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Temperature detection

Liquid thermometer Bi-metallic Thermistor Thermocouple

Nickel-Chromium

Nickel-Aluminum

junction between two
metals generates a voltage
AT ~ AU

Resistance

mechanical displacement
AR ~ kAT

(1) Spot Infrared Thermometer
INFRARED THERMOMETERS /

e measure temperature using blackbody\
radiation emitted from objects (2) THERMOGRAPHY
e non-contact thermometers e measurement spatial distribution
of temperature over wide areas
by thermocamara




Thermography and plants

A. Measurement of stomatal conductance
B. Water status of leaves detection
C. Biotic stresses detection
D. Mutant selection
E. Thermogenesis of plant tissue
F. Photosynthesis research
G. Plant phenotyping




Every object emits electromagnetic radiation is directly related to their temperature
(Black body concept)

Radiation of black body object is function of emissivity (€) and temperature (T)
according
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(1) Wien's displacement law — characterize peak of the emission at given [m, K]
(300 K - peak of black body radiation at 10 um )

Detection of temperature
from radiation measurement

di/da*10°

e True black body € =1
* Real object € <1 (¢ =0.92-0.99 for leaf)

Emissivity

Pl
Plant

dl/dx. [umol photons cm?s™ 1]
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e Maximal infrared radiation (based on Wien’s replacement law)
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Thermocamera detects radiation is a sum of object (R,), background (R,) and air path (R,)
radiation

1 — direct radiation of measured object (') —ap+dis tance

- ) wi _ 1000
* reduced with distance Re~ e, 1, P(T,.2) with T =C

e Function of object temperature

R~ (l—so)*rp*P(TA,k)

2 — reflected background radiation (R,,T,)

e Function of amb. temp T,
3 — radiation of air path (R,,T))

* Function of path temp T,

Scheme of radiation pathways R=R,(T) + R, + R,

Environment

(1-7, )+p(T,, )

P

Detection of radiations from object (R,)

with given temperature (T)

Thermocamera




Detector type

— Uncooled detectors
e pyroelectric materials like Vanadium oxide
e Lower sensitivity
e Faster start of camera

— Cooled detectors

e Semiconductor materials like HgCdTe — Mercury-cadmium-
telluride

e Higher sensitivity
e Cooling range 4-110K
e Slower start of camera because of cooling

Detector arrangement Cooling system
— Object scanning — Liquid nitrogen, Helium
e Varioscan by Jena Optic — Stirling Cooling

e Higher sensitivity
e Lower frame rate
— Array of detectors
e e.g. Thermovision by FTIR systems
e Lower resolution, higher frame rate




Producer infratech (optic by Jenoptik)
Principle of object scanning - image size 360x240 pixels

Chopper, vertical and horizontal scanner (mirrors)
Germanium lenses, silicon-germanium (anti-refraction coated)
Detection at 8-12mm (one MCT detector)

Sterling-cooled detector (or nitrogen)

Geometrical resolution of 1.5 mrad with 30 x20 maximal field of
view

Temperature resolution — 0.03K (high resolution camera)
Absolute accuracy < £2K

Frame frequency 1Hz (for 360x240 image)

Electro-optical zoom (reduction in field view), maximal 6x

Bild=peicher

o Dewar mit LM,
nners piegel £

PCMCIA - SRam
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Steuersinheit

Principle ray path

1 detector, 2+5 ke nses, 3 horizontal
deflection mirror, 4 vertical deflection
miror, 6 object, 7 measuring spot

Phaotodiode aus HgCdTe



Position of line

e Simple kinetic of leaf heating in ms time scale

e Effect of different rate of leaf heating for functional and
non-functional photosynthesis

Impaired
photosynthesis

(60°C, 5 minutiy
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Thermoimage - One channel date with each pixel corresponding to a particular temperature
Data are stored as matrix with temperature values

Size of matrix is based on the resolution of thermoimage

Temperature of particular pixel - value gray in the particular pixel

Representation of picture by false colours — better visibility




e Spatial resolution is greater for thin leaves because of their smaller lateral conductivity

e Thicker leaves are more limited in detection of spatial distribution of stomatal conductance
e Blurring effect due to lateral thermal diffusion (higher for thicker leaf)

e Scattering of radiation from pixel for long distance measurement

e changes optical field of view is changes by electro-optical zoom

w = 2z tan(a/2)

FOV [°H x °V]
a — angle of camera view

w - width of the imaged area 30 x 20
z - object distance 21 x 14

n — number of pixels 1510
8x5

5x4

freely
selectable




Thermography and plants

A. Measurement of stomatal conductance
B. Water status of leaves detection
C. Biotic stresses detection
D. Mutant selection
E. Thermogenesis of plant tissue
F. Photosynthesis research




Energy balance of leaf

All applications of thermal imaging are based on energy balance of leaf that characterizes energy
fluxes in the leaf per leaf area

Leaf cooling - Transpiration
- Photosynthesis
- Convection and conduction of heat
Leaf heating - Thermogenesis (metabolic processes)
- lIrradiation

R +M- AE-C:,O,,WCp Ly —— =

R, theradiant flux density absorbed
M heat produced by metabolism

AE rate of heat loss through evaporation of water
(transpiration)

C  rate of heat loss by conduction or convection to
the environment

S rate of increase of the “heat content” of tissue
(AT, heat capacity, weight)

Preat Cp liearr Tiear - dENSty, specific heat, thickness and
temperature of leaf

Rs  absorbed short-wave radiant flux density

R, absorbed long-wave radiant flux density

R, emitted long-wave radiant flux density

R, emitted fluorescence radiant flux density

R, =R, +R,, —-R;

- RF[

c




STOMATA - "GATE" for WATER and CO,

Stomata are necessary for controlling of CO, (for photosynthesis), water
content, and temperature

CO, concentration is limited for photosynthesis - bioenergetics issue

CO, and H,O diffusion proceeds through the stomata formed by two guard
cells

Cuncle

Epildermal
cells

Mesophyll
cells

Intercellular
gas space




EVAPORATION ON LEAF

Water on leaf surface

HEAT ENERGY TAKEN FROM ENVIRONMENT

/S-:bl-imation

Melting Evaporation

- — R
Freezing Condensation
Liquid

wmn
E HEAT ENERGY RELEASED TO ENVIRONMENT

EVAPORATION OF WATER FROM LEAF SURFACE REQUIERS ENERGY
—> IT RESULTS IN DECREASES IN LEAF TEMPERATURE




Measured parameters
Tqry — covered by Vaseline
T, — Sprayed by wetting agent (washing up liquid)
T .o — temperature of leaf
u — air velocity (for calculation of r ...

B (Tare = Tiear) £aH Cp BHRr

g5 =7 e T
[ TI-:u[' - T'.'.'-:[ ) |.E|1 gHH_ T guH A >/ f-".-u )

(Y — 0o (T
gHR = Zan T £R

Known parameters

* 0.4 - Boundary layer conductance
for heat

* QOur - Overall heat conductance in leaf
* g - Radiative conductance

* p, - Atmospheric pressure

* ¢, - Specific molar heat of air

A — Molar latent heat of water
vaporization - (44.1 kJ mol 1)

* s - Slope of the curve “saturation
water vapor pressure to temp.”




« Measurements of stomatal conductance (Jones HG 1999 PCE) based on temperature changes
« Calculations are based on energy balance equation

Standardization of method - (Tary — Thear) Bat Cp BHR
+ independent measurement of 7 (Tear = Toe)  (Cp Exr + Zarr A8/ Pu)
properties has to be done
« known conductance of reference surfaces Standard surfaces

are necessary

» Micropores membranes
« Wet surface (sprayed by wetting agent) —
no leaf resistance to water

* Dry surface (covered by vazeline) —
maximal leaf resistance to water

Conductance to water vapour g,,,

Mean conductance
(mmol m™2s7!) Comments

PM2U? D0 0 pore size 5-10 ym

ize 2 um




Thin layer on the leaf surface affecting transfer of heat and gases

(Th, es(Ti))

Figure 7.2 Electrical analog for transpiration from a leaf (E; right
side) and a leaf heat balance (C; left side). Note that the symbols
To and eg stand for leaf temperature and specific humidity.
Boundary layer resistances for heat and water vapor (rh) are
considered to be identical. rg represents the stomatal resistance for
this single stomate pair on upfacing and downfacing sides of the
leaf, Note also that T4 and eq refer to temperature and vapor
pressure at the outside of the leaf boundary layer.(Freely adapted

from Monteith, 1975; p 180.)

Important for function of leaf, Critical for gases and heat transfer Air transfer can be laminar, turbulent or mix (based on
Reynolds number) — changes in the heat transfer

Type of air transfer is affected by leaf shape, surface, air velocity,

trichoms (hairs)
Parameter of baondary layer are required for calculation of stomatal

Laminar
Boundary Layer

conductance

SUILY




Coherent reas with different stomatal conductance
collections of tens to thousands of stomata can have similar

conductances, different from those of surrounding stomata. This is
the phenomenon of "stomatal patchiness."

It is induced by different stimuls, mechanism is unknown

REAL PICTURE
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Trends in Plant Saence

Trends in Plant Science

Fig. 3. Hydraulic coupling among stomata. Yellow inset-area
depicted in (a—c). In (a), both stomata are slightly open. In (b), the
stoma on the left has increased its aperture (and transpiration rate)
in response to some perturbation, and the turgor of the adjacent
epidermal cells has decreased. (c) An increase in transpiration
from the stoma on the left reduces the epidermal turgor for the
stoma on the right, allowing it to open slightly. The resulting
increase in transpiration from both stomata would cause a further
reduction of epidermal turgor, thereby propagating the effect until
a vein is reached. Stomatal opening will be eventually limited by
feedback loops. Blue arrows denote water flow.




STOMATAL PA

CHINESS

Top row: images of chlorophyll fluorescence from a leaf of Xanthium strumarium following a
sudden decrease in ambient humidity at time zero.

Approximate time (h)

4-25 4-5

Bottom row: pixels that tend to brighten over a period of a few
minutes are coloured red, whereas those that tend to dim are
coloured yellow. Pixels showing little change are black.

Mott K A , and Peak D Ann Bot 2007;99:219-226

ANNALS OF
ROTANY



STOMATAL PATCHINESS

Measured from chlorophyll fluorescence only
(NOT DIRECTLY)

Mott K A , and Peak D Ann Bot 2007;99:219-226




STOMATAL PATCHINESS - THERMOIMAGING

Stomatal patchiness observed after reduction in ambient humidity

Slow movement of stomata patch (20pm s*), similar chla fluorescence and thermal
pattern of movement

fluorescence patterns were largely the result of stomatal conductance patterns

both thermal and fluorescence images showed patches of stomatal conductance that
propagated coherently across the leaf surface.

fluorescence

FLUORESCENCE
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B. WATER STATUS OF PLANTS

« Pronounced increase in the leave temperature « Water loss of detached
appears several days after stopping of irrigation at 31 wheat leaves
day of measurement (Chaerle et al 2005 TBT)

OPTIMAL IRRIGATION
0 min

NO IRRIGATION



Changes in the distribution of
temperature can be used as indicator of

water stress

Image classification is necessary (well
watered-W, dry D, P measured plant)
Combination of infrared and visible
camera

Application for plant identification

Control (non-stressed) leaf Stressed leaf (non-watered)
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Water potential quantifies the tendency of water to move from one area to another due to
osmosis, gravity, mechanical presure, or matrix effects (e.g. surface tension)

THERMOGRAPHY CAN BE USED FOR ROUGH ESTIMATION OF LEAF WATER POTENTIAL

. Low water potential
Atmosphere ¥:-95.2 MPa

(Changes with humidity; \I} — ‘I’O —+— ‘I}'n' + ‘I,p + ‘Ils + lIJv + ‘I’m

usually very low)
is the reference correction,
Wy
\/ _ is the solute potential,
w
‘I’p is the pressure component,

\I}S is the gravimetric component,
Leaf ¥:-0.8 MPa

(Depends on transpiration rate;
low when stomata are open)

lIIU is the potential due to humidity, and
\IJm is the potential due to matrix effects
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CWSI = ( canopy ans)/(Tdry - ans)

SICWSI — (:Tleaf - T\-'.,-‘et:),.r"j (Tdn - Twet}

T, — Well watered crop

o T — leaf temperature
Ty — NON-transpirating crop

«  T,e— Wet surface (with wetting agent)

Teanopy — CaN0PY * Ty, —dry surface temp. — with Vaseline
* Standard relationship between Teyqqp,- « Based on standard surfaces, for single leaf
T,;; and humidity has been developed for measurement
all crops

Changes in the relative error for different

water pressure deficit « Based on on correlation between CWSI ans LWP

» Remote sensing of field water status

days
=0.79 .2 days
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shade

Image processing requires overlying of thermal
and visible image and subsequent classification
of visible image

Different distribution of temperature between
sunlit and shaded leaves of Vitis vinifera

Role of different irrigation (rainfall vs artificial
watering)

/ Natural rainfall treatment Fully irrigated

sun

30
Temperature, °C

Frequency
L%
o
(=]

25 30 35

Temperature, °C



w— chsded |
I sunny

Field thermoimaginery — combination of
thermo and visible camera

Different temperature distribution for
sunlit and shaded leaves

Shaded - lowered average temperature, ﬂu
broad temperature distribution I

| S—
46 46

36 38 a0 az a4
Temperature |°C)




C. BIOTIC STRESS

PRE-SYMPTOMATIC VISUALIZATION OF PLANT-VIRUS INTERACTIONS

« Salicylic acid produced as a signal in defense
against pathogens close the stomata
—>temperature increase 8 hour before visible
cells death

N
2:4—-

20018918819.7196195194°C

Chaerle L et al. 1998



E. PLANT THERMOGENESIS

Thermogenesis in some special plant tissue in some
species (spadix, flower, leaves etc.)

Excess temperatures vary from few degrease up to
30°C (rapid incline — metabolic explosion)

Role of alternative oxidase (cyanide independent
oxidase) in heat production

Protecting against cold nights, increase in odor of
flowers etc.

Cruciana

Thermogenesis in spadix of plant
skunk cabbage at low
temperature — maintaining of
internal temperature around 20°C
during reduction of ambient
temperature below 0°C (lto et al.
2003 PCE)




Relation between stomata conductance and primary or
secondary photosynthetic reactions (Omasa 2003 PCP)

Leaf heating during stimulation of photoprotective non-
photochemical quenching (Kana and Vass 2009 EEB)

Traspiration can reduce leaf temperature below critical
levels — protection of photosynthesis (the heat most
sensitive metabolic process)

Estimation of photosynthetic efficiency from energy
balance

Reflectance

Chlorophyll-
Fluorescence

! ‘HtHésé

© Buschmann
Transmittance

—4=—Control
—0=—42°C
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CCD
Thermal camera

camera

- ;4 1 . Actinic light
Digital video ‘ " . \ X : source

recorder " "
Optical , : Optical §
fiber N fiber 3

P

7 _‘ :
Thermal camera = . —

controller .
Saturation pulse

. Fixing light source
1 cardboards

Computer L) 5 cm x Scm window

Omasa et al. 2003 PCP



HIGH LIGHT

Independence of
fluorescence and stomatal
closure at high light

LOW LIGHT

fluorescence and stomatal
closure correlation

0 100 200 300 400 500 600

Total stomatal conductance, gy,
mmol H,O ms”

Total stomatal conductance, g,
mmol H,0 m~s™

500 0

Total stomatal conductance, g,

0

mmol H,O m~s”

500 0




balance dissipation

Absorbed light can be utilized in photosynthesis (5-

30%), emitted as fluorescence (8%) dissipate as a Excess light
heat

The extent of this dissipation is regulated by process
called nonphotochemical quenching - NPQ _ /m
NPQ can regulate light utilization in photosystem |1 Low light

- photoprotection against damage

Complex process (dependent on PsbS protein,
zeaxanthin formation, pH, antenna aggregation etc)

Absorbed energy

High light
' o
Light Intensi
g ty Xmax




Thermocamera Varioscan 3200 ST (detection at 8-12um, relative temperature
resolution 0.03K, geometrical resolution 1.5 mrad, time response for picture 360x240
pixel, one picture every 1 sec), Fluorescence measurement (PAM 101/102)

Role of transpiration in changes of temperature was checked by its elimination (by
covering of leaf surface by vaseline jely)

NPQ increase was induced by exposition to high irradiancy (up to 6 hours)

Thermocamera

PAM 101/102
source

Cowered area




Vaseline jelly - elimination of evaporative cooling

l

homogenization of leaf surface temperature during heating

f Cowered area




Irradiated - Non-irradiated Irradiated area

Temperature [°C]
Temperature [°C]

Non-irradiated area

400 600
Time [sec] Time [sec]




PHOTOSYSTEM |1

HIGHER DISSIPATION BY NPQ
IN ,, QUENCHED* SAMPLE

Fluorescence

600 900 1200 1500

- 2 1
Irradiance [umol m™ s ]
TEMPERATURE

Quench sample o

/-

HIGHER TEMPERATURE IN o
,,QUENCHED“ SAMPLE / Control sample

300 600 900 1200 1500
Irradiance [umol m?s™]




MUTANT SELECTION

Mutant selection (e.g. ABA insensitive mutant — Merlot S et al . 2002 PJ)

ABA can trigger closure of stomata pores

ABA insensitive mutants (Abil-1) fails in stomata closure during draught stress —
temperature decrease and water loss due to higher transpiration

Abil-1 mutant
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Prashar A, Yildiz J, McNicol JW, Bryan GJ, et al. (2013) Infra-red Thermography for
High Throughput Field Phenotyping in Solanum tuberosum. PLoS ONE 8(6): e65816.
doi:10.1371/journal.pone.0065816


http://www.plosone.org/article/info:doi/10.1371/journal.pone.0065816
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Thermoimaging as a tool for studying light-induced heating of leaves
Correlation of heat dissipation with the efficiency of photosystem Il
photochemistry and non-photochemical quenching
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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
(Nicotiona fobacum v Semsun) leaves. In the absence of evaporative cooling through the stomata,
which was achieved by covering leaves with Vaseline, illumination with 50-1400 pM photons m—2 s—!

intensity of photosynthetically active radiation resulted in =1-5°C leaf temperature increase
mﬁa . in about 2min. The heating effect showed a non-linear correlation with the extent of non-
NPQ EinE photochemical quenching (NPQ) resulting in higher leaf temperatures at higher NP0 values. When
leaves were adapted to excessive irradiance {1300 pMphotonsm—2s-' for 6h), which resulted in
reduction of photosynthetic efficiency and amplification of NP 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 leawves in relation to the efficiency of
photosystem [l photochemistry and non-photochemical quenching. The role of alternative energy dis-

Photosystem Il efficiency
Leal temperature
Energy balance equation of leal

sipation pathways outside of PSII in the phenomenon of light-induced leaf heating is also discussed.

i 2008 Elsevier BV. All rights reserved.

1. Introduction

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

Abbreviations: ABA, absicic acid; Chl a, chlorophyll a; C, vertical energy heat flux
Tram the irradiated leal spot to the surrounding air; Fg (Fu ), the minimal {maximal)
chiorophyll a luorescence lor dark sdapted state; F_, maximal luorescence of lght
adapted leaves; Fs, steady state Chl a Muorescence of light adapted leaves: Ay, dil-
Ferenceinthe quantum elliciency of photosyitem Il photochermistry between control
and quenched samples; . quantum efficiency of photosystem Il photochemistry;
&g, overall eficiency of light energy dissipation into heat; @, efficiency of 2 non-
light-induced [basal or dark)quenching process; $ypy. efficiency of light dissipation
by non-photochemical quenching: g (g ), boundary [leal) conductance for heat; I
intensity alincident Mux ol lght; NPQ, non-photochemical quenching. F. energy lux
into photosynthesis; PSIL photasystem I AT, temperature difference between the
irradiated and dark part of leal

* Cor ing author at: of Microbiobogy, Academy of Sciences of the
Czech Republic, Opatovicky milyn, 379 81 Trebof, Czech Republic.
Fax: +420 38434041
E-migil address: Kana@algacs (R. Kafia).

DD9B-E4T72[S - see front matter © 2008 Elsevier BV, All rights resenned.
doi: 10,1016/ ermvexpbat 2008.02.006

2003} All applications of infrared thermography in plant biology
utilize some aspects of the energy balance equation of plants, Le.
the energy conservation law. It declares that the sum af heat eon-
tent in the leafl 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 eon-
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 condue-
tance (Jones et al, 2002, Leinonen et al., 2006), detection of water
stress (see, eg Jones et al., 2002; jones, 2004b: Cohen et al., 2005),
o 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




R Kaita, I Vass / Envirenmentol and Experimental Bolany 64 (2008 ) 50-56 91

photosynthesis research in general (Bults et al, 1982, Malkin et
al., 1991, Driesenaar et al, 1994), which showed similar efficiency
of photosy nlh:su as obtained from photoacou measurements
(Kanstad et al, 1983). However, similar results have not been
obtained with [hfn'na] i that can scan variations of temper-
ature over the whole lealf surface. Only some recent works (see e g
Omasa and Takayama, 2003 and West et al, 2005) thermal
imaging for correlation of stomata conductance calculated I'mm
[::mprralur: Lhan!cs W lh measureément ul phulm'n'n[hrllL

). In these works, ABA u:.atm:n[{l:lmasa and Takayama,
2003) or reduced €Oy content (West et al, 2005) was ac
nied by temperature changes due to stomata
ceompanied by changes of PSII photochemistry ll}gtlhrr
tency of light utilization as characterized by non-
photochemical quenching (NPQ) (Omasa and Takayama, 2003)
Qi i 1for regulating the fate of absorbed
cm.-rgv in photos nisms for utilization in photosynthe-
ation to heat (Horton and Rubar
mechanism of NPQ) is very
cesses such as lumen acidification, zeaxanthin formation in the
xanthophyl cyele or triggering by the PsbhS protein (see, e.g

Psll phulﬂuhrnmlr\r and increased heat dissipation when hlgh NPQ
is developed.

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

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 pM photons m~2 s~! of PAR. Adaptation to high light was
induced by 6 h irradiation {1300 M photons m—2 5= provided by
a cold-light halogen lamp KL 1500 Electronic (Schott AG, Mainz,
Germany ).

Temperature measurements by thermal imaging, data
acquisition and analysis

The temperature of leafl surface was determined with a
Var| n 0 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 pm.
The camera has gtumtlrlu] rr;u]u[]un ul' 15 nll.:ld with 30° = 20
maximal field of vi
scanning that gives spatial resolution of 360 =
tures were captured with maximal frequency of image refreshi
(1 Hz) and the electro-optical zoom was used to reduce the angle of
camera aperture to x 14=. This set-up led to spatial resolution

of camera of about 022 mm per pixel for focus distance 0.3 m (see,

The ambient radiation reflected by the leaf surface and radiation
of the air path between the leal and the camera was subtracted by
the camera software during recaleulation 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 leal and the camera was measured by thermometer and the
emissivity was set at 0. 35 reflecting its typical value for leaves (see
review by Jol X

Light-induced changes in the leaf temperature have been
induced by irradiation of an 8 mm spot of the leaf by blue
which was provided by a halogen lamp (KL 1500 Electronic:

Germany) equipped with light guide and blue broad
filer. The lamp has efficient heat filtering to avoid direct

steady-state value of temperatur
flash of PAR (6000 pM photons of m
applied.

Covering of leal surface by Vaseline jelly before measurement
eliminated evaporative cooling ( Leinonen et al., 2006). The
heating of leal 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 Ilmage] 1.32b (see, eg Abramoff et al.,
2004 and Rasband, 1997-2008) and presented in false colors. The
pictures were imported into the Image] software and the values

duced temperature changes have been calculated as the
values of a small circular area (10 pixels) in the middle of
the irradiated spot.

turate photosynthe
=1 intensity for 800 mes) w,

23, Auorescence measurements

The fluorescence measurements have been carried out with a
PAM 101102 fluoremeter (Walz, Germany). Before experiments,
the light guide of PAM was aligned to about 5 mm far from the
leal 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 PSl in photochemica i) and non-photochemical way ($Pupg
and @Ppp) were calculated according to Kramer et al. (2004) &y
represents the quantum efficiency of PS Il (Genty et al., 1989),
Pppy is the yield of light dissipation by down regulation due to
NP, and dhyp is defined as a yield of non-light-induced (basal
or dark) quenching process (see Kramer et al, 2004 for details).
The minimal (Fg) and maximal {Fy) Chl a fuorescence of dark
adapted samples {n ry for &y, $ypg and dyg calculations)
wiere obtained before or during application of a saturating flash
of PAR (with 6000 M photons m—2 s=! intensity and 800 ms dura-
lmnj!urdarl\.ad.apltd leaves. Steady state Chl a Nuorescence of light
adapted leav . and Fy') was measured after 2 min at the
given irradiancy just bc ore application of the saturating flash (Fg),
or at the maximum of saturating flash (Fy,"). Fy' was measured after
termination of actinic light and application of far red light for 2s.

24 Theoretical model of light utilization

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

Ro+ M —3F — C = proaiCphieat k" (1
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where Ry is the net radiant flix density absorbed (see, &g Jones,
2004a), M is the rate of heat produced by metabolism, AE
[ hrough evaporation of water (transpirati

rate of heat loss by conduction or convection to the environment,
5 is the rate of increase of the heat content of leall tissue where
Plear 15 its density, ¢ spe heat of leaf, heyr thickness and Ty
is temperature. For further theoretical calculation, energy losses
due to infrared radiation emitted at room temperature have been
negle . Thus R, including emitted infrared radiation (see, eg.
Jones, 2004a) has been replaced by the incident irradiancy (1) 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 Pis the energy flux to photosynthesis), the steady
state energy balance can be rewritten as

I-P—C=0 (2)

Eqg. 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 v | heat fuxes C: (1) vertical heat flux from the
irradiated leaf surface to the surrounding boundary air layer above
the irradiated leaf surfac vertical heat flux from the irradiated
leal surface to the leal tissue below the irradiated spot. Other pos-
sible pathways of energy fluxes | ateral 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
butit me for control and quenched leaf. Moreover, most of the
incident light is absorbed inside the upper thin layer of leal (90%
in the layer of 0.1 mm) (see Cul et al, 1991). Therefore heat trans-
fer pr
because its diameter is several times bigger (it was about 10 mm)
than this layes
The boundary layer of a leal is a thin layer of air above the leafl
huepp, 1993) whose heat conductance is depen-
dent on mcral factors such as leal shape and surface, and velocity
of air above the le e, e g Cambell and Norman, 1998). As all
these ph | 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 lux 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, Ccan be expressed as

C=(ga+ &N Tiear — T2) (3)

where gg and gy are boundary and leafl condictance for heat, Tjaqy
and T, are the measured temperature of the irradiated leal surface
and the surrounding ambient air. We defined the efficiency of uti-
lization of incident irradiation (1) in phot em U (dy) and light
energy that is dissipated in heat () as fo 5

P .
Py = T 4

®o=7 (5)
where [ is the energy that was not used in photosynth and
wasted as heat, P is the energy flux into photosynthesis. &y is
considered to be a theoretical analog of the sum of $ypg and
Py measured from Chl a luorescence. Taken Eqs. (2 )}-(5) together
AT =Ty — T, can be expressed as

(6)

eeds maostly vertically from this small upper layer of leaf

where K i defined as the sum of gg and g1 The gp and gy values are
assumed to be dependent on the air (ka) and leaf (ki) conductivity,
of leaf (dy ) and surrounding boundary layer

rding to the equations:

(7

(8)

and dy has been kept constant for simplicity of model parameteri-
zation (dy=3 102 m and dg =1 10~2 m). According to the previous
equations and parameters, the value of parameter K has been cal-
culated as 55Wm-2 K-1,

The experimentally determined dependence of &y on light
intensity has been approximated by curve fitting using [hr
Py = Ay expl -ty )+ g function in the 0-1400 pM photons o
range. The obtained &) values have been then used for cale la-
tion of AT in Eq. (B), and of &y in Eq. (9):

Bp=1-dy (9)

The light intensity dependence of the difference between calcu-
lated values of & for control and quenched leaves {Ady) can be
wiritten as
[ T;quen-:h — Aloarrol)

[

where AT o and AT,
using ¢y for

Ay =K (10}
uench are the values calculated from Eq. (6)
ntrol and quenched leaves respectively.

3. Results and discussion

The main aim of our arch was to explore the role of reduced
efficiency of photosynth on light-induced heating of leaw
temperature changes were measured on dc[.:u.hrd [uba i
covered by Vaseline in order to exclude the ef
typical thermoimage of a leal half covered with Vaseline is s
in Fig. 1. The Vaseline layer eliminates evaporative cooling of the
leaf that can decrease the leafl temperature by aboul below the
temperature of the surrounding air (see the upper, uncovered part
of the leaf in the Fig. 1)

Fg L Thermoimage of detached tobacco keal made by thermal imaging V

3200 5T. The temperature chang re represented by false color. The upper part
of tobacco leal was covered celing. Spatial resolution of the thermoimage is
022 mim, iEmperaturé resolution in the picture is 0.03*C (For intérpretalion ol the
referénces Lo color in this Agure legend, the reader is referred 1o the web vérsion of
the article.)
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Temperature [°C]

Fig. 2. Light-induced termperalung increas

of irradiated and dark spots are marked on the picture by

the mean temperatures calculated from the irradiated (orange Ene)
(C) 3D picture of lempéralure increase profile of leal surlace

color in this figure legend, the reader is referred 1o the web version of the ar

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 2min after light onset (see
Fig. 2C), which shows gradual increase in the temperature of the
irradiated spot with diameter of about 0.8 i 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 leafl surface; {2) the leafl tissue below irradiated spot as we
have assumed absorption of all irradiation in the thin upper layer
of leaf visible by the thermocamera. The leal thickness has been
than taken as the layer for vertical heat diffusion in the leaf be]uw
irradiated spot. Considering thickness of the boundary lay it i
influenced by the leal topagraphy (Stokes et al , 2006), and changes
along the leaf (Roth-Nebe 001), the po: nof 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 leal. It can be seen, that steady state
temperatures are reached in about 1-2 min (Fig. 2B), whose values
were dependent on light intensity ( 3). The time necessary for
rtad‘ung s[radv state [Empcralurn of the irradiated spot is close to

irradiated spot (see the position of the dark area in Fig. 2A). The
application of a saturating light pulse {necessary for calculation of
the Fyy" level of variable Chl a fluore: see Section 2 -
an addl[u}nal 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 berween two subsequent irradiancies.

"Dark"™ area
200
Time [sec]

irme course of light-induced tempeérature increade. The valwe:
dark circular area (blue line) with diameter of 10 pixels in the central part of irradiated and dari
ed spat af light at the indi

poL.
ed times alter the onsel of light. (For intérpretation of the referénces (o

Toexplore the role of photosynthetic efficiency on light-induced
temperature increase we exposed leaves to excessive irradiance.
This treatment reduced the efficiency of photosystem 1l photo-
che ry and amplified non-photochemical utilization of light
leading to increased NPQ). Fig. 4 shows that 6h long exposure of
tobacco leaves to about 1300 pM photons 1 PAR increases
MPQ for all used irradiancies as deduced from quenching of m
imal fuorescence — Fy' (see insert in the Fig 4) There were no
changes in the steady state flu nce level (Fr) between the
quenched and the control samples [ ce induc-
tion curve for 512 uM photons m=2 s~ in the insert of Fi
the energy consumed in the form of fluorescence emi
same for control and quenched leaves. On the other hand, the effec-

Temperature [*C]

Tirme [sec]

Fig 3. Light imemsity dependence of leal temperature increase. Black and grey lines

represent the mean value of temperature from the cincular irradiated spot and dark

ANga, respectiv The upward arrows show the asel of actinkc Eght illuminated

) defined by the numbers below the

ard arrows show the termination ol sct u. illumination. The

g pulie of BO0 ms length and G000 pM photonsm= =" intensity was alia

applied before the énd ol each dlumination as shown by the sharp emperalure
increase.
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600 00 1200 1500
Irradiance [umolm®s"]

Fig. 4. Lealintensity dependence of non-photechemical quenching alter long-time
exposure of tobaceo leaves to high irradiancy. The experiment was performed in
control leaves withowt preillumination [squares) and gquenched leaves exposed o
1300 juM photons of PAR m—2 51 for 6 h (; The insert shows typical induc-
tion of Muorescence at 512 pM photons of PAR m-7 5= for control (black line) and
quenched leaved (grey line) The lime of sctine light application (termination) is
miarked by up arrow [down arrow ), Fu” notes on the values ol maximal Nuorescence
Tor ight adapted state,

tive guantum yield of PSI photochemistry decreased to a si
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, &g variable Chl a fluorescence.

We have al und a small but reproducible increa
perature of the irradiated spot in the quenched leaves with higher
NP relative to the control ones (Fig. 6A). To explore this result, we
have applied the energy balance equation of leaves
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 eonsumption in photosynthesis
(see Section 2

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

LI
0.6

0.5 = Conirod
#  Cuenched

0.4

400 1 1600
Ireadiance [umel m* &™)

Fig. 5. Light imensity dependence of the efficiency of photosystem 1l photo-
chemiiry ($u)l The mesurements were performed with leaves exposed o
1300 M photons of PAR m—2 5~ for 6h (squares) and with control lesves without
préillumination [circle ) The continual lines show the iling by a single exponential
Tunction whose parameters are listed in Table 1.

=== Caonirol

400 800 1200
Irradiance [umel m* 5]

1600

Fig & The light intensity dependence of leal temperature increase. The tempers-
ture dillerence was oblained For the irradiated <potl in comparison 0o the dark anéea.
Experimental data in [A) represent average and 50 from 6 measurements for control
{squares) and quenched beaves [circle]. Theoretical curves in panel B were obtained
by simulation based on the energy balance equation using the experimental @y
values (shown in Fig. 5) a8 inpull parameters of AT calculation [ see Section 2)

model calculations. The experimental curves characterizing the
light dependence of ¢4 were approximated by a simple expo-
nential function $y(l) exp{—Ift; ) +yg where t; and yg are
formal paramet and 1 is the used irradiancy (see Fig. 5). The
best fit parameters of the &y (I} function (see Table 1.) have been
used for calculation of ¢y for all irradiancies between 0 and
1400 pM photon 1 of PAR. These values were then used for
calculation of temperature increase [ AT) by Eq. (6], in the quenched
and control leaves (Fig. 6GB). 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. 68) caused by reduction in
photosyathetic efficiency (Fig. 5B). This is in line with the expe
mental results showing similar extent of temperature increase in
the quenched leaves (Fig. GA). and confirm the applicability of our
thearetical 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 — $p.
Its values were calculated aceording to our model with &y as input

Table 1
Parameters describing the light intensity the light intensity dependence of the efli-
ciency of PSII phoochemistry [$y)

Cantral Quenched

o113 0055
050 0368

4137 2604
00003 0.0001

imentally determined curves shown in Fig. 5 were fitted with the function

cp(=ljly )+ Yo Ay, [; and yp represent parameters of decay curve used for
fitting ol $g(l) dependence for control and quenched sample, | 8 uied rradiancy.
¥ value was minimized during fitling procedure,
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Fig. 7. Dependence ol light-induced leal temperature increase [AT) on the effi-
sency of light comversion to heat (@p ) (A) Experimentally obtained data for control
(squares) and quenched [circle) beaves. The theon | curves in [B) were calculaved
based on the energy balance equation using the experimental ¢y valves [shown
in Fig. 5) as the input parameters ol AT caloulation (see Section 2). Inset in [A)
shows dependence of AT on non-photochemical quenching - NPQ, Insért in panel
B shows the difference in the efficiency of the quantum efficiency af pholosystern
Il phatochemistry bétween control and quenched sample Ady calculated from Eq.
{10y

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 a )
Kramer et al. (2004) have derived fluxes of absorbed energy into
photochemistry of photosystem 1l — &y, and also two competing
energy fluxes into heat (@ypg and P, see Section 2 for details). We
assumed that both energy fluxes into heat (Pypg and @) re

in temperature increase and thus we defined the efficiency of light
dissipation into heat as @p = Pypg + Pyg. The sum of the di

tion yields (iLe. @y, $ypg and Pyg) has been postulated to be unity
bath in our model and that of Kramer et al. (2004} This allowed
us to compare experimental results based on Kramer's parameters
obtained from Muorescence measurements and the results caleu-
lated from our theoretical model.

Fig. 7 shows the dependence of the observed leafl temperature
increase on the efficiency of the light dissipation into heat (&p) for
experimental data (panel A) and model calculations (panel B). The
control leaves had steeper temperature increase than the quenched
ones (Fig. TA) for both the experimental and theoretical results. It

nteresting to note that the same value of $p results in higher
termperature increase in control then in quenched leaves. Therefor
there is a higher extent of energy flux into heat at given &Pp in
control leaves even though the absolute amount of energy wasted

ghtly higher for quenched leaves (Fig 6)
obvious that the correlation between leal tempera-
ture increase and efficiency of energy dissipation ($g) to heat is

not linear (Fig. 7A and insert of the Fig. 7A). This is because &p
and NPQ are limited in their values - they cannot be higher than
the maximal efficiency of light dissipation (eg. 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 &g or NPQ) and actual heating of leaves represented
by temperature increase (see :m:[ ul Fig. 7A). This is an |n1p1.‘rr-

hanism involved in the regulation of exce:
rbed by PSI into heat (see, e.g. for details Horton
and Ruban, 2005 for review ). However, the different dependence
of temperature increase on NPQ (or &p) in control and quenched
leaves would not be expected if the heat dissipation mechani
would be identical for both of them. Since long exposure to exces-
sive radiation could result in the reduction of leal absorbance due
to eg chloroplast movement (see, &g Kasahara et al, 2002) we
le rele of this phenomenon in the AT{dn)
dependence. However, wie have not been able to simulate the same
AT ) ontrol and quenched leaves by any reduc
of leaf {data not shown ). Therefore, the observed dif-
ference af AT{dg) in control and quenched leaves is most likely
related to different light dependent changes of &y This sugges
tion has been confirmed on the basis of model calculations, where
between the control and quenched leav n
be calculated by equation (10), resulting in different AT{dp) for
the control and quenched leaves
with increasing light irradiancies
Fig. 7B). This can be explained by decreasing differen p for
control and quenched leaves, during increasing irradiancies LI-Jg.4J.
However, the different dependence of temperature increase on
NPQ {or $p) in control and quenched leaves can be caused not
only by 4 reduction, but by acceleration of some additional
ENergy consuming proc outside of PSIl in quenched leaves
(g cyclic electron transport around PSL, see, eg. Johnson, 2005
for recent review) Such acceleration of alternative pathways of
plastoquinone reduction via cyelic electron transport around PSI
by excessive irradiation has been shown by previous results (Endo
. 2004). This efl has been shown
the increase of the Fy' level after termination of lght
(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 P51 has been
recently shown also for Tebaceo 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 ey lectron fl w of the different
mperature 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 incréase in the presence of higher extent of
MPQ. We have also found that the elation between leaf heating
and the efficdency of light dissipation is different for control and
quenched leaves. This observation can be explained by a simple
model of leal energy balance assuming light intensity dependent
reduction in the efficiency of PSIl photochemistry. Howewver, a more
detailed explanation of this effect requires future research.
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Fig. 7. Dependence ol light-induced leal temperature increase [AT) on the effi-
sency of light comversion to heat (@p ) (A) Experimentally obtained data for control
(squares) and quenched [circle) beaves. The theon | curves in [B) were calculaved
based on the energy balance equation using the experimental ¢y valves [shown
in Fig. 5) as the input parameters ol AT caloulation (see Section 2). Inset in [A)
shows dependence of AT on non-photochemical quenching - NPQ, Insért in panel
B shows the difference in the efficiency of the quantum efficiency af pholosystern
Il phatochemistry bétween control and quenched sample Ady calculated from Eq.
{10y

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 a )
Kramer et al. (2004) have derived fluxes of absorbed energy into
photochemistry of photosystem 1l — &y, and also two competing
energy fluxes into heat (@ypg and P, see Section 2 for details). We
assumed that both energy fluxes into heat (Pypg and @) re

in temperature increase and thus we defined the efficiency of light
dissipation into heat as @p = Pypg + Pyg. The sum of the di

tion yields (iLe. @y, $ypg and Pyg) has been postulated to be unity
bath in our model and that of Kramer et al. (2004} This allowed
us to compare experimental results based on Kramer's parameters
obtained from Muorescence measurements and the results caleu-
lated from our theoretical model.

Fig. 7 shows the dependence of the observed leafl temperature
increase on the efficiency of the light dissipation into heat (&p) for
experimental data (panel A) and model calculations (panel B). The
control leaves had steeper temperature increase than the quenched
ones (Fig. TA) for both the experimental and theoretical results. It

nteresting to note that the same value of $p results in higher
termperature increase in control then in quenched leaves. Therefor
there is a higher extent of energy flux into heat at given &Pp in
control leaves even though the absolute amount of energy wasted

ghtly higher for quenched leaves (Fig 6)
obvious that the correlation between leal tempera-
ture increase and efficiency of energy dissipation ($g) to heat is

not linear (Fig. 7A and insert of the Fig. 7A). This is because &p
and NPQ are limited in their values - they cannot be higher than
the maximal efficiency of light dissipation (eg. 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 &g or NPQ) and actual heating of leaves represented
by temperature increase (see :m:[ ul Fig. 7A). This is an |n1p1.‘rr-

hanism involved in the regulation of exce:
rbed by PSI into heat (see, e.g. for details Horton
and Ruban, 2005 for review ). However, the different dependence
of temperature increase on NPQ (or &p) in control and quenched
leaves would not be expected if the heat dissipation mechani
would be identical for both of them. Since long exposure to exces-
sive radiation could result in the reduction of leal absorbance due
to eg chloroplast movement (see, &g Kasahara et al, 2002) we
le rele of this phenomenon in the AT{dn)
dependence. However, wie have not been able to simulate the same
AT ) ontrol and quenched leaves by any reduc
of leaf {data not shown ). Therefore, the observed dif-
ference af AT{dg) in control and quenched leaves is most likely
related to different light dependent changes of &y This sugges
tion has been confirmed on the basis of model calculations, where
between the control and quenched leav n
be calculated by equation (10), resulting in different AT{dp) for
the control and quenched leaves
with increasing light irradiancies
Fig. 7B). This can be explained by decreasing differen p for
control and quenched leaves, during increasing irradiancies LI-Jg.4J.
However, the different dependence of temperature increase on
NPQ {or $p) in control and quenched leaves can be caused not
only by 4 reduction, but by acceleration of some additional
ENergy consuming proc outside of PSIl in quenched leaves
(g cyclic electron transport around PSL, see, eg. Johnson, 2005
for recent review) Such acceleration of alternative pathways of
plastoquinone reduction via cyelic electron transport around PSI
by excessive irradiation has been shown by previous results (Endo
. 2004). This efl has been shown
the increase of the Fy' level after termination of lght
(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 P51 has been
recently shown also for Tebaceo 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 ey lectron fl w of the different
mperature 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 incréase in the presence of higher extent of
MPQ. We have also found that the elation between leaf heating
and the efficdency of light dissipation is different for control and
quenched leaves. This observation can be explained by a simple
model of leal energy balance assuming light intensity dependent
reduction in the efficiency of PSIl photochemistry. Howewver, a more
detailed explanation of this effect requires future research.
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