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ABSTRACT. - A study on variation in energy exchange characteristics and their relation with
total leave dry weight was conducted in sixteen Himalayan tree species grown under identical
natural environmental conditions at 550 m altitude in Central Himalayas. The study revealed a
highly positive correlation in all the species between the total energy absorbed by their leaves
and leaf dry weight, which is directly correlated with total plant biomass. Therefore, the pos-
sibility of using leaf energy exchange characteristics as a means of predlctmg the biomass pro-

duction potential is proposed.

tial.
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INTRODUCTION

The use of renewable energy sources is
becoming increasingly necessary, if we are to
achieve the changes required to address the

impacts of global climatic changes. Biomass has-

acquired considerable importance as a potential
renewable source of energy (Coum & OVEREN
2001, Hiroyuxi 2001, Kavcusuz 2002, McKENDRY
2002, Suro 2002). It is an important contributor
to the world economy. Agriculture and forest
product industries provide food, feed, fiber, and a
wide range of necessary products like shelter,
packaging, clothing, and communications. Bio-
mass is also a source of a large variety of chemi-
cals and materials, and of electricity and fuels.
The screening of plant species is under way to
identify the most promising energy source for bio-
mass production. However, the methodologies
involved are either destructive sampling involving
the whole harvest of the plant, or they are time

consuming (e.g., growth stﬁdies). There is a need

'to elaborate methods offering instant results from

measurement in intact systems. Therefore, an
attempt has been made to find out if the energy
exchange characteristics of the leaves can be used
to predict the biomass production potennal of a
species.

MATERIAL AND METHODS
PLANT MATERIAL AND EXPERIMENTAL SETUP

Seeds of different species were collected from
their natural habitats in the Central Himalayas and were
sown in styrofoam seedling trays (Table 1). Sixty days,
old, the uniform seedlings were transplanted in earthen
pots (30 cm diameter and 30 cm height) containing a
1:1:1 mixture of farmyard manure, sand and soil. Three
sets (fifteen pots in each set) of each species were kept
under natural environmental conditions at the experi-
mental garden of High Altitude Plant Physiology
Research Center at Srinagar Garhwal, (located between
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30°-31° North and 78°-78°48 East at an elevation of
550 m above mean sea level) UP, India. Pots were irri-

gated twice a day to maintain soil moisture (23-25%).
After nine months acclimatization of the seedlings, five

plants of each species from each set were used for the -

observations on leaf energy exchange and dry weights
during the month of April. The experiment was repeat-
ed two more times on the rest of the plants during the
following months (i.e., in May and June) (Fig.1).

TaBLE 1 -

Description of natural habitats of different cen-
_tral Himalayan tree species used for study

Tree Species Habitat

Aesculus indica Colebr. Temperate/deciduous
Bauhinia purpurea Linn, Tropical/evergreen
Bauhinia retusa Roxb. Tropical/evergreen
Betula utilis Don Temperate/deciduous
Boehmeria rugulosa Wedd. Tropical/evergreen
Celtis australis L. Tropical/deciduous
Dalbergia sissoo Roxb. Tropical/deciduous
Eugenia jambolana Lam. Tropical/evergreen
Ficus cunia Buch.-Ham. Tropical/evergreen

F. glomerata Roxb. Tropical/evergreen
F. racemosa Roxb. Tropical/deciduous
Oléa glandulifera Wall. ex Don | Tropical/evergreen
Ogeinia dalbergioides Benth. Tropical/deciduous
Prunus cerasoides Don Tropical/deciduous
Sapium. sebiferum Roxb. Tropical/deciduous
Toona ciliata Roen. " Tropical/decidious

“Total Number of plants

per specles
“e)
First set of ptants Secand set of plants Third eet of plante
{15 plants) " {15 planis} (15 plants)
Aprll May June April May June | .-Aprl May June
(6planis) | (Splante) | (5pjants) | (6pants) | {Splanis) | (5 (5 planis) | (5 planis) | (5 pjants)
il il | ol I el

15 plants

FiG. 1. — Experimental setup for sixteen Himalayan
tree species used for the study.

RECORDING OF ENERGY EXCHANGE PARAMETERS

After nine months of acclimatization of the
seedlings, intact leaves were mounted in the cuvette of
a Portable Steady state Porometer (Li-Cor Ltd.,
U.S.A. ; Model, LI-1600) with Quantum sensor (Model
1i-190s-1) attached to it, parallel with the leaf surface.
Rate of transpiration (Mg cm? sec™), air temperature (°C)
and leaf temperature (°C) were recorded simultaneous-
ly using the porometer. Observations were made on the
upper and lower surfaces of ten fully developed healthy
leaves of each plant of each species from top to bottom
during morning hours. On the basis of these observa-
tions leaf to air surface temperature difference (d7) and
upper to lower leaf surface difference (dT)) were calcu-
lated.

LEAF WEIGHT MEASUREMENT

After the energy exchange parameters were
recorded in all ten leaves of a particular plant, all the
leaves were properly marked and were harvested for
dry weight measurement. After harvesting the leaves,
the fresh weight of the individual leaves was measured
and the dry weight was recorded after drying the leaves
at 80°C for 48 hours. Percent leaf dry weight content
was calculated following Evans (1972).

COMPUTATION OF ENERGY EXCHANGE PARAMETERS

Energy exchange parameters (W m?®) were moni-
tored and calculated by the following equation (PuroHIT
& Dnyani 1988) :

Qn = Qr + Ql+ Q-: + len-+ le (1)

where O, is the energy lost by the re-radiation, @, the
energy lost by transpiration, Q. is the energy lost or
gained by the convection of heat, Oy, is the energy lost
or gained by boundary layer thermal conduction and Ou
is the energy lost by thermal conduction across leaf sus-
faces. The different parameters of this equation were
calculated as follows :

Energy lost by re-radiation (Q,, W m?) was calcu-
lated by the following equation (Gares 1980):

Q=e0 (D) @

where € is the emmissivity constant for the green leaf
(0.98, Gates 1980), 0 is the Stefan-Boltzman coefficient
(5.67 X 108 W m2 K) and 7, is the leaf temperature in
°K. .

Energy lost by transpiration (0, W m?) was cal-
culated by the following formula (Gares 1980, NossL
1983):
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QI =Trx anp (3)

where 7r is the transpiration rate (kg m? sec') and H.,,
is the heat of vaporization of water (J kg) at the tem-
perature of leaf.

Energy lost by convection (Q., W m?) of heat was
calculated by the following equation (GATES & JANKE
1966, KNoERR & Gay 1965) :

Qc=h. (T, - ) =h, (d7) @

where h.= 0.00586 (d7/D)", is the convection coeffi-
cient in W m? °C, 7, and T, are the temperatures of leaf
and air respectively in °C (dT) and D is the characteris-
tic dimension of the leaf (i.e., leaf width).

Energy lost or gained by the boundary layer ther-
mal conduction (Qg., W m?) was calculated by the fol-
lowing equation (DHYANI et al. 1986) :

O = e ©)

where dT,, is the temperature difference between the
* leaf surface and the boundary layer in °C and rh, is the
boundary layer thermal resistance in W m? °C-',
Boundary layer thermal resistance was calculated
as:
rh., = 7%:——
where d, is the boundary layer thickness (0.13 cm for
broad leaved plants, Dryan et al. 1986) and %, is the
thermal conductivity coefficient of air in W m' °C* at
the temperature of the air.
Energy lost by conduction across leaf surfaces
(Qy, W m? was calculated by the following equation
(Dnyani et al. 1986) :

_ .47 -
Ou= ) 4 (6
where d7, is the temperature difference between the two

surfaces of a leaf (°C) and r#, is the leaf thermal resis-
tance in W m? °C.

Leaf thermal resistance can be calculated as :

|
r/z.:——
g

where d, is the thickness of the leaf and kh is the ther-
mal conductivity of the leaf in W m?°C"' (MONTEITH
1981). Pearson’s correlation and regression analyses
were performed to assess the relation between studied
traits, using the SYSTAT software package (SYSTAT
Inc., Evanston, IL).

RESULTS AND DISCUSSION

A description of the natural habitats of the
different Central Himalayan tree species used in
this study is given in Table 1. The average values
and variations in environmental temperature at the
experimental site during the months of observa-
tions are given in Table 2. Air temperature ranged’
from 22.08 °C to 38.40 °C with minimum around
morning hours in April and maximum around
noon hours in May. .

Diurnal variation in leaf temperature (T7),

leaf to air temperature difference (d7), upper to

lower leaf surface temperature difference (dT;)
and transpiration (Tr) of different species are
shown in Table 3. Leaf temperature is considered
as an important factor to determine the energy
budget of a leaf and the extent of variations has
been reported. to be species dependent (LANGE
1965, PurontT et al. 1983, Yarwoop 1961). It was
interesting to mote that all the studied species
maintained their leaf temperature below the tem-
perature of the surrounding air throughout the day
during the months of April, May and June, which
reflects the adaptation potential of these species to
a warmer environment. Average leaf temperature
ranged from 29.54 °C (Toorna ciliata) to 32.46 °C

TaBLE 2
Variations in air temperature, T, (°C) at the experimental site during the experimental period
Solar time (hours)
6:00 9:00 12:00 15:00 18:00
April 22,08+ 0.98 24.80 = 0.55 31.54+0.83 30.39 =047 28.91+ 0.85
May 27.28 + 0.31 37.28 £ 091 38.40 £ 3.35 37.40 = 048 32.38 = 1.03
June 28.16'+ 0.46 36.24 £ 0.73 37.93 + 0.66 35.00 % 0.58 31.90 = 0.78
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. TABLE 3

Variation in leaf temperature (T)), leaf to air temperature difference (dT), upper to lower leaf surface
temperature difference (dT;) and leaf surface transpiration rate (Tt) in different central Himalaya tree
species used for study. Each value in the table is the mean of three months (April, May and June)

Tree species T dar dT, Tr
)] °C O (°C) (ng cm?sec™)
Aesculus indica Colebr. 32.29 -0.72 0.59 2.64
Bauhinia purpurea Linn. 31.64 -0.59 0.57 1.98
Bauhinia retusa Roxb. 32.06 -0.64 0.43 2.49
Betula utilis Don ' 3246 -0.74 0.63 2.70
Boehmeria rugulosa Wedd. 30.55 -0.46 0.39 175
Celtis australis L. 31.81 -0.62 0.55 -2.39
.Dalbergia sissoo Roxb. 29.65 . -042 0.42 1.55
Eugenia jambolana Lam. 32.28 -0.68 0.58 2.58
Ficus cunia Buch.-Ham. 31.02 -0.51 - 042 1.89
F. glomerata Roxb. : 30.00 -0.45 -0.38 1.73
F. racemosa Roxb. 31.79 -0.61 0.54 2.12
Olea glandulifera Wall.ex Don 31.73 -0.57 0.42 2.04
Ogeinia dalbergioides Benth. 31.76 -0.58 047 2.12
Prunus cerasoides Don 29.89 -0.43 0.37 1.59
Sapium sebiferum Roxb. 30.56 -0.49 041 1.76
Toona. ciliata Roem. 29.54 -0.41 033 1.54

(Betula utilis). A positive correlation was
observed between leaf to air temperature differ-
ence (d7) and rate of transpiration (7¥). Species
showing higher dT also showed higher rate of
transpiration. Leaf to air temperature difference
(dT) and Tr were observed to be highest in

Aesculus indica (-0.72 and 2.64, respectively) and

lowest in Toona cilliata (-0.41 and 1.54, respec-
tively). Duyant et al. (1986) have also reported
. 20.04 °C to -0.7 °C in'leaf to air temperature dif-
ference in some Himalayan trees and herbs at dif-
ferent altitudes. However, these differences
observed in Himalayan species are not as sharp as
those reported earlier by other workers in other
parts of the world (LARCHER & WAGNER 1976). The
difference could be due to the differences in orig-
inal habitats of the plants or different genetic
background of the species in those areas.

Since leaf length, width, area and thickness
are influenced to a great extent by the environ-
ment in which a plant grows (KO6RNER &
CocHRANE 1983), the temperature of the lower and
upper leaf surface varies considerably. Conse-
quently, the conduction energy across the two leaf
surfaces has a significant effect on the status of
the internal energy budget, which affects the

metabolic activity and finally also the survival and
productivity of the leaf. Higher temperature dif-
ference between the two leaf surfaces causes
higher energy flow, which provides more energy
for metabolic activities inside the leaf. In the pre-
sent study, the temperature difference between
upper to lower leaf surfaces ranged between 0.35
°C (Toona cilliata) to 0.63 °C (Betula utilis),
which can be considered faitly large as compared
to a 0.1 °C difference causing considerable-
change in the thermal gradient, heterogeneity and
heat transfer in leaves as reported earlier by
PerrIER (1971).

A plant in its natural environment receives
energy from the sun in the form of radiation and
also as thermal infrared radiation from the sur-
rounding surface, as well as from atmosphere.
The major loss of heat energy from leaf is through
re-radiation, convection and latent heat exchange
through transpiration (CHANDRA 1992). Under
conditions of low incident radiation, leaves can
gain energy through convection, if leaf tempera-
ture is lower than the surrounding air temperature,
or through latent heat condensation if leaf temper-
ature falls below the dew-point temperature.
Changes in energy storage and in flow of heat
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energy inside the leaf from one surface to the
other (i.e., conduction, which includes metabolic
balances inside the leaf) are considered minor
components in the leaf energy balance. Since they
usually represent less than 5% of the combined
convective latent heat loss, these terms have been
neglected in most of the energy balance computa-
tions (Gares & ScnMmirL 1975). These authors
assumed both surfaces of plant leaf at the same
temperature and therefore considered negligible
amount of heat energy flow through conduction of
heat inside the leaf. However, NoseL (1983)
reported considerable differences in the leaf tem-
perature across the leaf sufaces in the leaves of
some succulent plants. Significant differences in
leaf temperature across the leaf surfaces (0.05 -
0.70 °C) in some mountain plants species were
also reported by PuroHiT & Duyani (1988). These
authors reported a significant relationship
" between conduction and metabolic energy and the
total heat energy absorption potential of plants.
Therefore, they modified the theoretical model of
leaf energy balance and incorporated an addition-
al parameter of energy flow (which includes all
the metabolic process inside the leaf) across the

leaf surfaces in theoretical model of Gares (1980).
Subsequently, PuroHIT & Dnyant (1988) assessed
the significance of conduction energy in terms of
adaptation and survival potential of tropical
broadleaved mountain plant species. However,
these authors did not describe significant relation-
ship between energy exchange characteristics and
biomass production potential of the leaf. In the
present study an effort was made to correlate
energy exchange characteristics with biomass
production potential in Himalayan tree species.
Average values of leaf energy exchange parame-
ters of sixteen Himalayan tree species are shown
inTable 4, which shows that total energy absorbed
by the leaves was lost by re-radiation, transpira-
tion and thermal conductance across leaf surfaces.
In all the species it was observed that leaves
gained energy by convection of heat as well as by
boundary layer thermal conduction, which is basi-
cally due to lower leaf temperature than that of the

“surrounding air. The lower leaf temperature and

the negative convection as well as conduction
energy will help these plant species to survive
under considerable air thermal load by cooling
down the surrounding air and by reducing the sur-

TABLE 4

Average values of energy exchange parameters and percent leaf dry weight in
different tree species of Central Himalayas grown at 550 m altitude.
Q. energy lost by re-radiation; Q, energy lost by transpiration; Q,, energy gained (-) by
convection: of heat; Qq,, energy gained (-) by boundary layer thermal conduction; Q,, energy lost by
thermal conduction across two leaf surfaces; Q,, total leaf energy absorption; LDW, leaf dry weight

Tree species o o o Q. O On O LDW(%)
Aesculus indica Colebr. 564.55 16.74 -1.03 -3.24 2.32 579.34 54.12
Bauhinia purpurea Linn. 481.29 13.47 -0.92 -2.62 1.23 49245 48.74
Bauthinia retusa Roxb. 1550.25 15.94 -2.13 -3.46 2.13 562.73 52.86
Betula utilis Don 569.03 18.72 -242 | -498 '2.47 582.82 64.21
Boehmeria rugulosa Wedd. 463.45 10.24 -0.98 -4.61 1.36 469.46 47.12
Celtis australis L. 540.14 16.32 -2.31 -5.12 2.34 551.37 52.34
Dalbergia sissoo Roxb. 420.97 13.82 -0.89 -2.63 0.98 432.25 43.96
Eugenia jambolana Lam. 553.89 15.27 -1.45 -1.89 142 567.24 53.21
Ficus cunia Buch.-Ham. 479.26 14.64 -1.82 | .-2.13 131 491.26 48.32.
F. glomerata Roxb. 448.72 15.28 -1.76 -1.68 216 | 46272 44.76
F. racemosa Roxb. 530.20 15.86 +2.32 274 | 1.64 542.64 51.28
Olea glandulifera Wall.ex Don | 504.44 16.24 -1.98 -4.36 1.93 516.27 50.94
Ogeinia dalbergioides Benth. | 518.96 16.67 -2.21 -3.98 1.87 531.31 50.97
Prunus cerasoides Don © | 427.16 14.63 -1.16 -3.23 0.96 438.36 44.12
Sapium sebiferum Roxb. 478.47 1546 | -1.37 -3.41 1.13 490.28 48.12
Toona ciliata Roem. 401.62 13.18 -0.98 -2.98 1.41 412.25 38.97
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face evaporation under their canopies and main-
tain relatively higher soil moisture content.
Similar advantages of lower leaf temperature as
compared to the surrounding air have been report-
ed earlier by Duyant & PuroHIT (1983, 1984) and
by Duvani et al. (1986).

Plant survival, growth and productivity have
been reported to be intimately coupled with the
aerial environment through processes such as heat
energy exchange, loss of water vapour in transpi-
ration and uptake of carbon dioxide in photosyn-
thesis (Frrrer & Hay 1987, Jarvis et al. 1988,
STouTIESDUK & BARKMAN 1992, Hikosaka 1996,
KOSTNER et. al. 2002). The water vapour exchange
rate affects the energy budget and the temperature
of a leaf and, consequently, the physiology of the
whole plant (GATES & ScHMERL 1975, CHANDRA &
Duyant 1997, BErtamiNt & NEDUNCHEZHIAN 2002,
Hieke et al, 2002). This water vapour exchange

rate is influenced by the leaf temperature, which
in turn is determined by the energy absorbed, air -

temperature, wind and leaf diffusion resistance
(HaLL & BiorkMaN 1975). Most of these parame-
_ ters have been found to be correlated with the leaf
dimension (TayLor 1975). However, there is inad-
equate information concerning the magnitude of
changes in leaf energy exchange characteristics in
relation to biomass production potential. The
most important aspect of this experiment was to
explore the possibilities of using .the described
and calculated energy exchange parameters as
indicators of biomass production potential of a
particular species. Average values of percent leaf
dry weight of the different species are shown in
Table 5. Species that absorbed more energy (Qs)
than others exhibited a higher leaf dry weight. A
highly significant positive correlation (r= 0.826,

P < 0.01) was observed between total energy

absorbed by the leaves of different species and
‘their leaf dry weights. The regression equation
worked out on the basis of this relationship and
the regression line, taking dry weight as the
dependent variable and energy absorbed by leaves
as the independent variable, are shown in Fig. 2.
A highly significant positive -correlation (r =
0.779, P < 0.005) between percent leaf dry weight
and total plant biomass has already been reported
by TuapLivaL et al. (1986). Those species that

{ ]
60
e
K s0- N ’._”___‘__-.—».‘/f.’-l a8 ©®
z __‘_Q_./‘" -
.g 404 &
z
230"
0
S0 | y=0094x+192
R? = 0.82
10 1
0+ + + +
400, 450 500 550 600

absorbed mote energy than others may be potential

species for biomass production. These results open
the possibility for using energy exchange charac-
teristics of leaves to assess the biomass produc-
tion potential of the species in an intact system.

70

Energy absorbed by leaf (W m*)

Fic. 2. — Relationship between energy absorbed by
leaf and percent leaf dry weight.
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