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a b s t r a c t

Thermoimaging – a highly sensitive and non-invasive method of temperature measurement – was
applied to explore the role of changing photosynthetic efficiency in light-induced heating of tobacco
(Nicotiana tabacum cv. Samsun) leaves. In the absence of evaporative cooling through the stomata,
which was achieved by covering leaves with Vaseline, illumination with 50–1400 �M photons m−2 s−1

intensity of photosynthetically active radiation resulted in ≈1–5 ◦C leaf temperature increase
in about 2 min. The heating effect showed a non-linear correlation with the extent of non-
photochemical quenching (NPQ) resulting in higher leaf temperatures at higher NPQ values. When
leaves were adapted to excessive irradiance (1300 �M photons m−2 s−1 for 6 h), which resulted in
reduction of photosynthetic efficiency and amplification of NPQ the light-induced heating effect
was enhanced. The experimental results have been explained on the basis of a simple theoret-
ical model characterizing the balance of energy fluxes in leaves in relation to the efficiency of
photosystem II photochemistry and non-photochemical quenching. The role of alternative energy dis-
sipation pathways outside of PSII in the phenomenon of light-induced leaf heating is also discussed.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Thermoimaging is a non-destructive method suitable for mon-
itoring spatial distribution of temperature over the leaf surface
based on non-contact infrared radiation measurement (Jones et al.,

Abbreviations: ABA, absicic acid; Chl a, chlorophyll a; C, vertical energy heat flux
from the irradiated leaf spot to the surrounding air; F0 (FM), the minimal (maximal)
chlorophyll a fluorescence for dark adapted state; Fm’, maximal fluorescence of light
adapted leaves; FS, steady state Chl a fluorescence of light adapted leaves; �˚II , dif-
ference in the quantum efficiency of photosystem II photochemistry between control
and quenched samples; ˚II , quantum efficiency of photosystem II photochemistry;
˚D, overall efficiency of light energy dissipation into heat; ˚NO, efficiency of a non-
light-induced (basal or dark) quenching process; ˚NPQ, efficiency of light dissipation
by non-photochemical quenching; gB (gL), boundary (leaf) conductance for heat; I,
intensity of incident flux of light; NPQ, non-photochemical quenching; P, energy flux
into photosynthesis; PSII, photosystem II; �T, temperature difference between the
irradiated and dark part of leaf.
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2003). All applications of infrared thermography in plant biology
utilize some aspects of the energy balance equation of plants, i.e.
the energy conservation law. It declares that the sum of heat con-
tent in the leaf tissue reflected in its temperature is constant (see,
e.g. Jones, 2004a for review). Internal metabolic processes in plant
tissues or absorption of radiation can increase this heat content, and
on the contrary water evaporation, heat convection and heat con-
duction are able to reduce it. Therefore, thermoimaging has already
been applied for the detection of thermogenesis in plant tissues
(see, e.g. Lamprecht et al., 2002), measurement of stromata conduc-
tance (Jones et al., 2002, Leinonen et al., 2006), detection of water
stress (see, e.g. Jones et al., 2002; Jones, 2004b; Cohen et al., 2005),
or detection of other stresses such as virus infection (see Chaerle
et al., 2004) or mutations (see, e.g. Merlot et al., 2002) resulting in
reduction of water content or stomata conductance.

So far, only few works have dealt with the application of tem-
perature detection by thermoimaging in photosynthesis research
even though photosynthesis can store more than 30% of incident
irradiance (Delosme, 2003). Photothermal radiometry measure-
ments by infrared detector (see details on methods in Nordal and
Kanstad, 1981) have shown the applicability of this method in

0098-8472/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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photosynthesis research in general (Bults et al., 1982, Malkin et
al., 1991, Driesenaar et al., 1994), which showed similar efficiency
of photosynthesis as obtained from photoacoustic measurements
(Kanstad et al., 1983). However, similar results have not been
obtained with thermal imaging that can scan variations of temper-
ature over the whole leaf surface. Only some recent works (see, e.g.
Omasa and Takayama, 2003 and West et al., 2005) used thermal
imaging for correlation of stomata conductance calculated from
temperature changes with measurement of photosynthetic effi-
ciency from Chl a fluorescence (see, e.g Maxwell and Johnson, 2000
for review). In these works, ABA treatment (Omasa and Takayama,
2003) or reduced CO2 content (West et al., 2005) was accompa-
nied by temperature changes due to stomata closure or opening
that was accompanied by changes of PSII photochemistry together
with the efficiency of light utilization as characterized by non-
photochemical quenching (NPQ) (Omasa and Takayama, 2003).
NPQ is an important mechanism for regulating the fate of absorbed
energy in photosynthetic organisms for utilization in photosynthe-
sis and dissipation to heat (Horton and Ruban, 2005). The molecular
mechanism of NPQ is very complex and include many specific pro-
cesses such as lumen acidification, zeaxanthin formation in the
xanthophyl cycle or triggering by the PsbS protein (see, e.g. Horton
et al., 2005). All these effects together result in lower efficiency of
PSII photochemistry and increased heat dissipation when high NPQ
is developed.

Here, we used thermal imaging for direct and very accurate
measurement of temperature over the leaf surface in parallel
with variable Chl a fluorescence to detect photosynthetic activity
under various irradiation conditions. Such simultaneous measure-
ments of temperature and fluorescence allowed us, for the first
time, to detect leaf temperature increase at different values of
NPQ. This experimentally measured correlation of light energy
dissipation and the increase in leaf temperature has been sim-
ulated by a simple theoretical model, which takes into account
the energy balance of leaf and ascribes the NPQ dependent
temperature changes to the reduction in the efficiency of PSII
photochemistry.

2. Materials and methods

2.1. Plant material and light treatment

The experiments have been carried out with fully devel-
oped detached leaves of 4 months old tobacco plants (Nicotiana
tabacum cv. Samsun), which were cultivated in greenhouse
with controlled temperature of 25 ◦C, and irradiancy of about
200 �M photons m−2 s−1 of PAR. Adaptation to high light was
induced by 6 h irradiation (1300 �M photons m−2 s−1) provided by
a cold-light halogen lamp KL 1500 Electronic (Schott AG, Mainz,
Germany).

2.2. Temperature measurements by thermal imaging, data
acquisition and analysis

The temperature of leaf surface was determined with a
Varioscan 3200 ST (Jenoptik, Germany) sterling-cooled infrared
scanning camera that detects temperature with relative resolution
of 0.03 K based on measurement of infrared radiation at 8–12 �m.
The camera has geometrical resolution of 1.5 mrad with 30◦ × 20◦

maximal field of view lens, and operates on the principle of object
scanning that gives spatial resolution of 360 × 240 pixels. The pic-
tures were captured with maximal frequency of image refreshing
(1 Hz) and the electro-optical zoom was used to reduce the angle of
camera aperture to 21◦ × 14◦. This set-up led to spatial resolution

of camera of about 0.22 mm per pixel for focus distance 0.3 m (see,
e.g. Jones, 2004a).

The ambient radiation reflected by the leaf surface and radiation
of the air path between the leaf and the camera was subtracted by
the camera software during recalculation of radiation to temper-
ature. The background temperature necessary for this subtraction
was determined as the temperature of a mirror in a similar posi-
tion as the leaves of interest. The temperature of air path between
the leaf and the camera was measured by thermometer and the
emissivity was set at 0.95 reflecting its typical value for leaves (see
review by Jones, 2004a).

Light-induced changes in the leaf temperature have been
induced by irradiation of an 8 mm spot of the leaf by blue light,
which was provided by a halogen lamp (KL 1500 Electronic; Schott
AG, Mainz, Germany) equipped with light guide and blue broad
bandpass filter. The lamp has efficient heat filtering to avoid direct
heating of leaves by infrared radiation. The irradiated spot of
the leaf was exposed at a given irradiancy for 2–3 min to reach
steady-state value of temperature. To saturate photosynthesis a
flash of PAR (6000 �M photons of m−2 s−1 intensity for 800 ms) was
applied.

Covering of leaf surface by Vaseline jelly before measurement
eliminated evaporative cooling (see, e.g. Leinonen et al., 2006). The
heating of leaf has been calculated as difference between the irra-
diated spot and the non-irradiated part on the same leaf for all used
irradiancies. Recorded images were analyzed by public domain Java
image processing program ImageJ 1.32b (see, e.g. Abramoff et al.,
2004 and Rasband, 1997–2008) and presented in false colors. The
pictures were imported into the ImageJ software and the values
of light-induced temperature changes have been calculated as the
average values of a small circular area (10 pixels) in the middle of
the irradiated spot.

2.3. Fluorescence measurements

The fluorescence measurements have been carried out with a
PAM 101/102 fluorometer (Walz, Germany). Before experiments,
the light guide of PAM was aligned to about 5 mm far from the
leaf surface in a way not to shadow the measured area. This
set-up allowed simultaneous fluorescence and temperature mea-
surement.

The parameters characterizing the efficiency of light utilization
in PSII in photochemical (˚II) and non-photochemical way (˚NPQ
and ˚NO) were calculated according to Kramer et al. (2004). ˚II
represents the quantum efficiency of PS II (Genty et al., 1989),
˚NPQ is the yield of light dissipation by down regulation due to
NPQ, and ˚NO is defined as a yield of non-light-induced (basal
or dark) quenching process (see Kramer et al., 2004 for details).
The minimal (F0) and maximal (FM) Chl a fluorescence of dark
adapted samples (necessary for ˚II, ˚NPQ and ˚NO calculations)
were obtained before or during application of a saturating flash
of PAR (with 6000 �M photons m−2 s−1 intensity and 800 ms dura-
tion) for dark adapted leaves. Steady state Chl a fluorescence of light
adapted leaves (FS, F0

′ and FM
′) was measured after 2 min at the

given irradiancy just before application of the saturating flash (FS),
or at the maximum of saturating flash (FM

′). F0
′ was measured after

termination of actinic light and application of far red light for 2 s.

2.4. Theoretical model of light utilization

The energy balance for a leaf is defined by the following equa-
tion:

Rn + M − �E − C = �leafcplleaf
dTleaf

dt
= S (1)
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where Rn is the net radiant flux density absorbed (see, e.g. Jones,
2004a), M is the rate of heat produced by metabolism, �E is the rate
of heat loss through evaporation of water (transpiration), C is the
rate of heat loss by conduction or convection to the environment,
S is the rate of increase of the heat content of leaf tissue where
�leaf is its density, cp specific heat of leaf, lleaf thickness and Tleaf
is temperature. For further theoretical calculation, energy losses
due to infrared radiation emitted at room temperature have been
neglected. Thus Rn including emitted infrared radiation (see, e.g.
Jones, 2004a) has been replaced by the incident irradiancy (I) in
Eq. (1). In the case of eliminated evaporation (E = 0), and assum-
ing that the whole metabolic energy flux goes into photosynthesis
(M = −P, where P is the energy flux to photosynthesis), the steady
state energy balance can be rewritten as

I − P − C = 0 (2)

Eq. (2) further assumes that the heat content is not changing
as a function of time as thermal equilibrium has been already
reached. For further quantitative parameterization of the model, we
assumed two vertical heat fluxes C: (1) vertical heat flux from the
irradiated leaf surface to the surrounding boundary air layer above
the irradiated leaf surface; (2) vertical heat flux from the irradiated
leaf surface to the leaf tissue below the irradiated spot. Other pos-
sible pathways of energy fluxes (e.g. lateral heat conduction) have
been neglected as we have characterized energy loss by conduc-
tion only qualitatively because it is expressed only in the constant
K (see Eq. (6)) that is dependent only on the physical parameters
but it is same for control and quenched leaf. Moreover, most of the
incident light is absorbed inside the upper thin layer of leaf (90%
in the layer of 0.1 mm) (see Cui et al., 1991). Therefore heat trans-
fer proceeds mostly vertically from this small upper layer of leaf
because its diameter is several times bigger (it was about 10 mm)
than this layer.

The boundary layer of a leaf is a thin layer of air above the leaf
surface (see, e.g. Schuepp, 1993) whose heat conductance is depen-
dent on several factors such as leaf shape and surface, and velocity
of air above the leaf, (see, e.g. Cambell and Norman, 1998). As all
these physical and aerodynamic parameters of the leaf and the leaf
boundary air layer were kept constant during the measurements,
we have assumed constant heat flux through the boundary air layer.
In conclusion, the energy flux represented by C in Eq. (2) is depen-
dent on the temperature difference between the irradiated spot
and ambient temperature, and on the sum of boundary and leaf
conductance. Thus, C can be expressed as

C = (gB + gL)(Tleaf − Ta) (3)

where gB and gL are boundary and leaf conductance for heat, Tleaf
and Ta are the measured temperature of the irradiated leaf surface
and the surrounding ambient air. We defined the efficiency of uti-
lization of incident irradiation (I) in photosystem II (˚II) and light
energy that is dissipated in heat (˚D) as follows

˚II = P

I
(4)

˚D = D

I
(5)

where D is the energy that was not used in photosynthesis and
wasted as heat, P is the energy flux into photosynthesis. ˚D is
considered to be a theoretical analog of the sum of ˚NPQ and
˚NO measured from Chl a fluorescence. Taken Eqs. (2)–(5) together
�T = Tleaf − Ta can be expressed as

�T = I(1 − ˚II)
K

(6)

where K is defined as the sum of gB and gL. The gB and gL values are
assumed to be dependent on the air (kA) and leaf (kL) conductivity,
and on the thickness of leaf (dL) and surrounding boundary layer
(dB) according to the equations:

gB = kA

dB
(7)

gB = kL

dL
(8)

The values of kA and kL have been obtained from literature as
0.026 and 0.2 W m−2 K−1, respectively (see, e.g. Jones, 1992), and dL
and dB has been kept constant for simplicity of model parameteri-
zation (dL = 3 10−3 m and dB = 1 10−3 m). According to the previous
equations and parameters, the value of parameter K has been cal-
culated as 55 W m−2 K−1.

The experimentally determined dependence of ˚II on light
intensity has been approximated by curve fitting using the
˚II = A1 exp(−I/t1) + y0 function in the 0–1400 �M photons m−2 s−1

range. The obtained ˚II(I) values have been then used for calcula-
tion of �T in Eq. (6), and of ˚D in Eq. (9):

˚D = 1 − ˚II (9)

The light intensity dependence of the difference between calcu-
lated values of ˚II for control and quenched leaves (�˚II) can be
written as

�˚II = K
(�Tquench − �Tcontrol)

I
(10)

where �Tcontrol and �Tquench are the values calculated from Eq. (6)
using ˚II for control and quenched leaves respectively.

3. Results and discussion

The main aim of our research was to explore the role of reduced
efficiency of photosynthesis on light-induced heating of leaves. Leaf
temperature changes were measured on detached tobacco leaves
covered by Vaseline in order to exclude the effect of evaporation. A
typical thermoimage of a leaf half covered with Vaseline is shown
in Fig. 1. The Vaseline layer eliminates evaporative cooling of the
leaf that can decrease the leaf temperature by about 2◦ below the
temperature of the surrounding air (see the upper, uncovered part
of the leaf in the Fig. 1).

Fig. 1. Thermoimage of detached tobacco leaf made by thermal imaging Varioscan
3200 ST. The temperature changes are represented by false color. The upper part
of tobacco leaf was covered by Vazeline. Spatial resolution of the thermoimage is
0.22 mm, temperature resolution in the picture is 0.03 ◦C. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)
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Fig. 2. Light-induced temperature increase of leaf surface. (A) Typical thermoimage of a leaf irradiated with blue actinic light (927 �M photons of PAR m−2 s−1). The positions
of irradiated and dark spots are marked on the picture by circles. (B) Characteristic time course of light-induced temperature increase. The values of these curves represent
the mean temperatures calculated from the irradiated (orange line) or dark circular area (blue line) with diameter of 10 pixels in the central part of irradiated and dark spot.
(C) 3D picture of temperature increase profile of leaf surface for irradiated spot of light at the indicated times after the onset of light. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.)

Irradiation of tobacco leaves caused increase in the temperature
of the irradiated spot in comparison to the non-irradiated part of
the leaf (Fig. 2A). A spatial heating profile during this temperature
increase is presented for a period of 2 min after light onset (see
Fig. 2C), which shows gradual increase in the temperature of the
irradiated spot with diameter of about 0.8 cm (Fig. 2C). There is
also a small increase outside the irradiated spot caused by lateral
conduction of heat from the irradiated spot, which was, however,
neglected in our model. Therefore, our model has considered only
two vertical heat fluxes: (1) to the surrounding boundary layer of
air above leaf surface; (2) the leaf tissue below irradiated spot as we
have assumed absorption of all irradiation in the thin upper layer
of leaf visible by the thermocamera. The leaf thickness has been
than taken as the layer for vertical heat diffusion in the leaf below
irradiated spot. Considering thickness of the boundary layer, as it is
influenced by the leaf topography (Stokes et al., 2006), and changes
along the leaf (Roth-Nebelsick, 2001), the position of the irradiated
spot was kept the same for all experiments (about 2 cm from the
leaf edge).

The kinetics of temperature increase of the irradiated spot is
presented in Fig. 2B together with temperature changes in the
non-irradiated parts of the leaf. It can be seen, that steady state
temperatures are reached in about 1–2 min (Fig. 2B), whose values
were dependent on light intensity (Fig. 3). The time necessary for
reaching steady state temperatures of the irradiated spot is close to
the previously obtained results for Vaseline covered leaves (see,
e.g. Bajons et al., 2005). The non-irradiated part of the leaf did
not reveal any significant increase in temperature after light onset
(Figs. 2B and 3). This result indicates that irradiation does not affect
the non-irradiated parts of the leaf, which are far enough from the
irradiated spot (see the position of the dark area in Fig. 2A). The
application of a saturating light pulse (necessary for calculation of
the FM’ level of variable Chl a fluorescence, see Section 2) induced
an additional temperature increase in the irradiated spot without
affecting the surrounding area (Fig. 3). It can also be seen (Fig. 3)
that 3 min in dark was enough for re-cooling of the irradiated spot
to the former temperature before irradiation. Therefore, this period
was then used between two subsequent irradiancies.

To explore the role of photosynthetic efficiency on light-induced
temperature increase we exposed leaves to excessive irradiance.
This treatment reduced the efficiency of photosystem II photo-
chemistry and amplified non-photochemical utilization of light
leading to increased NPQ. Fig. 4 shows that 6 h long exposure of
tobacco leaves to about 1300 �M photons m−2 s−1 PAR increases
NPQ for all used irradiancies as deduced from quenching of max-
imal fluorescence – FM

′ (see insert in the Fig. 4). There were no
changes in the steady state fluorescence level (Ft) between the
quenched and the control samples (see, e.g. fluorescence induc-
tion curve for 512 �M photons m−2 s−1 in the insert of Fig. 4). Thus
the energy consumed in the form of fluorescence emission was the
same for control and quenched leaves. On the other hand, the effec-

Fig. 3. Light intensity dependence of leaf temperature increase. Black and grey lines
represent the mean value of temperature from the circular irradiated spot and dark
area, respectively. The upward arrows show the onset of actinic light illuminated
with the intensities (in �M photons m−2 s−1) defined by the numbers below the
arrows. The downward arrows show the termination of actinic illumination. The
saturating pulse of 800 ms length and 6000 �M photons m−2 s−1 intensity was also
applied before the end of each illumination as shown by the sharp temperature
increase.
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Fig. 4. Leaf intensity dependence of non-photochemical quenching after long-time
exposure of tobacco leaves to high irradiancy. The experiment was performed in
control leaves without preillumination (squares) and quenched leaves exposed to
1300 �M photons of PAR m−2 s−1 for 6 h (circles). The insert shows typical induc-
tion of fluorescence at 512 �M photons of PAR m−2 s−1 for control (black line) and
quenched leaves (grey line). The time of actinic light application (termination) is
marked by up arrow (down arrow), FM

′ notes on the values of maximal fluorescence
for light adapted state.

tive quantum yield of PSII photochemistry decreased to a similar
extent (Fig. 5) as NPQ did. This lower efficiency of PSII photochem-
istry in the quenched samples was caused by the increased NPQ. All
these results together have indicated that lower extent of energy
consumption by photosynthesis resulted in increased dissipation of
absorbed light energy into heat and not in the stimulation of other
waste processes, e.g. variable Chl a fluorescence.

We have also found a small but reproducible increase in the tem-
perature of the irradiated spot in the quenched leaves with higher
NPQ relative to the control ones (Fig. 6A). To explore this result, we
have applied the energy balance equation of leaves (see, e.g. Jones,
1992, 2004a). Based on this equation, we have developed a sim-
ple theoretical model of energy fluxes in leaves in the absence of
evaporative cooling by taking into account the irradiation induced
increase in the heat content, and its reduction due to conduction of
heat from the irradiated spot and consumption in photosynthesis
(see Section 2).

The efficiency of PSII photochemistry in the control and
quenched samples have been used as input parameter of the

Fig. 5. Light intensity dependence of the efficiency of photosystem II photo-
chemistry (˚II). The measurements were performed with leaves exposed to
1300 �M photons of PAR m−2 s−1 for 6 h (squares) and with control leaves without
preillumination (circle). The continual lines show the fitting by a single exponential
function whose parameters are listed in Table 1.

Fig. 6. The light intensity dependence of leaf temperature increase. The tempera-
ture difference was obtained for the irradiated spot in comparison to the dark area.
Experimental data in (A) represent average and S.D. from 6 measurements for control
(squares) and quenched leaves (circle). Theoretical curves in panel B were obtained
by simulation based on the energy balance equation using the experimental ˚II

values (shown in Fig. 5) as input parameters of �T calculation (see Section 2).

model calculations. The experimental curves characterizing the
light dependence of ˚II were approximated by a simple expo-
nential function ˚II(I) = A1 exp(−I/t1) + y0 where A1, t1 and y0 are
formal parameters, and I is the used irradiancy (see Fig. 5). The
best fit parameters of the ˚II(I) function (see Table 1.) have been
used for calculation of ˚II for all irradiancies between 0 and
1400 �M photons m−2 s−1 of PAR. These values were then used for
calculation of temperature increase (�T) by Eq. (6), in the quenched
and control leaves (Fig. 6B). The data show that even this very
simple model is able to predict very well the small increase of
leaf heating at a given irradiancy (Fig. 6B) caused by reduction in
photosynthetic efficiency (Fig. 5B). This is in line with the experi-
mental results showing similar extent of temperature increase in
the quenched leaves (Fig. 6A), and confirm the applicability of our
theoretical approach based on the energy balance equation.

For further explorations of light-induced heating of leaves, we
have defined the efficiency of light dissipation into the heat – ˚D.
Its values were calculated according to our model with ˚II as input

Table 1
Parameters describing the light intensity the light intensity dependence of the effi-
ciency of PSII photochemistry (˚II)

Control Quenched

y0 0.113 0.055
A1 0.501 0.368
t1 413.7 260.4
�2 0.0003 0.0001

The experimentally determined curves shown in Fig. 5 were fitted with the function
˚II = A1 exp(−I/t1) + y0. A1, t1 and y0 represent parameters of decay curve used for
fitting of �II(I) dependence for control and quenched sample, I is used irradiancy.
�2 value was minimized during fitting procedure.
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Fig. 7. Dependence of light-induced leaf temperature increase (�T) on the effi-
ciency of light conversion to heat (˚D). (A) Experimentally obtained data for control
(squares) and quenched (circle) leaves. The theoretical curves in (B) were calculated
based on the energy balance equation using the experimental ˚II values (shown
in Fig. 5) as the input parameters of �T calculation (see Section 2). Inset in (A)
shows dependence of �T on non-photochemical quenching – NPQ. Insert in panel
B shows the difference in the efficiency of the quantum efficiency of photosystem
II photochemistry between control and quenched sample �˚II calculated from Eq.
(10).

parameter (see Section 2) by Eq. (9). Similar approach character-
izing energy fluxes into heat and into photosynthesis have been
already defined based on Chl a fluorescence measurements (Kramer
et al., 2004, Hendrickson et al., 2004, Porcar-Castell et al., 2006).
Kramer et al. (2004) have derived fluxes of absorbed energy into
photochemistry of photosystem II – ˚II, and also two competing
energy fluxes into heat (˚NPQ and ˚NO, see Section 2 for details). We
assumed that both energy fluxes into heat (˚NPQ and ˚NO) result
in temperature increase and thus we defined the efficiency of light
dissipation into heat as ˚D = ˚NPQ + ˚NO. The sum of the dissipa-
tion yields (i.e. ˚II, ˚NPQ and ˚NO) has been postulated to be unity
both in our model and that of Kramer et al. (2004). This allowed
us to compare experimental results based on Kramer’s parameters
obtained from fluorescence measurements and the results calcu-
lated from our theoretical model.

Fig. 7 shows the dependence of the observed leaf temperature
increase on the efficiency of the light dissipation into heat (˚D) for
experimental data (panel A) and model calculations (panel B). The
control leaves had steeper temperature increase than the quenched
ones (Fig. 7A) for both the experimental and theoretical results. It
is interesting to note that the same value of ˚D results in higher
temperature increase in control then in quenched leaves. Therefore,
there is a higher extent of energy flux into heat at given ˚D in
control leaves even though the absolute amount of energy wasted
as heat is slightly higher for quenched leaves (Fig. 6).

It is also obvious that the correlation between leaf tempera-
ture increase and efficiency of energy dissipation (˚D) to heat is

not linear (Fig. 7A and insert of the Fig. 7A). This is because ˚D
and NPQ are limited in their values – they cannot be higher than
the maximal efficiency of light dissipation (e.g. 100%) and thus
they just slowly approach this limiting level of efficiency of dis-
sipation with increasing irradiancy. Our results show for the first
time the correlation between heat dissipation efficiency (charac-
terized by ˚D or NPQ) and actual heating of leaves represented
by temperature increase (see inset of Fig. 7A). This is an impor-
tant phenomenon since one of these parameters, NPQ, reflects a
physiological mechanism involved in the regulation of excessive
irradiation absorbed by PSII into heat (see, e.g. for details Horton
and Ruban, 2005 for review). However, the different dependence
of temperature increase on NPQ (or ˚D) in control and quenched
leaves would not be expected if the heat dissipation mechanism
would be identical for both of them. Since long exposure to exces-
sive radiation could result in the reduction of leaf absorbance due
to e.g. chloroplast movement (see, e.g Kasahara et al., 2002) we
have checked the possible role of this phenomenon in the �T(˚D)
dependence. However, we have not been able to simulate the same
�T(˚D) curve for control and quenched leaves by any reduction
of leaf absorbance (data not shown). Therefore, the observed dif-
ference of �T(˚D) in control and quenched leaves is most likely
related to different light dependent changes of ˚II. This sugges-
tion has been confirmed on the basis of model calculations, where
the �˚II difference between the control and quenched leaves can
be calculated by equation (10), resulting in different �T(˚D) for
the control and quenched leaves (Fig. 7B). It can be also seen that
with increasing light irradiancies �˚II decreases (see insert of the
Fig. 7B). This can be explained by decreasing differences of ˚D for
control and quenched leaves, during increasing irradiancies (Fig. 4).

However, the different dependence of temperature increase on
NPQ (or ˚D) in control and quenched leaves can be caused not
only by ˚II reduction, but also by acceleration of some additional
energy consuming processes outside of PSII in quenched leaves
(e.g. cyclic electron transport around PSI, see, e.g. Johnson, 2005
for recent review). Such acceleration of alternative pathways of
plastoquinone reduction via cyclic electron transport around PSI
by excessive irradiation has been shown by previous results (Endo
et al., 1999, Quiles and Lopez, 2004). This effect has been shown
to induce the increase of the F0

′ level after termination of light
(Burrows et al., 1998, Field et al., 1998), which was also observed
in our experiments, and notably the effect was more pronounced
for quenched than for the control leaves (see insert in the Fig. 4).
The same amplification of cyclic electron flow around PSI has been
recently shown also for Tobacco plants growing at higher irradiancy
(Miyake et al., 2005) and its origin has been already confirmed by
mutants (Yamamoto and Miyake, 2007). However, the precise test-
ing of the cyclic electron flow around PSI in the view of the different
temperature increase after irradiation needs more complex model
of energy balance in leaf.

4. Conclusions

Our sensitive thermal imaging measurements have demon-
strated the correlation between the extent of NPQ and light-
induced temperature increase in tobacco leaves, which results in
higher leaf temperature increase in the presence of higher extent of
NPQ. We have also found that the correlation between leaf heating
and the efficiency of light dissipation is different for control and
quenched leaves. This observation can be explained by a simple
model of leaf energy balance assuming light intensity dependent
reduction in the efficiency of PSII photochemistry. However, a more
detailed explanation of this effect requires future research.
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