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We have reported on a method for evaluating the distributions of stomatal resistance
to water vapor diffusion and SOz or NO; sorption on a leaf, using a thermal infrared image
instrumentation system. In the present paper, we examined quantitatively the relation-
ships between the acute effects, such as stomatal response and visible injury, of SO; or
NO; on a leaf and gas sorption, using the image instrumentation method. The results ob-
tained were as follows.

1) There was a tendency for stomata to close during SO, or NO; exposure. How-
ever, the behavior varied randomly at different sites on a leaf. The differences in stomatal
response at local sites were not dependent on those in integrated SO; or NO; sorption
for 60 minutes exposure. These results suggest that there are differences in the stomatal
sensitivity to SO; or NO; at local sites on a leaf.

2) There was a tendency for visible injury to occur at sites where the integrated SO,
or NO; sorption was over a threshold value. Injured leaves were generally separated into
two areas, a healthy area and an injured one. It was seen that the characteristic visible
injuries were caused by differences in boundary layer and stomatal resistances at local
sites governing the gas sorption.

INTRODUCTION

Sulfur dioxide and nitrogen dioxide are major air pollutants that cause various
effects on plants.”™® The degree of the effects of SO: or NO: in relation to the con-
centration, dosage size and the amount of sorption on one leaf or a whole plant has
been frequently discussed.'»*»** However, visible injury and stomatal response,
which are conspicuous symptoms of the acute effects, vary strikingly at different
sites on the leaf.*"* Under the usual exposure conditions in the field and growth
chamber, the leaf boundary layer and stomatal resistances governing SO: and NO:
sorption also vary.*=**> Therefore, to better understand the effects of SO; and NO:
sorption, it is necessary to clarify relationships between local sorption, factors govern-
ing the sorption, and the degree of the effects at local sites.

We have recently developed an instrumentation method for studying the distribu-
tion of the sorption of air pollutants, transpiration, and stomatal diffusion resistance
of leaves using a thermal infrared image instrumentation system, and have measured
changes in the distributions of leaf temperature, transpiration rate, sorption rate
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and stomatal resistance to water vapor diffusion during SO. exposure.” However,
the relationships between sorption and its effects all over the leaf surface have not
been determined.

We therefore made the present study to elucidate the relationships between
the distribution patterns of SO: or NO: sorption and its acute effects such as visible
injury and stomatal response on leaves.

MATERIALS AND METHODS

Plant materials. Sunflower plants (Heltanthus annuus L. cv. Russian Mammoth)
were grown in a phytotron at 25/20°C day/night temperature and 709 RH under
natural light for 6 to 7 weeks (1,800 to 2,500 cm® leaf area/plant and 20 to 25 leaves/
plant) after sowing in pots (10 cm in diameter and 20 cm in height). The pot was filled
with a 4:2:4 :1 (v/v) mixture of vermiculite, perlite, peat moss and fine gravel
which was moistened with nutrient solution. The plants were irrigated daily. Intact
mature leaves (130 to 140 cm? leaf area) were used in the experiments.

Environment control system.” SO. and NO; were introduced into the environment
control chamber designed and constructed for studies of air pollution effects on
plants. Air temperature and humidity in the chamber were maintained at 25.04-
0.1°C and 624-19% RH. SO: and NO: concentrations were kept at the desired
values of ca. 2 volppm and 7 volppm, respectively. An apparatus for fixing an intact
leaf horizontally and fans for maintaining a uniform air current on the leaf surfaces
were set in the chamber. The intact leaf was attached to a thick plastic sheet (20X
20 cm?) cut out geometrically in a shape similar to that of the leaf (cut area; ca.
100 cm?), and was placed on the fixing apparatus. The distributions of shortwave
radiation, longwave radiation, illumination and boundary layer resistance to heat
transfer on the leaf surface were maintained at 2.3740.05 x 1072 cal-cm™2-s7},
2.234+0.01 x1072cal-cm™2-s™*, ca. 25klx, and 1.540.1 s-cm™ except at the leaf
edges.

Instrumentation system.” Distributions of integrated SO: or NO. sorption and
stomatal resistance to water vapor diffusion were evaluated from the leaf tempera-
ture distribution, measured by using a thermal infrared image Iinstrumentation
system. Equations for evaluating their distributions were as follows:

(1) Stomatal resistance to water vapor diffusion at local site &, res.is-cm™), is
expressed by

- HHAT DXL _ (),

Ywsz =

(1)

Wa D
and
opEsy+€{Ew,—20(273.15+T 1)} +2pco(Ta—Tu.)/rxa.
We= 7 S, (2)

where T is leaf temperature (°C), T« is air temperature (°C), Xs(7) is saturated
water vapor density at T °C (g-cm™), @ is relative humidity, W is transpiration
rate (grcm~2-s7), 7xa is boundary layer resistance to heat transfer (s-cm™), « is
thermal diffusivity of air (=0.222 cm?-s7?), D is air-water vapor diffusivity (=0.249
cm?-s7%), Es is shortwave radiation from the environment (cal-cm™*+s™'), Ew is long-
wave radiation from the environment (cal-cm~2-s7!), ap is absorption coefficient of

60 (20) Environ. Control in Biol.



Vol. 19, No. 2 (1981)

shortwave radiation of the leaf (=0.68, sunflower), € is emissivity of longwave radia-
tion of the leaf (=0.98, sunflower), o is Stefan-Boltzmann constant (=1.354 x 10~
cal-cm™2-s71-K™¥), pcp is volumetric heat capacity of air (=0.285x 107® cal-cm™*-
°C*) and L is latent heat by evaporation (=583.3 cal-g™!). The suffix x denotes
the values at local site x on the leaf surface.

(2) Integrated SO: or NO: sorption at local site &, Qint. {(g-cm™?), is expressed

by
T
Qint= S Q= dt (3)
0
2P,
Q== Yoaz+7gsz (4)
2/8
Ygaz = <—5‘0> Ykaz ( 5 )
and
D
Yosz =<Ba‘> Ywsz (6)

where Q is SO: or NO: sorption rate (g-cm™*:s57'), T is exposure time (s), ¢ is time
(s}, Pa is SO: or NO; concentration of air (g-cm™), 74e is boundary layer resistance
to SO: or NO. diffusion (s-cm™), 74 is stomatal resistance to SO: or NO. diffusion
(srem™) and D, is air-SO: or —-NO: diffusivity (=0.129 cm?-s7! (SO:), =0.155 cm?:
sTH(NOs)).

This image instrumentation system was calibrated by a blackbody source (Electro
Optical Industries, Models PD1401X and D254) with chromel-constantan thermocou-
ples which were traceable to the National Bureau of Standards in the U.S.A. The
error in measuring leaf temperature using this system was within 4-0.1°C, and errors
in evaluating sorption and stomatal resistance to water vapor diffusion were within
ca. 10% and 0.3 s-cm™, respectively, until beginning of fading of plant pigments.
The resolution of this system was 256" x 240" pixels. Air temperature was measured
with a calibrated copper-constantan thermocouple of 0.1 mm diameter, humidity with
a dew-point instrument (EG and G, Model 660), SO: concentration with a pulsed
fluorescent SO: analyzer (Thermo Electron, Model 43), NO: concentration with a
chemiluminescent NO-NO:-NOyx analyzer (Thermo Electron, Model 14), and short-
wave radiation or illumination with radiometers or a photometer (Eko, Model MS-
42 and LI-COR, Model LI-185). Longwave radiation and boundary layer resistance
to heat transfer were evaluated by substituting values obtained from experiments,
where dry and wet model leaves were used instead of a real leaf, in the following
Eq. 7 and by solving the simultaneous equations thus obtained.

n + 2p0p(Ta—'Tlx)

Ykar

apEs,+€Ew,_2€0'(273.15+T11) '—LWa::O ( 7)

where Es,, Ew., Wz, Ti, and 7k were maintained constant all over the leaf sur-
face. Leaf temperature and transpiration rate were measured with this image
instrumentation system and electric balances (Mettler, Models PK 16 and PL 3000).
The errors in evaluating longwave radiation and boundary layer resistance to heat
transfer were within 1x107* cal-cm™2:s7! and 0.1 s-cm™, respectively. The signals
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detected with these instruments were converted into digital signals and were trans-
mitted to a computer for the image instrumentation system.

Experimental methods. An intact leaf of a test plant grown in a phytotron was
attached to a thick plastic sheet and was placed horizontally on the fixing apparatus in
the chamber. After the plant was sufficiently acclimatized to the new conditions,
exposure to SO: or NO: was carried out for 60 minutes. The changes in leaf tempera-
ture distribution were measured at intervals of 2 minutes during the gas exposure by
using the image instrumentation system, and the measured data were filed on magnetic
tapes. The changes in distributions of stomatal resistance to water vapor diffusion
and integrated SO: or NO: sorption were evaluated from the filed image data of the
leaf temperatures, according to Eqgs. 1 to 6. The visible injury images on the leaf
surfaces were photographed one day later.

RESULTS AND DISCUSSION

Figure 1 shows changes in the distribution of stomatal resistance to water vapor
diffusion on a leaf surface during exposure to ca. 2 volppm SQO.. The stomatal re-
sistances distributed in the range of 0.4 to 1.4s.-cm™ before the start of SO: ex-
posure, began to increase within 5 minutes after the start and reached 0.7 to 3.2
s-cm™* after 60 minutes exposure. From a series of image data, there was an ob-
servable tendency for the stomatal resistance to be great and to increase especially in
the vicinity of veins and leaf edges. Stomatal resistance is generally an indicator of
the degree of stomatal opening and increases at sites of stomatal closure under usual
growing conditions, except in cases of water-soaking and wilting.*!* Figure 2 shows
changes in the distribution of integrated SO. sorption during the exposure and a
photograph (f) taken one day later under lighting. The integrated SO. sorptions
were 0.05 to 0.10x107° g-cm™* after 8 minutes of SO: exposure, 0.31 to 0.50x 107°
g-cm™® after 30 minutes exposure and 0.62 to 1.05x107° g-cm™* after 60 minutes.
Visible injuries progressed successively with water-soaking, wilting, fading of pigments
and necrosis or chlorosis. Water-soaking began to appear slightly at sites of the
smallest stomatal resistance after 60 minutes exposure. However, wilting and fading
of vegetal pigments did not appear during SO: exposure. The injuries in Fig. 2, (f)
which occurred one day later, reached the stage of necrosis and chlorosis. There was
a tendency for the visible injury to occur at sites where the integrated SO. sorption
at the end of 60 minutes exposure was over a threshold value of ca. 0.85x 107% g-cm™.
The differences in stomatal response at local sites were not dependent on those in
the integrated SO. sorption.

Figure 3 shows changes in the distribution of stomatal resistance to water vapor
diffusion on a leaf surface during exposure-to ca. 7 volppm NO.. The stomatal re-
sistances were 0.4 to 1.4 s-cm™! before the start of NO: exposure, began to increase
within a few minutes after the start and reached 4.8 to 17 s-cm™* after 60 minutes ex-
posure. Unlike the phenomena observed during SO. exposure, the sites where increase
of the stomatal resistance was striking could not be specified. Figure 4 shows changes
in the distribution of integrated NO: sorption during the exposure, and a photograph
(f) taken one day later under lighting. The integrated NO: sorptions were 0.08
to 0.14%x107* g-cm™ at -8 ‘minutes exposure, 0.55 to 1.0x107°g-cm™ after 30
minutes exposure and 0.83 to 1.85x 107 g-cm™ after 60 minutes. Visible injuries
progressed successively with water-soaking, wilting, fading of pigments and necrosis
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Fig. 1 Changes in distribution of stomatal resistance to water vapor diffusion on a leaf during
exposure to ca. 2 volppm SOs. (a) to (e) show distribution patterns of the stomatal re-
sistance at given periods of exposure. (f) shows changes with time of maximum (—-—),
minimum (———-— ) and mean (——) stomatal resistances and SO, concentration during
the exposure. Environmental conditions: air temperature, 25.0°C; humidity, 629 RH;

shortwave radiation,

2.37 x 1073 cal.cm—2.571;

longwave radiation, 2.23 x 102 cal-

cm~—2.s7%; illumination, 25 klx; boundary layer resistance to heat transfer, 1.5 s-cm™!.
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Fig. 2 Changes in distribution of integrated SO, sorption during the exposure in Fig. 1 and

visible injury photographed one day later.

(a) to (e) show distribution patterns of the

integrated SO, sorption at given periods of exposure. (f) shows the distribution pattern

of the visible injury.
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Fig. 3 Changes in distribution of stomatal resistance to water vapor diffusion on a leaf during
exposure to ca. 7 volppm NO;. (a) to (e) show distribution patterns of the stomatal re-
sistance at given periods of exposure. (f) shows changes with time of maximum (—-—),
minimum (----—- ) and mean ( ) stomatal resistances and NO; concentration during
the exposure. Environmental conditions were the same as those in Fig. 1.
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(d) 46 min (e) 60 min (f) visible injury
Fig. 4 Changes in distribution of integrated NO, sorption during the exposure in Fig. 3 and
visible injury photographed one day later. (a) to (e) show distribution patterns of the
integrated NO; sorption at given periods of exposure. (f) shows distribution pattern
of the visible injury.

64 (24) Environ. Control in Biol.



or chlorosis in a manner similar to that seen in the images with SO. exposure. Water-
soaking began to appear at the sites with the smallest stomatal resistance after 30
minutes exposure, and saturation occurred at the sites with small stomatal resis-
tances after 40 minutes. It was observed that successive wilting began at the same sites
after 50 minutes. The injuries in Fig. 4, (f) which occurred one day later, reached
the stage of necrosis and chlorosis. There was a tendency for the visible injury to
occur at sites where the integrated NO: sorption at the end of 60 minutes exposure
was over a threshold value of ca. 1.2x107° g-cm™2. The differences in stomatal
response at local sites were not dependent on those in the integrated NO. sorption.

Stomatal responses to SO: or NO. are complex; Several investigators have
shown that the stomatal responses vary with plant species, culture conditions and
gas concentrations.!'™'®  Recently, by using the image instrumentation method,
we have noticed that the stomatal responses to SO: vary at different sites on a leaf,
and that the stomata behaved randomly.>® In the present study, we recognized that
the stomatal response to NO: at local sites is also random. We further noticed that
differences in stomatal response at local sites are not dependent on those in the
integrated SO: or NO: sorption. These results suggest that there are differences in
the stomatal sensitivity to SO: and NO. at local sites on a leaf.

Some investigators have attempted to analyze quantitatively the relationship
between the amount of SO: or NO: sorption and the degree of visible injury from
the standpoint of one leaf or of a whole plant.>'” However, they did not pay atten-
tion to differences in gas sorption and the visible injury at locai sites. It is a charac-
teristic of SO: and NO: visible injuries, which reached the stage of necrosis and
chlorosis, that an injured leaf is generally separated into two areas, a healthy area and
an injured one. In the present study, we examined the relationship between integrated
sorption and visible injury at local sites all over the leaf surface, and showed that
the characteristic injuries were caused by the slight differences in these vicinities of
the threshold value of the integrated sorption.

In the present experiments, differences in the integrated SO: or NO: sorption at
local sites were caused by differences in the stomatal resistance because the boundary
layer resistance was kept constant all over the leaf surface, and the SO: or NO: con-
centration at the gas-liquid interface in the substomatal cavity was assumed to be
zero volppm.'®'®'  Under the usual exposure conditions in the field and growth
chamber, however, the differences in the gas sorption at local sites depend on both
boundary layer and stomatal resistances. Therefore, it can be said that the charac-
teristic injuries of SO. or NO: are caused by differences in the boundary layer and
stomatal resistances at local sites.

‘We sincerely wish to thank Messrs. Naka Ito and Takeshi Yamada of the University of Tsuku-
ba for their assistance in these experiments, and the members of the Engineering Division who
maintained the equipment and cultivated the plants used in the experiments.
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