE) standard D65 [38]. The energy distribution
in the light reflected from the leaf in this case was determined by a simple ratio: ϕ(λ) = r(λ) S(λ).
Then, to describe the visual perception of the surface
color with the given spectrum of the reflected light by an
average human eye (according to the CIE nomenclature
it is termed “CIE 1931 standard colorimetric observer”),
we calculated the coordinates in three-dimensional CIE
XYZ color space (so-called CIE tristimulus values) – X, Y,
and Z of the given color, which approximately correBIOCHEMISTRY (Moscow) Vol. 79 No. 3 2014
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sponded to the yellow-green, green, and blue-green spectral components of the analyzed light. The CIE tristimulus values were calculated by the formulas:
X = k ∫ ϕ(λ)x-(λ)dλ ,
λ

Y = k ∫ ϕ(λ)y-(λ)dλ ,
λ

Z = k ∫ ϕ(λ)z-(λ)dλ ,
λ

k = 100/ ∫ S(λ)y-(λ)dλ ,
λ

where x-(λ), y-(λ) and z-(λ) are the so-called CIE colormatching functions characterizing the color perception of
“CIE 1931 standard colorimetric observer”. Table values
of these functions asserted by the CIE are taken from the
work [38]. Finally, from the X, Y, and Z coordinates
describing the perceptible color in the CIE XYZ color
space, the so-called two-dimensional CIE chromaticity
coordinates x and y were calculated, which characterized
the object color (as differentiated from the color coordinates X, Y, and Z, which in addition to the color also
characterize the brightness [38]):
X
x = _________ ,
X+Y+Z

y=

Y
_________
.
X+Y+Z

We used the x and y values for further analysis of the data.
Measurement of chlorophyll content in leaves. The
pigments were extracted with 80% acetone from the leaf
cutting after the CFI and reflection spectrum were measured for it. The optical spectrum of the extract absorption
was measured with a Cary-50 spectrophotometer (Varian,
USA). The concentrations of pigments in the extract were
determined as described in [39]. Contents of Chl and
carotenoids (Car) in the leaf were calculated per unit of
leaf surface (nmol/cm2).

RESULTS AND DISCUSSION
max
Histograms of distribution of parameter Ф PSII
for
leaves of some arboreous plants in summer. The physiological state of the leaf PSA and fluorescent parameters of
the leaves depend on conditions of the plant growth and
of the CFI measurements: temperature, illumination,
max
humidity, etc. The parameter Ф PSII
is one of the most
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methodically suitable and stable parameters of the CFI. It
max
is thought that in the majority of higher plants the Ф PSII
value is within a narrow range close to 0.83 (0.78-0.87 for
max
different species) [40, 41]. Histograms of the Ф PSII
distribution in the leaves of some arboreous plants of the temperate climatic zone of Russia in summer (August 20092013) are presented in Fig. 2. In all the studied plants, the
distribution maximum occurs within this range, but the
max
distribution of the Ф PSII
value always occupies a rather
wide region, approximately from 0.79 to 0.86. Note that
the results of measurements that are presented in each
diagram in Fig. 2 were performed on neighboring leaves
of the same plant, i.e. situated under virtually the same
conditions of illumination, temperature, humidity, etc. In
max
other words, the Ф PSII
variability noticeable in Fig. 2 is
not associated with differences between the illuminated
and shadowed leaves, age of the sprouts, their positions in
the crown, etc.
max
What brings about the variability of parameter Ф PSII
,
and which factor could be responsible for this variability?
The detection of such a factor would be very favorable for
increasing the uniformity of the material chosen for
investigation. As a working hypothesis, we supposed that
in the case of the absence of significant differences in
conditions of development and functioning of the PSA of
different leaves, their different photosynthetic activity
should be caused by a non-uniform degradation of the
PSA with age in different leaves. Therefore, we chose for
studies preferentially two groups of plants: the first group
consisted of plants in late autumn (October 2013) when
the PSA degradation is expressed in the majority of
leaves, and its variations are the strongest in different
leaves, whereas the second group was represented by
plants in late summer (August – early September 20092013) when the autumnal degradation of the PSA is only
beginning in the majority of the leaves.
Our main investigations were performed on leaves of
the rowan tree (Sorbus aucuparia L.) and the small-leaved
linden (Tilia cordata Mill.). We studied characteristics of
the CFI and some other biophysical parameters of these
plants and their reaction to pollution of the environment
max
earlier [29]. Figure 3 presents histograms of the Ф PSII
value distribution for these two species measured in
August – early September. As differentiated from Fig. 2,
in Fig. 3 the data for the wider time interval are presented, which include leaves already beginning to turn yellow.
max
The yellow leaves are characterized by relatively low Ф PSII
values, which is clearly noticeable by presence of a “tail”
max
from the side of low Ф PSII
values in the histograms in Fig.
3. However, the leaves without yellowing even during this
autumnal period displayed virtually the same values of
max
Ф PSII
as in summer (compare with Fig. 2).
max
Dependence of Ф PSII
on chlorophyll content in T. cordata leaves in autumn. Because the degradation of Chl is
the main easily observable manifestation of the autumnal
senescence of leaves, we studied the correlations of some
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parameters of CFI and Chl content in the leaves. We
found, in particular, that in late summer leaves of the
max
small-leaved linden (T. cordata) the parameter Ф PSII
decreased with the decrease in Chl content in the leaf
max
and, vice versa, this decrease in Ф PSII
value corresponded
with the relative growth of the Car content calculated per
Chl (Fig. 4).

F

Parameter PSII and color of T. cordata leaves in
autumn. Based on the above-presented data, we supposed
that during the late autumn the degree of Chl degradation
in the leaves and the decrease in their PSII efficiency
max
(decrease in parameter Ф PSII
) should equally reflect both
leaf senescence and accompanying suppression of photosynthetic reactions. This result can be practically impor-

Coniferous
20
N
10

Foliage
Salix fragilis

Picea abies

0.835 ± 0.002
0.016
65

<Ф max
PSII> = 0.855 ± 0.0015
SD = 0.012
N = 60

0

P. pungens

Acer platanoides

20

10

0.852 ± 0.0018
0.012
47

0.829 ± 0.003
0.022
65

0

Pinus sylvestris
10

Crataegus sp.

0.840 ± 0.003
0.016
34

0.827 ± 0.004
0.034
59

0

Larix sibirica
10

Rubus idaeus

0.825 ± 0.003
0.014
27

0.828 ± 0.003
0.015
23

0
0.65

0.70

0.75

0.80

0.85

0.65

0.90

0.70

0.75

0.80

0.85

0.90

Ф max
PSII
max
Fig. 2. Histograms of distribution of parameter Ф PSII
in leaves of coniferous and foliage plants of the temperate climatic zone from results of
max
max
measurements in August. In each histogram the mean value of Ф PSII
and its standard error, the standard deviation of the Ф PSII
value, and the
number of measurements are given.
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Fig. 3. Histograms of distribution of maximal PSII efficiency, Ф PSII
, in leaves of arboreous plants of the temperate climatic zone based on data
of measurements during August–September: small-leaved linden (Tilia cordata Mill.) and rowan tree (Sorbus aucuparia L.). Columns with
max
dense hatching show data for leaves beginning to turn yellow. In each histogram the mean value of Ф PSII
and its standard error, the standard
max
deviation of the Ф PSII
value, the number of measurements on green leaves (N), and the total number of measurements (NAll) are given.
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Fig. 4. Dependence of parameter Ф PSII
on Chl content (a) and Car/Chl relation (b) in leaves of small-leaved linden based on data of measurements during the period of the mass yellowing of leaves (October 2013).

tant, because Chl degradation in a leaf and accompanying
growth of Car/Chl ratio lead to changes in the directly
(visually) observable optical properties of the leaf, first of
all its color. Therefore, a researcher can preliminarily
choose leaves at different senescence stages and possessing different activities of PSA using a simple visual assessment.
To what extent can expert visual assessment serve a
quantitative estimation of leaf state? To answer this question, we measured the reflection spectra of leaves with
max
different values of the Ф PSII
parameter. We quantitatively
described the hues of the leaves using the two-dimensional color scale proposed by the CIE in 1931. In other
words, each color is represented by two numbers called
chromaticity coordinates (x, y) that change within the
BIOCHEMISTRY (Moscow) Vol. 79 No. 3 2014

range 0-1. The so-called CIE 1931 color space chromaticity diagram (Fig. 5) represents a two-dimensional color
space where each color characterized by its color tone
and saturation is shown by a single point. The most saturated spectral colors (i.e. colors created by monochromatic light of the visible spectrum) form a horseshoeshaped arc. All non-monochromatic colors with saturation lower than unity are shown by points inside the
“horseshoe” of spectral colors. Coordinates of the leaf
chromaticity calculated basing on results of our measurements are shown in the CIE chromaticity diagram (Fig.
5).
Quantitative description of hues of T. cordata leaves.
Figure 5a shows positions of the chromaticity coordinates
of leaves in the full-range chromaticity diagram relative to
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Fig. 5. a) Points characterizing the color of a series of yellowing leaves of small-leaved linden in the CIE 1931 chromaticity diagram based on
data of measurements during the period of mass yellowing of the leaves (October 2013). The continuous line shows the chromaticity line of
spectral and purple colors. The numbers near the points on the line show the monochromatic light wavelength inducing the color sensation
characterized by the chromaticity coordinates of the corresponding point in the plot for a standard colorimetric observer. b) Magnified fragment of the CIE chromaticity diagram representing the points characterizing the color of a series of yellowing leaves of small-leaved linden.
max
Near each point the Ф PSII
value is shown for the given leaf. Ellipses around some points show thresholds of the color discrimination for an
average observer by MacAdam’s data [43].

the line of pure spectral colors, and in Fig. 5b a magnified
region of their compact localization is shown. The points
in the lower left angle of the field presented in Fig. 5b correspond to greener nuances, the points in the upper right

angle correspond to yellow nuances, and the whole diagonal through the chromaticity points of the leaves corresponds to yellow–green tones. Thus, each point corresponds to one leaf, its coordinates (x, y) in the chro-
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Fig. 6. Correlation of maximal efficiency of PSII, Ф PSII
, and
small-leaved linden leaf chromaticity (coordinate x in the twodimensional CIE 1931 color space) based on data of measurements during the period of mass yellowing of leaves (October
2013). Horizontal strokes indicate characteristic thresholds of
color discrimination (correspond to dimensions of ellipses in Fig.
5b along the x axis).
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Fig. 7. Correlation between the Car/Chl ratio and small-leaved
linden leaf chromaticity (coordinate x in the two-dimensional
CIE 1931 color space) based on data of measurements during the
period of mass yellowing of leaves (October 2013).
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max
with lower Ф PSII
values. Moreover, points with noticeably
max
different Ф PSII values occur not far from one another, e.g.
max
Ф PSII
= 60 and 49 or 51, 40, 32. Is it possible to discriminate these colors “by eye” and, consequently, conclude
about the difference in the photosynthetic activity of
these leaves?
Possibility of visual expert assessment of leaf photosynthetic activity. The question about the threshold discrimination of colors throughout the whole region of
non-spectral colors was studied in detail in works of
MacAdam [42, 43]. Regions of color space virtually
undistinguishable from the given color for an average
observer according to MacAdam are shown in Fig. 5b as
ellipses around the points. The eye-perceptible threshold
changes in color are different for different color tones or
saturations (this is shown by different dimensions and
shapes of the elliptic “undistinguishable areas” in differ-

maticity space characterize the hue of the leaf, and the
max
number near each point indicates the Ф PSII
value in the
max
leaf. The efficiency of PSII of the leaf, Ф PSII
, noticeably
decreases with increase in the yellow hue. The next figure,
max
Fig. 6, demonstrates that the Ф PSII
value falls virtually linearly on movement along the diagonal in Fig. 5b from the
green leaves to the yellow ones (that corresponds to
increase in chromaticity coordinate x). Moreover, Fig. 7
also shows why the choice of the visually assessed color
coordinate x (and also of color characteristic in general)
of a leaf is a reasonable measure of the ratio between the
contents of yellow carotenoids and green chlorophylls:
the increase in the Car/Chl ratio also leads to nearly linear growth of the color coordinate x. However, this tendency obviously is observed only as a trend, whereas the
max
greater values of Ф PSII
sometimes correspond to yellower
leaves than their “neighbors” in the chromaticity diagram
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Fig. 8. Dependence of steady-state (under conditions of light adaptation) CFI parameters (Ф PSII
(a), qNPQ (b), and RFd (c)) on the chlorophyll
content in leaves of small-leaved linden by data of measurements during the period of mass yellowing of leaves (October 2013).
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ent regions of the chromaticity plot). In this case it is
determined as a non-uniformity of the CIE chromaticity
space metric. However, it is not very great in the region of
our interest. Therefore, in order to avoid the figure overloading, the elliptic “undistinguishable areas” are shown
only around some points in Fig. 5b. This figure shows that
the typical size of the ellipse along the x axis is about
0.004, i.e. the minimal difference perceptible by the average observer between the colors in this region (located
mainly along the dotted line) is ∆x = 0.002. The plot in
max
Fig. 6 shows that on the average abatement of Ф PSII

observed with a decrease in the color coordinate x, this
minimal distance between the distinguishable points is
max
max
Ф PSII
≈ 0.017. The change in Ф PSII
by 0.017 is rather small
max
(thus, from the histograms of Ф PSII
value distributions for
leaves of different plant species in summer presented in
Fig. 2, i.e. for the most uniform specimens, the characmax
teristic range of changes in Ф PSII
is about 0.05, i.e. virtually threefold higher than 0.017). This indicates that the
max
visual diagnosis of differences in Ф PSII
value of leaves during the autumnal degradation of Chl and the loss of PSA
activity is realizable.
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Fig. 9. Correlation of the PSII maximal efficiency value, Ф PSII
, and the steady-state (under conditions of light adaptation) CFI parameters
st.st.
(Ф PSII
(a), qNPQ (b), and RFd (c)) in leaves of small-leaved linden by data of measurements during the period of mass yellowing of leaves
(October 2013).
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On the other hand, Fig. 5b also shows that leaves
max
with rather pronounced differences in Ф PSII
value (~0.1)
also may have undistinguishable colors. In other words,
the “noise” in Figs. 4 and 6 (i.e scattering of points
around the smooth curves) limits possibilities of visual
assessment of the photosynthetic activity in the series of
leaves.
Chlorophyll content and steady-state characteristics
of CFI of T. cordata leaves in autumn. Up to now we have
considered only the maximal efficiency of the photomax
chemical reactions in PSII, Ф PSII
. This characteristic of
photosynthetic activity of a leaf represents the most
methodically convenient approach to express assessment
of the PSA functioning (because for such assessment no
plant adaptation is required for the strictly determined
conditions of illumination). However, in some cases the
CFI parameters reflecting the steady-state conditions of
the leaves under illumination are more informative characteristics of the PSA. Such parameters frequently used in
the literature [12, 18, 23, 26, 27, 29, 41, 44-45] include
st.st.
the PSII steady-state operating efficiency Ф PSII
, the nonphotochemical quenching coefficient qNPQ, and the vitality index RFd. In Fig. 8 we present the dependences of
these parameters that we obtained under steady-state
conditions of illumination of leaves at 100 µE⋅m–2⋅s–1 on
the Chl content in the leaves.
Attention should be paid to the character of correlations between changes in different CFI parameters associated with the degradation of Chl in autumnal leaves
(Fig. 9). Despite a significant scattering of individual
points, it is obvious that virtually any change in the
steady-state parameters corresponds with a noticeable
max
change in the Ф PSII
value (i.e. there is no pronounced
horizontal region in the plots presented in Fig. 9). This
feature discriminates the autumnal leaves from observations on the summer leaves (see below).
max
Dependence of Ф PSII
on chlorophyll content in T. cordata leaves during late summer. Yellowing leaves can be
found in many plants even in summer. However, such yellowing is generated under quite other conditions. Thus,
by October the leaves retained on the plant have usually
undergone a number of pronounced temperature minima
(that usually does not occur in summer). This is associated with changes in enzymes of the violaxanthin cycle
resulting in its “sticking” in the so-called “sustained
NPQ” state [22]. Figure 10 shows the dependence of
max
on the Chl content in the late summer leaves of linФ PSII
den and rowan tree. This dependence is obviously different from the similar dependence for the leaves collected
in late autumn (in October) by a somewhat wider range of
max
Chl concentrations when the Ф PSII
value still remains virmax
tually unchanged. A sharp drop in Ф PSII
starts in linden at
Chl concentrations lower than 17-20 nmol/cm2 and in
rowan tree at still lower concentrations (lower than 57 nmol/cm2). These results are in agreement with data of
other authors for other arboreous plants. Thus, in the
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Fig. 10. Dependence of parameter Ф PSII
on chlorophyll content in
leaves of small-leaved linden (black circles) and rowan tree (white
circles) by data of measurements before the beginning of mass yellowing of leaves (August 2009-2013).

western plane (Platanus occidentalis L.) the drop in
max
Ф PSII
= Fv/Fm begins with decrease in Chl content in the
leaf below 10-15 nmol/cm2 [34].
max
Thus, under these conditions the Ф PSII
value is virtually insensible to destructive changes in the PSA of the
leaves. And its drop only insignificantly reflects the drop
in steady-state (light-adapted) characteristics of the PSA
max
(Fig. 11). This is because Ф PSII
reflects mainly the features
of PSII itself and the antenna Chl-containing complex
[46]. However, the CFI parameters characterizing the
light-adaptation of the photosynthetic apparatus of the
leaf change with leaf senescence significantly more
st.st.
noticeably. Thus, the Ф PSII
value corresponding to the
mean quantum yield of the photochemical reaction in
chloroplasts of the light-adapted leaf determines, first of
all, the efficiency of using the reducing equivalent and
ATP in reactions of carbon dioxide fixation. This value
has to be significantly more sensitive to the leaf senescence [6, 32, 33]. Figure 11 shows the interrelations
max
st.st.
between changes in the Ф PSII
and Ф PSII
values accompanying leaf senescence. It is obvious that even on a signifist.st.
max
cant decrease in Ф PSII
, the Ф PSII
value still remains, on
average, higher than 0.5-0.6. It is interesting to note that
on decrease in the photosynthetic activity of the leaf (corst.st.
responding to decrease in Ф PSII
value), not only the mean
max
value of Ф PSII decreases, but first of all its scattering significantly increases. This seems to indicate that the final
“disassembling” of pigment–protein complexes of the
photosynthetic apparatus of chloroplasts has different
dynamics varying from leaf to leaf. A noticeable (up to
twofold) decrease in other steady-state characteristics
(non-photochemical quenching coefficient qNPQ, coefficient RFd) also is virtually not accompanied by a decrease
max
max
in the Ф PSII
value, and the Ф PSII
value begins to fall only
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Fig. 12. Correlation of the values of Ф PSII
and Ф PSII
in leaves of
wheat (from data of work [33]).

on more significant decrease in these steady-state parameters. This result is in accordance with the literature data
obtained for both dicotyledonous (e.g. grape Parthenocissus tricuspidata Veitchii) and monocotyledonous plants
(e.g. common wheat Triticum aestivum L.), as one can see
in Fig. 12 (based on data presented in work [33]).
Measurements of the CFI parameters allowed us to
non-invasively assess the physiological state of a leaf: its
photosynthetic activity and activity of the protection of
the PSA against light-induced damage [3, 4, 6, 7, 26, 47].
max
that characterizes the maximal
The parameter Ф PSII
quantum efficiency of PSII functioning is one of the most
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VISUAL ASSESSMENT OF PHOTOSYNTHETIC APPARATUS SENESCENCE
frequently used characteristics of a leaf. The parameter
max
Ф PSII
is sometimes considered as the best approach for
evaluation of the stress-activated decrease in PSA activity
[22]. Nevertheless, in some cases (for leaves of arboreous
plants not undergoing stress in summer) we can see that
the steady-state characteristics of CFI (such as the PSII
“operating efficiency” Ф st.st.
non-photochemical
PSII,
quenching coefficient qNPQ, and the vitality index RFd) are
more adequate indicators of the decrease in PSA activity
as a result of destructive processes in the leaf, whereas the
max
Ф PSII
value remains virtually insensitive to them. Our data
(compare Figs. 9 and 11) show that for deciduous arboreous plants of the temperate climatic zone the parameter
max
Ф PSII
is a characteristic sensitive to the PSA state of the
leaf during the late autumn (i.e. during active leaf fall).
However, before the beginning of the mass yellowing of
leaves (late August – early September) such steady-state
st.st.
characteristics as Ф PSII
, qNPQ, and RFd seem to be preferential for express-assessment of PSA state.
We think that one of the most interesting results is
the following. We have established a correlation between
the Fv/Fm value characterizing the maximal photochemical activity of PSII and the “chromaticity coordinates” of
a leaf characterizing its color. The chromaticity coordinates determined by the light reflection spectra quantitatively characterize the leaves hue, and this creates preconditions for a visual “expert assessment” of the physiological state of the leaves. A similar qualitative assessment
every researcher has to perform for elimination of a “bad”
and choosing a “good” material for his studies, but, as far
as we know, the limits of possibilities of such expert
assessment have not been analyzed quantitatively up to
now. Our data show that the human eye can be used as a
sufficiently effective qualitative “analyzer” of Ф max
PSII
max
because the Ф PSII
value correlates with the Chl content
(more accurately, with the Chl/Car ratio) in the leaves of
the studied plants. The limiting resolving capacity of the
human eye (assessed by us on suggestion of a high corremax
lation between Ф PSII
and the relative content of Chl) conmax
cerning the Ф PSII value for the autumnal leaves of T. cordata is about 0.017. But the real resolution ability seems
to be not higher than 0.1. However, to what extent these
preliminary results can be extrapolated to other species of
arboreous plants and other seasons of the active photosynthetic period of plants remains a problem for further
studies.
This work is dedicated to the 100 anniversary of the
birth of Academician Alexander Abramovich Krasnovsky
whose pioneer works in chlorophyll photochemistry [48,
49], as well as the Russian scientific school created by him
[3, 4, 19, 20, 25, 47, 50], have significantly determined
achievements of Russian science in the field of biochemistry and biophysics of photosynthesis.
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