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Abstract

Characteristics of leaf morphology and water relations were examined and compar-
ed for the leaves of Fucalyptus grobulus which shows continuous changes of leaf form
from oval in the current sprouts to lanceolate in the normally grown shoots. With the
changes of leaf form, several anatomical features were observed to change continuous-
ly. The normal leaves had long petioles and showed some ‘sun leaf’ characteristics, i.
e, three or four layers of mesophyll palisade cells, small specific leaf area, dense
venation, and low air space ratio. On the other hand, the current sprout leaves showed
the ‘shade leaf’ characteristics. On the abaxial surface of the current sprout leaves,
smaller stomata in high frequency compared to those of normal leaves were observed.
No stomata was observed on the adaxial surface of the sprouts leaves although there
was about a frequency of 60% of abaxial stomata in the normal leaves. Water relation
parameters obtained by the pressure-volume curve technique suggested that the sprout
leaves were inferior in maintaining cell turgor against water loss compared to the
normal leaves. Under field conditions, transpiration rates and stomatal conductances
were higher in the sprout leaves, while leaf water potentials were almost the same in
both the sprout and the normal leaves. The leaf specific conductance of tree bole
supporting unit leaf area, calculated from the relationship between leaf water poten-
tials and transpiration rates, was higher in sprouts. It was concluded that the sprout
leaves, which have a lower-light efficient morphology and a smaller content of osmotic
water, maintain the high stomatal conductance supported by a high leaf specific
conductance.

1. Introduction

Many hardwood species sprout when the tree bole is injured or cut down. It has been
reported that sprouts grow faster than seedlings (Blake, 1980)Ito et al. 1989) and have

R W R =2 ) FOWFREOBM S & UURS
** Research Institute of University Forests, Faculty of Agriculture, Kyushu University, Fukuoka812
FUINK 3 F SR TR B
*** Department of Forestry, Faculty of Agriculture, Kyushu University, Fukuoka 812
PRI NG St s



38

been utilized in the practical management of fuel wood forests over a long period. It
is also known that sprout leaves in many species have some juvenile morphology and
we can expect a physiological defference among those leaves varying morphologically.
Blake(1980) reported that coppice leaves of Eucalypius camaldulensis following decapi-
tation of stem showed a higher transpiration rate and lower stomatal resistance in
relation to increased stomatal frequency and length. Ito and Suzaki(1989) obtained
similar results in experiments carried out with sprouts and seedlings established after
a clear-cut of Pasania edulis forests. While the higher leaf conductance of sprout
leaves may explain the faster growth of sprouts, it is important to evaluate the
mechanism which maintains this higher leaf conductance in order to discuss the
superiority of sprouts from the view point of water relations.

In this paper we have investigated the morphological changes of leaves induced by
sprouting in relation to the water relations characteristics in Eucalyptus grobulus which
is known for conspicuous changes of leaf form.

2. Materials and methods

2.1. Plant material

Materials were taken at a height of 6m from the sunny crown of Eucalyptus grobulus
{12m in height, 56cm in diameter at breast height) grown under field conditions at the
nursery of Kyushu University, located in southwestern Japan. Measurements were
made for three categories of shoots; current sprouts, 1-year-aged sprouts and normally
grown shoots (Fig.1).

2.2. Leaf morphology

To analyze the change of leaf form, blade length, blade width, length of a petiole,
leaf area and leaf dry weight (85C°, 48hr) were measured for fully expanded leaves
sampled from three or more shoots of each category. Stomatal frequency and dimen-
sion were also examined for both abaxial and adaxial leaf surfaces using transparent
replicas. Measurements of stomatal frequency and demension were made on a projec-
tion microscope at 100 magnification for three locations; adjacent to the midrib,
midway between the midrib and leaf margin, and near the leaf margin, from six or
more leaves from each category. For anatomical investigations, three or four trans-
verse leaf sections (10 micrometer) were taken from the above three shoot categories,
and numbers of layers of the mesophyll palisade cells were counted. The air space ratio
was determined from the ratio occupied by the air space on photographs taken at 20
magnification. Photographs of vein patterns were taken directly at 9 magnification by
permeating the light through the leaves mounted on the stage of a microscope. The
vein ratio was determined from the ratio of the area occupied by venation on the
photographs for 8 leaves of each category of shoots.
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Fig.l  Schematic drawings of the sample tree used in this study.

2.3. Water relation chracteristics of leaves

Water relation parameters were measured by a pressure chamber (Daiki CoLtd.) for
fully expanded leaves of the current sprouts and the normal shoots in June in 1989 by
using the pressure-volume curve technique(Scholander et al.,, 1965)(Tyree and Hammel,
1972). Parameters measured were as follows; osmotic potential at water satura-
tion( Wosal), pressure potential at the turgor loss point(¥, ,), relative water content at
the turgor loss point (Ruwe,,,), water content at water saturation( Ws), symplastic water
content at water saturation( Vo), maximum elastic modulus(en.x){Cheung et al., 1975).

2.4. Diurnal changes of leaf water potential, transpiration rate and stomatal
conductance
Diurnal changes of transpiration rates, stomatal conductances and leaf water
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potentials of leaves were measured at the sunny crown on October 10 in 1989.
Measurements were made from 05:00 to 20:00 at 1 or 3 hours interval. Transpiration
rates and stomatal conductances were measured on the abaxial surface using a steady
-state porometer (Li-Cor, Li-1600). There were four replications for each shoot
category in each measurement. Transpiration rates per unit leaf area were calculated
by total leaf conductances and the vaper pressure difference. Total leaf conductances
were estimated by the relationship between the conductnce of abaxial and adaxial
surfaces, where following equations (1) and (2) were fitted by using the least square
method for 1-year-aged sprout and normal leaves, respectively (statistically signifi-
cant at 0.195 level) :

Caa = 111324, (r=0.990), L

Caa = 0.683g:,"%"  (r=0.951), 2)
where gq, and g.a are the conductance of abaxial and adaxial surface, respectively.

(em)
157
10} ) (

Normal shoot

0adl()

l-year-aged shoot after sprouting

Current sprout

<y

<D

BASE € ¥ APEX

Fig.2 Schematic drawings showing the change of leaf
form induced by sprouting in Eucalyptus
grobulus.
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The adaxial conductance of currnet sprout leaves was assumed to be constant
(unpublished data). Leaf water potentials were measured for one or two leaves in each
measurement using a pressure chamber (Daiki Coltd.). Diurnal changes of photosynth-
etic photon flux density (PPFD), air temperature and relative humidity were also
measured.

3. Results

3.1. Leaf morphology
As shown in Fig.2, leaf forms of current sprout leaves were oval and those of normal
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Fig.3.(a)-(c).  Changes of leaf dimensions along the leaf insertion
induced by sprouting in Eucalyptus grobulus. a) blade
length, b) blade width, and ¢) blade length per blade
width. Large open circles and dotted lines, curennt
sprouts ; small open circles and dashed lines, I-year
~aged sprouts ; closed circles and solid lines, normal
shoots. The circles linked by a line indicate the
leaves on the same shoot. Positions without cirlces in
the figure were decied by leaf scars.
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leaves were lanceolate (Some of them can be described as ‘falcate’, but in this paper
we only use the term ‘lanceolate’). In the l-year-aged sprouts leave showed a
continuous change of leaf form from ovate to lanceolate along the acropetal leaf
insertion. It is, therefore, necessaty to recognize the ontogenetic change of leaf form
from current sprouts to normal shoots. The changes in leaf dimensions along the leaf
insertion are shown in Fig.3. Length (Fig.3 (a)) and width (Fig.3 (b)) of leaf blade
fluctuated widely and showed no significant defference in the shoot categories.
However a leaf form index, i.e., a ratio of blade length to blade width (Fig.3 (c)) showed
a certain trend to increase in the range of 1 to 2 in the current sprouts and 2 to 6 in
the 1-year-aged sprouts, respectively, and ranged from 5 to 8 in the normal shoots. As
this simple index of leaf form may indicate the change of leaf form from the current
sprouts to the normal shoots, we have shown the leaf morphology and anatomy along
the axis of this index.

Petiole length of leaves was shorter in the current sprouts compared to the normal
leaves and tended to increase with the change of leaf form (Fig.4 (a)). Specific leaf area
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Figd.(a)-(b). Changes of leaf petiole length(a) and specific leaf
area(b) with the change of the leaf form induced by
sprouting in Eucalyptus grobulus. Symbols are the
same as in Fig.J.



JUKEHR 63, 1990 43

Fig.5.(a)-{f). Leaf surface views and leaf transverse sections of the current
sprouts(a, d), 1-year-aged sprouts(b, e) and normal shoots(c, f)
of Eucalyptus grobulus.

was larger in the current sprout leaves than in the normal shoots.

Fig.5 (a)-(c) shows some examples of the venation patterns of each category. The
vein ratio showed lower values in the current sprout leaves and a tendency to increase
to the normal leaves (Fig.(6)). Fig.5 (d)-(f) shows examples of leaf transverse sections.
Mesophyll palisade cells were observed in one layer in the current sprout leaves, one
to two layers in the 1-year-aged sprout leaves and three to four layers in the normal
leaves, respectively. The air space ratio showed a tendency to decrease from the
currnet sprouts to the normal shoots (Fig.6 (b)). Fig.7 and Fig.8 show stomatal fre-
quency and guard cell length, respectively. On the adaxial surface stomatal frequency
was higher in the normal leaves, but no stomata was observed in the current sprout
leaves. In the 1-year-aged sprout leaves, a few stomata were observed only adjacent
to the midrib, and stomatal frequency showed a tendency to decrease when leaf forms
resembled those of the current sprouts. Guard cell length obtained here, which were
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Fig.6.(a)-(b). Changes of the vein ratio(a) and the air space
ratio(h) with the change of leaf form induced by
sprouting in Eucalyptus grobulus. Symbols are the
same as in Fig.3.

somewhat shorter than those of same species reported by Pereira and Kozlowski(1976)
and Ridge et al.(1980), were greater in the normal shoots than in the current sprouts on
both abaxial and adaxial surfaces. Blake(1980) showed that both stomatal frequency
and guard cell length were greater in coppice shoots than in normal seedlings on both
surfaces of the leaves of E. camaldulensis. We also observed the similar trends as in
Blake(1980) in several Eucalyptus spp.(data not shown), However, the comparison of
the stomatal frequency and dimesion between the sprouts and the normal shoots of £.
grobulus in this study indicated quite abnormal trends, i.e., smaller stomata on the
abaxial surface and smaller stomata in low frequency on the adaxial surface of the
sprouts leaves. Nevertheless, Pereira and Kozlowski(1976) reported that seedlings of £.
grobulus have no stomata on the adaxial surface. Their observations suggest that
changes of stomatal frequency on the adaxial surface induced by sprouting observed
in this study indicate ‘rejuvenated leaf’ characteristics of the sprout leaves in spite of
the peculiarity of response to sprouting in E. grobulus compared to the other Fucalyp-
tus spp.

As shown in Table 1, where morphological characteristics of leaves were summar-
ized for three categories, the morphology of leaves of sprouts was characterized by
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Fig.7 Changes of stomatal frequency on the abaxial and adaxial surfaces with the
change of the leaf form induced by sprouting in Eucaelyptus grobulus. Symbols and
lines are the same as in Fig.3.
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Fig.8 Changes of guard cell length on the abaxial and adaxial surfaces wih the change
of the leaf form induced by sprouting in Eucalyptus grobulus. Symbols and lines
are the same sa in Fig.3.

that of ‘shade leaf’, i.e., higher specific leaf area and the vein ratio, fewer layers of
mesophyll palisade cells and a higher air sapce ratio (Fitter and Hay, 1981)(Eschrich et
al., 1989).

3.2. Water relation characteristics of leaves
Water relation parameters of leaves of current sprouts and normal shoots are
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Table 1 Morphological characteristics of the leaves of normal shoots and oprouts in Eucalyptus globulus.

Frequency of Length of guard
L/WY  Lp SLA Vein ratio Air space stomata (per mm?) cell (M)

(mm/mm) (mm) (Mm*/kg) (%) ratio (%)

abaxial adaxial abaxial adaxial

6,329 153 3.96 17.39 10.16 7271 4413 26.83  17.39

Normal shoot

0.74 3.0 0.72 1.40 1.79 7.20 290 1231 1218
1-year-aged shoot agter 2,97 10.0 7.24 10.96 21.13 184,64 1003 1807 1590
sprouting 1.31 7.8 0.93 2.37 2.61 4399 1498 4.25 8.82
Current sprout 1.41 0.0 9.74 9.29 25.28 257.87 000 9.25 %
0.27 0.0 1.47 1.11 4.43 27.24 0.00 1.91

B L, W, Lp indicate length, width of the leaf blable and length of the petiole, respectively.
# Upper and lower values indicate means and standard deviations, respectively.

Table 2 Water relation parameters of leaves of normal shoots and sprouts in Eucalyptus globulus.

o satt Wip Rwe,up Ws/Dw Yo/Ws Vo/La Empx

(MPa) (MPa) (%) (%) (%) (kg/m?) (MPa)
Normal shoot -1.22(0.067)*  -1.44(0.065) 0.872(0.015)  1.80(0.204)  0.851(0.040)  0.388(0.063) 11.54(1.179)
Current sprout -1.19(0.118) -1.38(0.095) 0‘920(0.()07) 2.18(0.417)  0.596(0.112)  0.133(0.031)  15.48(5.478)
Significance level? N.S. N.S. 0.5% N.S. 1% 0.2% N.S.

D a,08motic potential at water saturation ; Wiy, leaf water potential at the turgor loss point ; Rwe,u,,
relative water content at the turgor loss point ; Ws, water content at water saturation ; Vo, symplastic water
content at water saturation : La, leaf area ; enx, maximum elastic modulus. Vo/La (kg/m?) were calculated
by using mean values of specific leaf area of each shoot(Table 1).

» Values in parentheses show standard deviations.

» Results of t-test. N.S. means no significance at 5% level.

shown in Table 2. Although both ¥, and ¥, were relatively higher in both shoots
than those reported in other hardwood species (Hinckley et al.,, 1978), these parameters
of the current sprout leaves were slightly higher (not significant) than those of normal
leaves. Rwe, u, and Ws/Dw were greater in the current sprouts leaves than in the
normal leaves, and the relative content of symplastic water (Vo/ Ws) was greater in
the normal leaves. Symplastic water content per unit leaf area (Vo/La), calculated
from the parameters in Table 2 and mean SLA, was far greater in the normal leaves.
emax Was slightly larger in the current sprouts leaves, but fluctuated widely in both
leaves.

From these results, it is suggested that sprout leaves were inferior to normal leaves
in maintaining cell turgor against the water loss of leaves. These characteristics of
sprout leaves were consistent with the results of Ito and Suzaki(1988) who made a
comparison between leaves of mature trees and sprouts of Pasania edulis established
after clear-cutting.
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3.3. Diurnal changes of leaf water potential, transpiration rate and stomatal
conductance
Fig.9 shows the diurnal changes of transpiration rates, stomatal conductances of
abaxial surface, leaf water potentials and meteorological factors. Leaf water potentials
showed similar trends in all shoots early in the morning, and slightly lower values in
the sprouts from 10:00 to 16:00. Transpiration rates were generally highest in the
current sprouts leaves and lowest in the normal leaves from 05:00 to 15:00, but from 16:
00 they fluctuated largely because of self-shading by other branches. Similar changes
were measured in stomatal conductances. In current sprout leaves, an early abrupt
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Fig.9 Diurnal changes of leaf water potentials(¥1), transpiration rates(Trs,) and
stomatal conductances(g.,) in current sprouts, 1-year-aged sprouts and nor-
mal shoots of Eucalyptus grobuius. Symbols and lines are the same as in Fig.
3. Bars indicate standard deviations,
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¥ (MPa)

T r {(mmol-m~2+57%)

Figl0 Relationships of the leaf water potentials(¥1) and the tran-
spiration rates(Tr) in current sprouts, 1-year-aged sprouts
and normal shoots of Eucalyptus grobulus. Symbols and lines
are the same as in Fig.3.

Table 3 Leaf specific conductance form the soil to the leaf of normal and
coppice shoots in Eucalyptus globulus.

leaf specific conductance
(mmol * m~?+ s » MPa~!)

Normal shoot 0.366
1-year-aged shoot after sprouting 0.412
Current sprout 0.690

increase of the stomatal cunductance was observed in the morning.

Assuming that water loss from leaves and the inflow to leaves balanced each other
when measurements were made, we can calculate the leaf specific resistance of the
plant parts supporting the unit leaf area from transpiration rates and leaf water
potentials. Fig.10 shows the relationship between the transpiration rates and leaf water
potentials of each shoot category. The intercepts of lines are considered to indicate
base points of leaf water potentials, and those of each shoot category showed almost
the same values around -0.38 MPa. The leaf specific resistance are given as the slopes
of lines. Leaf specific conductance(LSC’), the inverse value of the leaf specific resis-
tance, of each shoot category is shown in Table 3. LSC’ was higher in the sprouts than
in the normal shoots.
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Discussion

Leaf morphology affects photosynthesis in four main ways; light interception,
temperature regulation, water balance and CO, diffusion (Fitter and Hay, 1981). We
investigated the morphology and water relations of sprouts and normal shoots of E.
grobulus in order to clear the mechanism to maintain high stomatal conductance in
sprout leaves, and observed great differences between them.

Qur results suggested that the normal leaves are inefficient in the diffusion of CO,
because of the low air space ratio (Fitter and Hay, 1981), but photosynthetically more
efficient at high light intensity because of the thick palisade tissue (Terashima and
Saeki, 1983). Moreover, the high vein ratio suggests an advantage in supplying water
to mesophyll cells. On the other hand, sprout leaves were supposed to be efficient at
low light intensity and inefficient in the supply of water to mesophyll cells. Generally
under natural conditions, epicormic branches flushed from a tree bole are considered
to be located at the lower position, i.e., lower light intensity, than the original crown
top. Thus, the sprout leaves which have efficient morphology at lower light intensity
would adjust to such a light-stressed environment.

From the view point of water relations, these leaf morphology of sprouts may affect
the water relation parameters which influence the water barance and producticity of
the plant. The sprout leaves which have low Vo/La may be less effective as a buffer
and apt to reduce stomatal conductance with transpirational water loss, despite their
high relative water content (Tabel 2) because of the following reasons.

The water balance of leaves should be determined by the relationship between the
rate of transpirational water loss and inflow rates into leaves. In recent studies, the
delayed sap flow at the beginning of transpiration in leaves has heen observed and
discussed as a capacitance or buffering function of transpirational water loss (e.g,,
Schulze et al.,, 1985)(Kitano and Eguchi, 1989)(Milne, 1989). The delay of sap flow may
be caused by both the resistance and the capacitance of the water passway (Yahata,
1987). Because, it is assumed that organs showing large capacitance, which have a less
changeable xylem pressure potential with the chenge of water content due to high
plasticity, might be able to maintain the xylem water potential aganinst water loss.
Besides, the delay of sap flow might occur at a position where sap flow at the same
level of xylem pressure potential gradient is slower, namely where resistance is
greater. Among the parts of a tree, leaves have a higher plasticity, and therefore their
water potentials might be less changeable with the change of water content. Thus
leaves may play a role of a capacitance as reported in sugi (Cryptomeria japonica D.
Don) by Yahata(1987). However, sprout leaves have low Vo/La and are considered to
be less effective as a capacitance.

The resistance, another factor of the water balance, can be discussed as follows by
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the term of leaf specific conductance(ZSC’) measured in this study. Zimmermann(1978)
(1983) and Ewers and Zimmermann(1984) measured the leaf specific conductivity(LSC)
of several species and showed that LSC was higher at the lower parts and lower at the
higher sections of the stem. Particularly low values of LSC were obtained at the
junction of branches. Similar results were shown by lkeda and Suzaki(1984) who
measured the relative water conductivity of several hardwood species. Further, Zim-
mermann(1983) reported that the lowest LSC was observed at the petiole and its
junction.

The value of leaf specific conductance(LSC’) measured here may correspond to the
integrated value of LSC from the soil to the leaf. LSC’ and transpiration rates of
sprouts were far greater than those of normal shoots flushed from similar position
(Fig.10, Table 3). Conner(1977) showed that water use in young regrowth stands of E.
regnans was greater than in taller trees of greater age because of the lesser resistance
to water flow. On the other hand, Blake(1980) concluded in his results for E. camal-
dulensis that the higher transpiration rate of coppiced seedlings than of intact seedlings
was due to changes in stomatal chracteristics rather than to a decrease in stem
resistance, because coppiced seedlings were as tall as intact seedlings. Changes in
stomatal frequency and demension induced by sprouting were observed in Pasania
edulis (Ito and Suzuki, 1989) as well as in this study, and these changes may partly
explain the high transpiration rates of sprout leaves. However, to maintain the high
transpiration rate, plants must have some mechanism to maintain the high stomatal
conductance against the water loss, or high water conductivity to compensate for
water loss. From the results obtained here, it can be concluded that although sprout
leaves of E. grobulus have water relation characteristics which are inferior in
maintaining cell turgor against water loss, they can show high transpiration rates due
to high LSC’.

We observed higher LSC’ in the sprouts of original tree stumps which have a large
and deep root system of origival tree than in seedlings of Pasania edulis (unpubleshed
data), and it is possible to consider the greater capacity of water absorption of the
original root system to be one of the reasons for the high LSC’ of sprouts. However,
as each shoot used in this study flushed from similar position, the difference in LSC’
was assumed to result from the difference in the conductivity from the shoot junction
to the leaf. It is of particular interest that petioles which may be the narrowest
bottleneck because of their low LSC (Zimmermann, 1983) were shorter in sprouts
which showed higher LSC’ than normal shoots. In the actual results, several problems
such as the relative importance of the conductivity within the branch or through the
membrane of the mesophyll cell are yet to be resolved.

As mentioned above, it is thought that changes in the water relations of leaves are
closely related to the changes in leaf morphology and anatomy induced by sprouting.
In relation to changes of leaf form, some factors influencing water relations and gas
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exchange characteristics, such as boudary layer resistance, can be anticipated. How-
ever, no data was collected here to account for the significance of changes in leaf form.

E. grobulus used in this study showed peculiar changes of stomatal frequency and
demension when sprouting. Stomata were absent on the adaxial surface of the sprout
leaves. Nevertheless, there is only a little information about the ecological significance
of one-sided stomata. Blake and Tschaplinski(1983) reported that a poplar clone in
which stomata were absent on the adaxial surface showed the highest water use
efficiency of several poplar clones, and suggested that the absence of stomata on the
adaxial surface was one of the foliar adaptations which would tend to increase the
resistance to water loss. They also referred to the significance of high stomatal
frequency as a factor of foliar adaptation. On the other hand, Ceulmans et al.(1989)
showed that stomata on the abaxial surface were less responsive to the changes of
PPFD or water loss after leaf excision than those on the adaxial surface in Populus sp.
Therefore, the morphological changes observed in this study should be discussed in
evaluating the differences of the responsiveness between small stomata with high
frequency and large stomata with low frequency, and between abaxial and adaxial
surfaces.
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2—H Y/ FOHEFEOEER L KSR E
£ M meE OR M

25V /% (Eucalyptus grobulus) Tl MELEHHEROBIILHEATB THLDIINL,
BEROE WIS TH 5, 1 EEPHFEE OZEZILE D & MR 2 - TIEH» Sk
AN E BT L Twd, NS0T DOWT, BB & Uk 4 HEEEO Hig
EiTolz, BEROZEMLII L bRWIEDR « SRR ERMIC L Tz, EEELER
W RIS, S LAMWNS L, BERSET, MBI % <, 3~ 4 B
HEEL TR D, SECEEFAROEER U, Zhiex U SaEE i
ORMEERL, BXFIBERTH L &2 o, HEEORILIGMHEIE L BEc i,
Hihci B L 0 /NUOSILE ST O U AEAM» A S Ni08, FEElCREFLIE &
AEBESNT, BFIC LD, FHESIULT 2EASED Sne, 72, BEOKSEM%E
P — VHIERE TRO L ER, I IEOKMBIICN T 2 FFLBHEE O HERHREH 1 W 58
WEHR L TH 2 e snl:, BARIRECHES W BITEE B L UVEfLa v 52 5
YAV, WHEETHERCKERMERERLLY, BOKET > v VOBRELTIE, WHiIC
REZEEFLHONE Do, TS QBFIET — 5 o HE & n i BUBERS 2 2 f+
BEE OKRMBEMEE, TEE LY DI TR o, Led o T, 3R A0
RS, XY 77 A MRBOD R GIHFIETIE, ARSBEEHE  ADKDHEFEHS
BORIEN BRI VT 8 A EMRTIRERERE > TWB EEZ LN,





