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1. INTRODUCTION

For optimal rates of metabolic processes in plants, their water content must 
remain constant. Often the water content of leaves is maintained in conditions 
when water loss from a plant during the day is much higher than the amount of 
water in the leaves. This is possible only when the water uptake and water loss 
of the plant are balanced. Water enters plants through their roots and then flows 
through the stem to the leaves. Therefore, the water supply of leaves depends on 
the intensity of water flow through the plant. The intensity of the water flow 
(transpiration stream) is dependent on the conductance for liquid water — 
hydraulic conductance, of roots, stem and leaves. Water vapour leaves plants 
mainly through the stomatal pores of leaves; therefore the water loss of the 
plants is determined by the stomatal conductance. Consequently, both the 
hydraulic conductance and the stomatal conductance are important determinants 
of the water content and water potential of leaves.

There are a lot of “blanks” in the knowledge about the mechanisms that 
ensure the stable water potential of leaves. Both the hydraulic conductance and 
the stomatal conductance are probably dependent on the anatomy and the 
concentrations of regulatory substances of a plant.

1.1. Shoot hydraulic conductance

Water of the transpiration stream moves in stems through the xylem. In leaves, 
water flows through the xylem and then moves out from the xylem and flows 
through the parenchymal cells before evaporating in the intercellular spaces 
(Boyer 1985; Steudle 1997). Therefore, the shoot hydraulic conductance (L) 
depends on both the hydraulic conductance of the xylem, and on the hydraulic 
conductance of the leaf parenchymal cells. In most studies the hydraulic 
conductance of stems (without leaves) has been measured (e.g. Sperry et al. 
1987; Stratton et al. 2000; Sellin 2001). The conductance of the shoots with 
leaves has usually been obtained by the calculations using transpiration rate as 
the indicator of water flux (e.g. Comstock & Mencuccini 1998; Kolb & Stone 
2000; Phillips et al. 2001). The shoot hydraulic conductance of only a few 
species has been determined on the basis of measurements of liquid water flow 
through the shoots with leaves (Kolb et al. 1996; Sobrado 1997/98; Tyree et al. 
1998; Nardini etal. 2000, 2001).

In roots the hydraulic conductance is several orders of magnitude higher in 
the xylem conducting elements than in the parenchymal tissues (Steudle et al. 
1987; Melchior & Steudle 1993; Steudle & Peterson 1998; Rieger & Litvin
1999). It is not clear, whether the leaf parenchyma has significantly lower 
hydraulic conductance, compared to the xylem, or not. Hydraulic conductance 
in xylem correlates positively with the width (e.g. Schulte & Gibson 1988;



Huang & Nobel 1993; Villar-Salvador et al. 1997) and the number 
(Zimmermann & Milbum 1982; Legge 1985; Sellin 1994) of the conducting 
elements. The diameter of the xylem conducting elements is noticeably smaller 
in the leaves than in the root metaxylem (Esau 1965; Zimmermann 1983). 
Therefore, the hydraulic conductance of the non-embolised xylem is likely to be 
lower in shoots than in roots, and not very significantly higher than in the 
parenchymal tissues of the leaves. Thus, variability of the xylem conductance 
may be more important in determining the hydraulic conductance in shoots than 
in roots.

The other important area of study is the relative contribution of apoplastic 
and symplastic compartments for the hydraulic conductance and the water flow 
through the foliar parenchyma. The hydraulic conductance is several orders of 
magnitude higher in nonlignified walls than in the symplast (Rüdinger et al. 
1994; Steudle & Meshcheryakov 1996; Steudle & Heydt 1997). However, the 
volume of the cell walls in the leaf is lower than the volume of the symplasts 
and vacuoles (Esau 1965). Therefore, the hydraulic conductance of these two 
compartments in the mesophyll may be comparable.

The anatomy of the xylem has so far only been studied in connection with 
the hydraulic conductance. But the shoot hydraulic conductance includes the 
foliar conductance, and therefore the anatomy of leaves is also likely to be 
important. It has not been studied, how the species-specific values of several 
anatomical characteristics of leaves correlate with the species-specific values of 
shoot hydraulic conductance, and how the anatomical characteristics and shoot 
hydraulic conductance differ between individuals (of the same species) grown 
up in different conditions.

There is some evidence that shoot hydraulic conductance changes rapidly 
with environmental conditions, e. g. the L decreases in the conditions of water 
stress (Lo Gullo & Salleo 1988; Sperry et al. 1993; Stratton et al. 2000). One 
important reason for the decrease is embolism of the xylem conducting 
elements (Crombie et al. 1985; Sperry & Ikeda 1997; Tyree 1997). There is 
insufficiently data about the other mechanisms by which the shoot hydraulic 
conductance changes in the changing environment. Abscisic acid concentration 
([ABA]) rises in water-stressed plants (Wright 1977; Hartung & Davies 1991; 
Sauter et al. 2001) and it may be that the rapid changes in shoot hydraulic 
conductance are caused by this important phytohormone. The relations between 
species-specific [ABA] and the shoot hydraulic conductance of the trees have 
also not been analysed.
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1.2. Stomatal conductance and stomatal sensitivity 
to changes in leaf water status

Differences of stomatal conductance between species and also between 
individuals (of the same species) grown in different environments are relatively 
well documented (e.g. Turner & Heichel 1977; Chambers et al. 1985; Kolb & 
Stone 2000; Auge et al. 2000). Some data is also available about stomatal 
response kinetics: It is found that the stomatal conductance is lower and the 
stomata close faster in response to a decrease in leaf water potential in drought- 
exposed plants than in well-watered plants (Davies 1977; Ackerson 1980; 
Heschel & Hausmann 2001). Although there have been less studies on the 
response of stomata to an increase in leaf water potential, evidence suggests 
that, compared with well-watered plants, stomatal opening is slower after re­
watering in water-limited plants (Ludlow et al. 1985; Liu et al. 2001). But there 
are only a few studies (Saliendra et al. 1995; Fuchs & Livingston 1996; Liu et 
al. 2001) where both the stomatal sensitivity to a decrease in leaf water potential 
and the stomatal sensitivity to an increase in leaf water potential have been 
analysed. Only very little data is also available about interspecific differences in 
stomatal response kinetics.

It has been proposed that stomatal conductance (gs) correlates with several 
anatomical characteristics of the stomata: positively with the length of the 
stomatal pore (I) and the stomatal frequency (/), and negatively with the guard 
cell width (z) and the area of the guard cell dorsal wall (d)\

f l x f
= gs j — > w8 d x z

where kgs is a coefficient incorporating other factors influencing gs (DeMichele 
& Sharpe 1973, 1974; Wu et al. 1985; Sharpe et al. 1987). It is reasonable to 
presume that the rate of water loss from the leaf can be high when there is a 
large number of stomata and the stomata are big. Negative correlation of 
stomatal conductance with the width of the guard cells can be caused by the 
higher moment of inertia in the wide guard cells. The inverse proportionality 
between stomatal conductance and the dorsal area of the stomatal guard cells 
may be caused by the high pressure of the neighbouring cells on the guard cells 
with an extensive dorsal wall area (see refs of Eq 1). There is insufficient 
experimental data to confirm this model. In general, research has been limited to 
stomatal conductance and sensitivity to changes of leaf water status or some 
anatomical characteristics of the stomata. Only in a few studies, have both the 
stomatal conductance and some anatomical characteristics of stomata been 
examined. In herbal species, high stomatal conductance was coupled with high 
stomatal frequency or long stomatal pores (Rahi 1971; Lawson et al. 1998; 
Tognetti et al. 2000). In research on the influence of environmental conditions,
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stomatal conductance varied in accordance with length of stomatal pore, in 
some species (Cutler et al. 1977; Bradford et al. 1983; Franks & Farquhar 
2001), but with the stomatal frequency, in other herbal species (Quarrie & Jones 
1977; Tichä 1982; Berryman et al. 1994; Beerling 1997; Nogues et al. 1998; 
Tognetti et al. 2000). Previous research on temperate deciduous trees has been 
limited to measuring the stomatal frequency as a single anatomical characte­
ristic, in addition to the stomatal conductance, and agreement between these two 
stomatal characteristics has been found (Wagner et al. 1996; Woodward & 
Bazzaz 1998; Beerling et al. 1998). A study incorporating the observations of 
stomatal conductance and sensitivity and all these anatomical characteristics of 
stomata (see eq. 1) is missing.

The fact that stomatal conductance is dependent on abscisic acid con­
centration in leaves is well documented. Stomatal conductance is low in the 
leaves where the endogenous [ABA] is high (e.g. Beardsell & Cohen 1975; 
Tardieu et al. 1996; Ali et al. 1999; Peterlunger et al. 2000), and stomatal 
conductance decreases after supply with exogenous ABA (e.g. Tal & Imber 
1970; Henson et al. 1989; Trejo et al. 1995; Zhang & Outlaw 2001). There are 
also some studies (Dörffling et al. 1979; Davies et al. 1981; Bradford et al. 
1983; Liu et al. 2001) where both the leaf [ABA] and the stomatal sensitivity to 
the changes in the leaf water potential of one species have been determined. But 
the interspecific variations of the foliar [ABA] and the dynamics of stomatal 
response have not been compared so far.

1.3. Relations between hydraulic conductance 
and stomatal conductance and sensitivity

It is reported in several studies that hydraulic conductance of shoots is 
positively related to stomatal conductance. Stomatal conductance is high in the 
species with high hydraulic conductance in shoots (Meinzer et al. 1995; Bond & 
Kavanagh 1999; Nardini & Salleo 2000), both the characteristics are high in the 
individuals (within the same species) grown in optimal conditions (Comstock
2000), and hydraulic and stomatal conductance often change in parallel when 
environmental conditions vary (Tyree et al. 1994; Sõber 1997; Sparks & Black 
1999; Hubbard et al. 2001). It is obvious that the water uptake and the water 
loss must be balanced to maintain optimal water potentials in the plant. Several 
different mechanisms can exist for the balancing of the hydraulic and stomatal 
conductances, both in long- and short-term scales.

The correlation of these two conductances between different species and 
between individuals (within the same species) grown in different conditions can 
be caused by coordination of the growth and development of different organs 
and tissues of a plant. It has been found that some anatomical characteristics of 
stem and leaves are correlated, e. g. the cross-sectional area of xylem in the
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stem is proportional to the area of the foliage (thus, also the number of stomata) 
served by the stem (“pipe-model”) (Shinozaki et al. 1964; Osawa 1990; Coyea 
& Margolis 1992). But most of the anatomical characteristics of the hydraulic 
architecture of shoots and stomata have not been correlated so far. Therefore, 
the importance of shoot anatomy in the coupling of hydraulic and stomatal 
conductance is poorly understood.

In the cases of rapid changes in the plant’s water supply, the decrease (or 
increase) of the hydraulic and stomatal conductance occurs in parallel probably 
because the water potential changes in all parts of the shoot: in the xylem, in the 
mesophyll, and in the epidermis. It is possible that mainly the decrease in water 
potential in leaves, especially in the stomatal district, induces the decrease in the 
stomatal conductance, and that mainly the decrease in water potential in the 
xylem induces the decrease of the shoot hydraulic conductance (for example, by 
the air embolism of the xylem conducting elements). Yet, [ABA] of shoot rises 
in conditions of water deficit and ABA is able to circulate between different 
compartments of the shoot (Slovik & Hartung 1992; Sauter et al. 2001; 
Wilkinson & Davies 2002). The significant influence of [ABA] on stomatal 
conductance is well documented (see the ref-s in chapter 1.2). If [ABA] also has 
significant influence on the shoot hydraulic conductance, [ABA] can be one 
factor coupling hydraulic and stomatal conductance. Parallel changes of the 
[ABA] in the stomatal district and in the rest of the leaf can be the cause of the 
parallelism of the changes in hydraulic and stomatal conductance in the 
changing environment.

1.4. Shoot hydraulic conductance and stomatal conductance 
of tree species with different shade- and drought tolerance

It was found that the drought tolerance, and also the shade-tolerance, of the 
species studied in this work decreased in the sequence: Quercus robur, Tilia 
cordata, Acer platanoides, Padus avium, Populus tremula, Salix caprea 
(Ellenberg 1998). P. tremula is common in the highest layer of the canopy, and 
the species at the beginning of this sequence (especially T. cordata and A. 
platanoides) are commonly in the lower layers of the tree canopy in deciduous 
and also in mixed forests in Estonia (Lõhmus 1984). Preferences of different 
species for habitats have developed in the course of evolution and are based on 
their features of anatomy and physiology. Shade-intolerant species grow rapidly 
(Veenendaal et al. 1996; Walters & Reich 2000), probably in order to avoid 
being shaded by their neighbours. It is probable that hydraulic and stomatal 
conductance are high in the shade-intolerant species, to enable a good supply of 
water and C02 needed for rapid growth. High hydraulic conductance is also 
needed to avoid water deficit in the drought sensitive species. Additionally, it 
can be suggested that the water-use strategy of the species of the overstorey of
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the forest canopy is probably less conservative than that of the species of the 
lower layers of the tree canopy. High stomatal conductance during drought 
(characteristic to the less conservative strategy) can be more beneficial in the 
overstorey, because of the good light availability for carbon dioxide 
assimilation. Data about the hydraulic and/or stomatal conductance in temperate 
deciduous trees (e.g. Castro-Diez etal. 1998; DeLucia et al. 1998; Loewenstein 
& Pallardy 1998b) is too scanty for the evaluation of the hypotheses on tree 
species with different shade- and drought tolerance and water-use strategies in 
the temperate deciduous forest canopy.
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2. AIM OF THIS STUDY

The growth, development and productivity of a plant are highly dependent on 
the plant’s ability to maintain the optimal water potentials in its organs. There­
fore, knowledge about the characteristics which determine the water potential 
are very important for understanding the life of plants. It is necessary to study 
the hydraulic conductance and the stomatal conductance in conjunction, because 
the water potential in plants is dependent on the balance between these 
conductances. The study of both the hydraulic and the stomatal conductance, in 
connection with several other foliar characteristics that can influence these 
conductances, have been absent so far. Most studies on the shoot water regime 
have dealt with hydraulic conductance that is influenced by xylem embolism; 
other aspects of the variation of hydraulic conductance in shoots are less well 
studied. Therefore, this study deals only with the hydraulic conductance of the 
shoots with non-embolised xylem.

The main objectives of the present investigation were:
□ to determine species-specific values of the characteristics of leaf water 

relations: shoot hydraulic conductance, stomatal conductance and stomatal 
sensitivity to changes of leaf water potential, of several deciduous tree 
species, growing in Estonia;

□ to relate these species-specific values of the characteristics of leaf water 
relations to the species-specific values of anatomical characteristics, ABA 
concentration, and photosynthesis of the leaves;

□ to study the influence of several different environmental conditions: long- 
and short-term water deficit, darkness (causing starvation) for several days, 
and nitrogen-rich soil, on these characteristics;

□ to clarify the role of foliar anatomical characteristics and ABA concent­
ration in the balancing of hydraulic and stomatal conductances in these tree 
species.
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3. MATERIALS AND METHODS

3.1. Materials

The objects of the study were the species: Acer platanoides L., Padus avium 
Mill., Populus tremula L., Quercus robur L., Salix caprea L. and Tilia cordata 
Mill.. The saplings of these species were grown in Tartu, Estonia, in a small 
stand, in full sunlight. In the first series of experiments, the seasonal variations 
and influence of exogenous ABA were studied (Papers I, III). Two measure­
ment campaigns were conducted during the growing season: fully expanded 
mature leaves were sampled in July, and old leaves were studied in September. 
For each experiment (*. e. the measurement of foliar gas exchange and hydraulic 
conductance), a shoot (10-15 cm in length) was cut under water from the tree, 
and put either in distilled water (control) or in solutions of 1, 10 or 20 jjlM  ABA.

In the second series of experiments, the influence of several growth condi­
tions was studied (Papers I, II). The saplings were grown for 3 years in the 
stand, and then transplanted to a greenhouse for the year of experiments. Six 
experimental sets were formed from the saplings of each of the species in the 
glasshouse: C — control set; N — the trees were fertilised with additional 
ammonium nitrate solution; W — mild water deficit was maintained in the soil 
during the whole growth period in the greenhouse; V — the mild water stress of 
the trees lasted only 2 d before the experiment; T and D — the trees were kept 
in darkness before the experiment for 4 d or 6 d respectively.

In the third series of experiments, ca. 50 years old trees of two species were 
studied before and in the course of drought (Paper IV). These trees grew near 
Tartu, in a deciduous mixed forest. P. tremula dominated in the overstorey and 
T. cordata in the lower layer of the tree storey. For the experiments of the 
second and third series, shoots were also cut from the trees.

3.2. Methods

Measurement of the foliar gas exchange characteristics and the shoot 
hydraulic conductance. In the experiments to observe an increase in the leaf 
water potential, the cut end of a shoot was driven to a pressure chamber filled 
with either distilled water or an ABA solution in which the shoot had previously 
been kept. A part of one intact leaf was hermetically clamped in a leaf chamber 
(Fig 1 in III). The leaf chamber system enables simultaneous measurement of 
the time courses of C 02 uptake and transpiration of one side of the leaf, relative 
water content (by (3-gauge technics), and leaf temperature. At first, the leaf 
adapted to the conditions of the chamber, until stabilisation of stomatal 
conductance. Thereafter, the chamber C02 concentration was instantly raised to 
saturation level for 4 min to measure the C 02- and light-saturated net photo­
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synthetic rate (Pmax)- After a steady-state value of stomatal conductance had 
been reestablished, the pressure in the pressure chamber was quickly raised to 
induce infiltration, necessary for the estimation of the shoot hydraulic 
conductance (Fig 2 in II). In the experiments to observe a decrease in the leaf 
water content, a leaf of another shoot was clamped in the leaf chamber, the 
petiole was cut, and the course of the following stomatal closure was observed 
(Papers I-Ht). For further details of the measurement system and the experi­
ments see also papers of Rahi (1973), Sõber & Moldau (1977), and Sõber 
(1996, 1997).

The initial, stabilised (in the laboratory conditions) stomatal conductance 
and the course of decrease of the stomatal conductance (following the 
interchanging of the water in the water-vessel of the shoot for ABA solution) in 
the shoots of the tall trees was detected by steady-state porometer. For 
estimation of the shoot hydraulic conductance, the leaves of the shoot were 
infiltrated, using a pressure chamber. Then the shoot was fixed in the pressure 
chamber so that only the cut end of the shoot was outside the chamber. Pressure 
was applied and the rate of water flow out of the shoot through the cut end was 
measured (Paper IV).

Calculations of values of the foliar gas exchange characteristics and the 
shoot hydraulic conductance. Stomatal conductance (gs) was calculated using 
the measured values of transpiration rate and the leaf temperature. The value of 
gs in the data is the steady-state value, obtained after the initial stabilisation of 
the stomatal conductance in the leaf chamber (Papers I—III) or in the laboratory 
(Paper IV).

Stomatal sensitivity to change o f leaf water potential (si and Sd) was defined 
as the relative rate of change (increase and decrease, respectively) of the 
stomatal conductance after the changing of the leaf water potential.

Stomatal sensitivity to exogenous ABA (saba) was defined as the relative rate 
of decrease of the stomatal conductance after the shoot was supplied with 
exogenous ABA.

Shoot maximum hydraulic conductance (L) was calculated using the maxi­
mum rate of increase in the leaf water content (per leaf area) during leaf infiltra­
tion, and the pressure difference at the path of the water from the pressure 
chamber to the intercellular spaces of the leaf. Because the water potential in the 
intercellular spaces of infiltrating leaves is nearly zero, the pressure difference is 
equal to the pressure in the pressure chamber (Papers I-III). In the 3-rd series of 
experiments, the rate of water flow out of the shoot through its cut end, and the 
pressure in the pressure chamber was used in the calculations of the L (Paper 
IV).

For further details of the calculation methods see also papers of Mederski 
(1961), Sõber & Moldau (1977) and Sõber (1992,1997).
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Endogenous abscisic acid concentration. For the analysis of bulk-leaf [ABA], 
leaf disks were punched between major veins. Shoot xylem sap was forced out 
from the shoot through the cut end of the shoot by the pressure chamber. The 
ABA content in the xylem sap and the leaf tissue extract was determined by 
ELISA, as described by Mertens et al. (1985) and Peuke et al. (1994) (Papers 
HI, IV).

The anatomical characteristics. The characteristics of the leaf internal archi­
tecture were studied by light microscope. Pieces of mature leaf were taken from 
each of the saplings grown in the greenhouse, embedded in paraffin, cross­
sectioned, and permanent slices, stained with safranin O, were made. The anato­
mical characteristics of stomata were studied by scanning electron microscope 
(Paper II).

5
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4. RESULTS AND DISCUSSION

4.1. Shoot hydraulic conductance

4.1.1. Shoot hydraulic conductance in different species, 
ontogenetic stages, and environments

Shoot hydraulic conductance (L) was significantly different in saplings of the 
different species and increased in the sequence: Acer platanoides < Tilia 
cordata < Padus avium = Quercus robur < Salix caprea = Populus tremula (Fig 
1A in I). L of P. tremula was also higher than the L of T. cordata in tall trees of 
the forest canopy (Fig IE in IV). Thus, the species effect on L is significant and 
already appears in young trees that are equal in height and illumination.

L was higher in July than in September for all the species, but the species 
ranking was basically the same in July and in September (Fig 1A in I). Thus, the 
genetic effect on L is important throughout the ontogeny of leaves.

L was slightly higher in the trees grown in soil with a higher nitrogen content 
(compared to the trees of the control set of each species). L was lower in the 
trees grown under mild water stress (both long-term (whole season) and short­
term (2 days) stress) for all the species. L was the lowest in the trees kept in 
darkness and was dependent on the duration of darkness (Fig 1A in I). The 
relative decrease of L was about 1/4 after the trees were not watered for 2 days 
and about 1/2 after keeping the trees in darkness for several days (Fig 2 in I). 
Thus, L is different in different growth conditions and also rapidly responsive to 
changes in growth conditions. Xylem embolism was evidently eliminated in the 
experiments by the high pressures of the pressure chamber (Nardini & Pitt 
1999; Tyree et al. 1999). Therefore, the variation of L does not reflect the 
differences between the shoots in the xylem embolism, but is caused by more 
complicated mechanisms. The similarity of the relative differences in L in the 
different growth conditions between all the species (Fig 2 in I) refers to the 
similarity in the regulation of L in these species.

4.1.2. Relations of hydraulic conductance 
with anatomical characteristics of leaves

The species-specific L correlated positively with the species-specific radius 
(fourth power) of the widest conducting elements of midrib (r4) and with the 
area of mesophyll and epidermal cells per unit length of leaf cross-section (u) 
(Fig 3 in II; Tab 1). This result highlights the importance of these anatomical 
characteristics in the determination of hydraulic conductance.
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Table 1. Pearson correlation coefficients (and P-values) between species-specific mean 
values of shoot hydraulic conductance (L), stomatal conductance (gs), stomatal sensiti­
vity to an increase in the leaf water potential (sO, stomatal sensitivity to a decrease in the 
leaf water potential (sd), maximum net photosynthetic rate (Pm), carboxylation 
efficiency (x), ABA concentration in leaves (a), fourth power of the mean radius of the 
widest conducting elements in xylem of the leaf midrib (r4), area of mesophyll and 
epidermal cells per length of the leaf cross-section (u), length of stomatal pore (/), guard 
cell width (z) and length of guard cell dorsal side (/d) of these six tree species.

L & Si 7d % a r* « 1 ž

gs 0.97 
(0 .002)

Si 0.95
(0.004)

0.99 
(<0.001)

Sd -0.83
(0.039)

-0 .86
(0.029)

-0 .80
(0.058)

Pm 0.94
(0.005)

0.95
(0.004)

0.91
(0.011)

-0.95
(0.003)

1 0.14
(0.792)

0.26
(0.623)

0.17
(0.741)

-0.63
(0.183)

0.47
(0.353)

a -0.81
(0.051)

-0 .83
(0.043)

-0 .82
(0.045)

0.56
(0.252)

-0 .77  -0 .10  
(0.074) (0.852)

r4 0.93
(0.008)

0.95
(0.004)

0.93
(0.007)

-0.75
(0.087)

0.84
(0.037)

0.06
(0.905)

-0 .77
(0.073)

u 0.83
(0.04)

0.94
(0.006)

0.93
(0.07)

-0 .86
(0.027)

0.88
(0.021)

0.41
(0.417)

-0.65
(0.167)

0.88
(0.022)

1 0.86
(0.027)

0.92
(0.01)

0.92
(0.01)

-0.63
(0.176)

0.77
(0.069)

0.03
(0.951)

-0 .87
(0.025)

0.96
(0.002)

0.84
(0.037)

z -0.85
(0.032)

-0 .84
(0.036)

-0 .90
(0.015)

0.58
(0.232)

-0 .73 0.12 
(0.097) (0.826)

0.67
(0.143)

-0 .76
(0.079)

-0 .74
(0.09)

la -0.83
(0.043)

-0 .82
(0.044)

-0 .88
(0.02)

0.59
(0.218)

-0 .74
(0.096)

0.05
(0.923)

0.64
(0.172)

-0.71 -0.75  
(0.112) (0.089)

-0.73

-0.68 0.99

The high L in the trees grown in nitrogen-rich soil (compared with the control 
trees of each species) was accompanied by high r4 and u, and the low L of the 
shoots grown under water stress was accompanied by low r4 and u (Fig 1A in I; 
Figs 2A,C in II). The result suggests that the characteristics r4 and u may also be 
important determinants of the variability of shoot hydraulic conductance
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between individuals of the same species growing in different environmental 
conditions.

The correlation between the shoot hydraulic conductance and the area of 
mesophyll and epidermal cells suggests the importance of leaf symplast in the 
determination of hydraulic conductance in leaves. Larger space for water flow 
in leaves with higher volume of mesophyll and epidermal cells may be essential 
for high hydraulic conductance. It is also remarkable that the area of veins per 
unit length of the leaf cross-section was big in the leaves, where L was low: The 
area of the veins was high in A. platanoides and T. cordata and in the leaves, 
which have grown up under water-stress conditions (Fig 1A in I; Fig 2B in II). 
Thus, the volume of thickened and lignified cell walls of conducting and 
supporting tissue was likely high in the leaves of these trees. However, the dry 
mass (that is mainly the mass of the cell walls) per unit volume of leaves of 
these trees was not higher than that of other trees (data not shown). It is found 
that the walls of the mesophyll cells are thinner in leaves grown under water- 
stress conditions compared to those of well-watered leaves (Sweet et al. 1990; 
Passioura et al. 1993; Spollen et al. 1993). Therefore, it is likely that the dry 
mass of the leaves grown under water-stress conditions and also of A. 
platanoides and T. cordata was not high because the cell walls outside the veins 
were thin. Due to the low hydraulic conductance in leaves with a small amount 
of unlignified walls, it is likely that not only the conductance of symplast, but 
also the conductance of the walls in the mesophyll and in the epidermis is 
important in determining hydraulic conductance in leaves.

Some other anatomical characteristics with a possible influence on hydraulic 
conductance (the area of intercellular spaces, the mean area of one epidermal 
and mesophyll cell, and the proportion of areas of epidermal and mesophyll 
cells on the leaf cross-section) were also examined. None of these characteris­
tics varied significantly among the trees (all species) grown in different condi­
tions. Between the different species, only the area of the intercellular spaces 
varied significantly, but it did not correlate with the hydraulic conductance (data 
not shown).

4.1.3. Relations of hydraulic conductance with 
abscisic acid concentration

The species-specific L correlated negatively with the endogenous abscisic acid 
concentration ([ABA]) of leaves (Fig 4A in III; Tab 1; Fig 2C in IV; Tab 1 in 
IV). Therefore it can be supposed, that leaf [ABA] is important in determining 
the species-specific L. The result that in each species the hydraulic conductance 
was low in the shoots grown under mild water deficit since early spring (Fig 1A 
in I), is in accordance with previous investigations (Simpson 1981; Mansfield & 
Atkinson 1990), which demonstrate that [ABA] is high in the plants grown up 
in conditions of water deficit.
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It was also found that although the species-specific foliar [ABA] was lower 
in September than in July, the species ranking (according to the foliar [ABA]) 
was basically the same in these different stages of leaf ontogeny (Fig 3A in III). 
This is in agreement with other studies (Loewenstein & Pallardy 1998a; Auge et 
al. 2000), indicating that species differences in foliar [ABA] are retained 
throughout leaf ontogeny when the species grow in same conditions. Therefore, 
the species ranking according to the foliar [ABA] was likely also similar (as in 
July and September) during the period of intensive growth and development, 
with the highest leaf [ABA] in A. platanoides and the lowest in P. tremula. It is 
found that ABA has a strong influence on the growth and development of 
plants. Xylem with narrow conducting elements develop in response to high 
[ABA] in plants (Quariie & Jones 1977; Pharis et al. 1981; Fromm 1997). 
Strong negative correlation of the species-specific values of leaf [ABA] with the 
width of the xylem conducting elements and with the volume of foliar 
epidermal and mesophyll cells was found also in this study (Tab 1). Therefore, 
the narrow xylem conducting elements and small volume of mesophyll and 
epidermal cells and walls in A. platanoides, and in leaves grown in conditions 
of water stress, probably have been caused by high [ABA] in the period of 
intensive growth of young leaves. Thus, the important reason for the correlation 
between the shoot hydraulic conductance and [ABA] in these mature leaves is 
probably the earlier influence of ABA on the development of the hydraulic 
architecture.

It has been found in the last decade that the water channels — aquaporins are 
located in plant membranes, and the hydraulic conductance of the symplast is 
highly dependent on the conductance of aquaporins (Maurel et al. 1993; Eckert 
et al. 1999; Qiu et al. 2000; Maurel & Chrispeels 2001). [ABA] influences the 
expression of the aquaporin genes in leaves (Kaldenhoff et al. 1993, 1996). 
Therefore, probably species-specific [ABA]ieaf determines the species-specific 
level of shoot hydraulic conductance also by affecting the rate of expression of 
the aquaporin genes. Similarly, the high [ABA] in the leaves grown in 
conditions of water-stress probably cause the low values of the shoot hydraulic 
conductance by inhibiting the expression of aquaporins. These conclusions refer 
to the important role of leaf symplast in determining the shoot hydraulic 
conductance.

It was also found in this study that the shoot hydraulic conductance did not 
remain constant throughout the season. The L decreased in response to a supply 
of exogenous ABA already within a few hours (Fig 6A in III). Because [ABA] 
of plant increases in water-stress conditions (Fig IF in IV; Wright 1977; 
Hartung & Davies 1991; Sauter et al. 2001) and in darkness (Wang & Kao 
1999), AB A probably also caused the decrease in L after the exposure of the 
trees to the short-term water stress and darkness.

It is probable that the shoot hydraulic conductance decreased in response to 
the short-term water deficit and darkness also due to the decrease in the activity 
of the aquaporins. Changes of [ABA] induce rapid changes in the concentration
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of cytosolic Ca2+ (Gehring et al. 1990; Cousson 1999). Changes in the cytosolic 
calcium content cause rapid alterations in the conductance of the aquaporins by 
modifying the activity of protein phosphorylating enzymes (Johansson et al. 
1996, 1998, 2000). Since keeping aquaporins in working order requires energy 
(Tyerman et al. 1999), the important additional reason for a decrease in the 
hydraulic conductance of the starving trees (in darkness) can be the lack of 
energy for the functioning of the aquaporins.

There is also an alternative explanation for the rapid changes in shoot 
hydraulic conductance. High [ABA] decreases the efflux of ions from the xylem 
parenchyma into the xylem lumens (Roberts & Snowman 2000) and also from 
symplast to apoplast in the mesophyll (Sutton et al. 2000). Therefore, the ionic 
concentration of the xylem sap and the walls in the mesophyll likely decreased 
when the shoots were supplied with exogenous ABA. There are some reports 
about a rapid decrease in xylem hydraulic conductance in response to a decrease 
in the ion concentration of the xylem sap (Zimmermann 1978; van Meeteren et 
al. 2000; Zwieniecki et al. 2001). The decrease in the xylem hydraulic conduc­
tance is explained by the narrowing of the microchannels in the intervessel 
bordered pit membranes because of the swelling of the pectin matrix of the 
membranes (Brown 2001; Zwieniecki et al. 2001). Therefore, the decrease in 
hydraulic conductance of the xylem pit membranes (and possibly also in the 
walls of the leaf parenchymal cells that also contain pectin matrix) may be one 
reason for the decrease in shoot hydraulic conductance in the shoots supplied 
with exogenous ABA. However, it is found that the ionic concentration of the 
apoplast does not change significantly in stressed plants, probably because of 
the balance between the element release into xylem conduits and element 
depletion by growing tissues (Berger et al. 1994; Schurr & Schulze 1996). 
Therefore, the decrease in the hydraulic conductance by the modification of the 
pectin matrix probably did not occur in the trees influenced by short-term water 
stress or darkness.

On the basis of the result that the relative decrease in L was about 1/3 of that 
in the control, in response to a high concentration of exogenous ABA (Fig 6A in
III), and about 1/4 in short-term water-stress (Fig 2 in I) it was concluded that 
minimally 1/3 of the shoot hydraulic conductance is potentially and 1/4 is 
actually adjustable by current ABA concentrations. Because the decrease in L in 
darkness (about 1/2 of the control (Fig 2 in I)) likely was caused by a decrease 
in hydraulic conductance of the leaf symplast, the proportion of the symplastic 
component of the transpiration stream through the mesophyll and epidermis of 
non-stressed leaves probably was about 50 %, i.e. the hydraulic conductances of 
the symplastic and the apoplastic compartments in the tissues, which are not 
specialised to water conducting, are about equal in the non-stressed leaves of 
these tree species.

The high sensitivity of the shoot hydraulic conductance to the conductance 
of the mesophyll and epidermis of leaves indicates that in shoots (as also in 
roots) likely the hydraulic resistance is probably significantly higher in the
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tissues that are not specialised to water conducting, compared to the 
conductance of (non-embolised) xylem.

4.2. Stomatal conductance and stomatal sensitivity 
to changes in leaf water status

4.2.1. Stomatal conductance and sensitivity in different species, 
ontogenetic stages and environments

Both the stomatal conductance (gs) and stomatal sensitivity (sensitivity to an 
increase in leaf water potential ($) and sensitivity to a decrease in leaf water 
potential (£d)) varied between the species. In general, the species-specific gs and 
S[ varied in parallel with L: they were the lowest in A. platanoides and the 
highest in P. tremula and S. caprea (Figs 1C-E in I; Figs 1C,E in IV). The 
species-specific values of gs correlated positively with the species-specific 
values of jj and negatively with 5d (Tab 1). Therefore, sd changed in the opposite 
direction compared to gs and st in these species (Figs 1C-E in I). The significant 
difference in stomatal conductance and sensitivity between the young trees of 
equal height and in equal growth conditions indicates the importance of genetic 
factors in the determination of these stomatal characteristics.

The gs and Si were higher in July than in September, but the species ranking 
was basically the same in these two stages of ontogeny (Figs 1C,E in I). Thus, 
the genetic effect on the stomatal conductance and sensitivity is important 
throughout the ontogeny of leaves.

The gs and s\ were usually somewhat higher in the trees grown in soil with a 
higher nitrogen content (than in the trees of the control set of each species) and 
low in the trees grown under mild water stress, and still more significantly 
lower in the trees kept in darkness. Mostly the sd was low in the trees where gs 
and Si were high, and vice versa. However, sd was low in all the trees kept in 
darkness (similarly with the gs and si of these starved trees) (Figs 1C-E in I). 
The results indicate that both the stomatal conductance and stomatal sensitivity 
to changes of leaf water potential are responsive to changes in the growth 
environment. It is also remarkable that the stomatal conductance and sensitivity 
were very similar in the trees which had been grown under a mild water deficit 
since spring and in the trees which suffered the water deficit for only few days. 
Therefore, the optimal stomatal conductance and sensitivity probably exist for 
this mild v/ater deficit and these optimal values are achieved rapidly.
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4.2.2. Relations of stomatal conductance and sensitivity 
with anatomical characteristics of leaves

Most anatomical characteristics of stomata given in equation 1 correlated with 
stomatal conductance and also with the stomatal sensitivity to changes in leaf 
water potential: The species-specific gs and Si correlated positively with length 
of stomatal pore (Z) and negatively with guard cell width (z) and length of guard 
cell on the dorsal side (/d) in these species (Figs 4,5A-C in II; Tab 1). Species- 
specific Sd correlated negatively with / and positively with z and lA in these 
species (Figs 5D-F in II; Tab 1). Thus, these three anatomical characteristics (I, 
z and k) probably are important determinants of the inter-specific differences in 
the stomatal conductance and stomatal sensitivity to changes in leaf water 
potential.

The length of the stomatal pore was the only anatomical characteristic of 
stomata that was significantly sensitive to the differences in growth conditions: 
The values of I were high in the trees grown in nitrogen-rich soil and low in the 
trees grown under mild water stress (as also the values of gs and Sj) (Fig 2E in 
II; Figs 1C,E in I). Therefore, the length of the stomatal pore can also play an 
important role in the determination of the variability of stomatal conductance 
and sensitivity among the trees (of the same species) grown with different 
nitrogen and water supplies.

It is remarkable that the width of the guard cells is not different in the trees 
(of the same species) grown in different growth conditions (Fig 2F in II). 
Dimensions of other cells in the leaf epidermis are bigger in plants grown in 
nutrient-rich soil and smaller in plants grown under water deficit conditions 
(Spollen et al. 1993; Thomas & Howarth 2000). Wide guard cells (with high 
moment of inertia) probably are suitable for avoiding too high gs and ^ in 
conditions of poor water supply. Thus, it can be suggested that the regulation of 
the width of the guard cells is also important in the adjusting of stomatal 
conductance and sensitivity to different growth conditions.

It is presumed that the extensive contact area between the guard cells and the 
neighbouring epidermal cells (in leaves where the dorsal side of guard cells is 
long) leads to better hydraulic contact of the guard cells with the neighbouring 
cells, resulting in higher stomatal conductance of well-watered leaves. How­
ever, the pressure of the neighbouring cells on the guard cells (which decreases 
the aperture of the stomatal pore) is likely also high, and the “mechanical 
advantage” of the neighbouring epidermal cells (Glinka 1971; Edwards et al. 
1976; Franks et al. 1998) may have greater effect on stomatal conductance in 
the leaves with extensive contact area. It was found that the stomatal conduc­
tance was high in the tree species with a short dorsal side (Fig 4C in II; Tab 1). 
Therefore, it is probable that in the studied tree species, the influence of the 
hydraulic conductance between guard cells and neighbouring cells is surpassed 
by the influence of the pressure of the neighbouring epidermal cells.
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One member of equation 1 — stomatal frequency (per unit area of the leaf 
abaxial surface), varied only slightly among most species and among the plants 
(of the same species) grown in different conditions (Fig 2D in II) and exhibited 
poor correlation with other stomatal characteristics (data not shown). Therefore, 
the importance of stomatal frequency in determining the differences in somatal 
conductance and sensitivity between these tree species, and also between 
individuals of same species — in trees grown in different conditions, is 
evidently low.

4.2.3. Relations of stomatal conductance and sensitivity 
with abscisic acid concentration

The species-specific gs and Si correlated negatively and correlated positively 
with the endogenous species-specific [ABA] of leaves (Figs 4B,C in III; Fig 2A 
in IV; Tab 1 in IV; Tab I). The gs and were low and sd was high in the leaves 
that had grown up in water stress conditions (Figs 1C-E in I). [ABA] is also 
known to be high in the leaves that have grown in conditions of water deficit 
(Simpson 1981; Mansfield & Atkinson 1990).

The species ranking on the basis of the foliar [ABA] (Fig 3 in III) probably 
was also the same in young, intensively growing leaves (see chapter 4.1.3 
above). ABA also has significant influence on growth and development of 
stomata: Guard cells were small in leaves treated with ABA during the intensive 
growth stage (Cutler et al. 1977; Bradford et al. 1983; Franks & Farquhar 
2001). In this study the species-specific values of the anatomical characteristics 
of stomata: length of stomatal pore, guard cell width, and length of guard cell on 
the dorsal side, correlated with the species-specific values of leaf [ABA] (Tab 
1). Therefore, one significant reason for the correlation of the stomatal 
conductance and sensitivity with the [ABA]ieaf is probably the effect of the 
[ABA] on the development of stomata in young leaves.

It was found in this study that stomatal conductance and sensitivity were the 
most sensitive characteristics to the exogenous ABA. The gs and s\ decreased 
significantly in response to a supply of the lowest used concentrations of 
exogenous ABA (Figs 6B,C in HI). Thus, the current [ABA] in leaves also 
modifies the stomatal conductance and sensitivity very significantly. Because 
the [ABA] in plants also increases in conditions of water-stress (Fig IF in IV; 
Wright 1977; Hartung & Davies 1991; Sauter et al. 2001) and in darkness 
(Wang & Kao 1999), an important reason for the changed stomatal conductance 
and sensitivity after exposure of the trees to these conditions was also the 
increased [ABA].

Increased [ABA] of stomatal district activates several processes, which 
collectively lead to a reduction in the concentration of the osmotic substances in 
guard cells, resulting in a corresponding decrease in the guard cell water 
content, and hence, the decrease in the stomatal conductance (see reviews by
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Grabov & Blatt 1998; Assmann & Shimazaki 1999; Schroeder et al. 2001). 
Thus, the low rate of stomatal opening in response to an increase in leaf water 
potential, and high rate of stomatal closure in response to a decrease in leaf 
water potential in the plants with high foliar [ABA] were probably both a result 
of the negative effect of ABA on guard cell water content. Low sd of the trees 
kept in darkness was probably caused by the shortage of energy for the 
hydroactive reactions in stomatal guard cells.

Although the [ABA] of the exogenous solutions was considerably higher 
than that of severely water-stressed leaves with closed stomata (Davies et al. 
1981; Tenhunen et al. 1994), the stomata still opened when the water potential 
of the ABA-treated leaf was raised. This demonstrates that the influence of high 
water potential on the hydroactive reactions overrides the effect of ABA. 
Stomatal sensitivity to xylem [ABA] decreases in these tree species at high 
water potentials in leaves.

The results of the experiments with tall forest trees also demonstrate the 
important role of the variation of stomatal sensitivity to [ABA] in the stomatal 
regulation of some species in changing environmental conditions. In water- 
stressed P. tremula the shoot xylem [ABA] had increased, but the stomatal 
sensitivity to ABA ( s Ab a )  had not changed significantly. In water-stressed T. 
cordata, vice versa, the shoot xylem [ABA] had not increased, but s Aba  was 
significantly higher than that in non-stressed tree (Figs 1G,H in IV). Thus, the 
same result — decrease in stomatal conductances in water-stress conditions (Fig 
1C in IV) was probably achieved by two basically different mechanisms in 
these two species.

4.3. Relations between hydraulic conductance 
and stomata! conductance and sensitivity

The values of shoot hydraulic conductance and stomatal conductance and 
sensitivity were interrelated: The species-specific L correlated positively with 
species-specific gs and si5 and negatively with sd (Figs 4-6 in I; Tab 1; Tab 1 in
IV). Additionally, both the hydraulic and stomatal conductance (and also s{) 
were somewhat higher in the trees grown in nitrogen-rich soil (compared with 
the values of control trees of each species) and lower in the trees grown under 
water stress (Figs 1C-E in I).

The species-specific shoot hydraulic conductance and stomatal conductance 
and sensitivity also correlated with the endogenous foliar [ABA] (Fig 4 in III; 
Tab 1; Tab 1 in HI). Yet, supplying the shoots with low exogenous ABA 
solutions did not change the hydraulic conductance, but significantly decreased 
the stomatal conductance and sensitivity. Additionally, the decreases in the 
shoot hydraulic conductance in response to the higher exogenous ABA solu­
tions and also in response to the short-term water-stress or the keeping of the
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plant in darkness always were relatively smaller than the decreases of the 
stomatal conductance and sensitivity (Figs 1A,C-E, 4-6 in I; Figs 6A-C in III). 
Thus, the leaf current [ABA] probably is not an important generator of the 
correlation between the hydraulic and stomatal conductance of the shoots with 
the mature leaves.

The characteristics of leaf hydraulic architecture (r4 and u) correlated with 
the anatomical characteristics of stomata (/, z and /d): (Fig 6 in II; Tab 1): The 
trees which had wide conducting elements in the xylem and high volume of 
cells (and probably also a high volume of cell walls) outside the veins also had 
long stomatal pores, narrow guard cells, and a short dorsal side in guard cells. 
Therefore, one important explanation for the correlation between shoot 
hydraulic conductance and stomatal conductance and sensitivity can be the 
correlation between the values of the anatomical characteristics of the water 
conducting system and stomata.

As mentioned above, all the anatomical characteristics also correlated with 
foliar [ABA]. Because of the strong influence of ABA on the leaf development 
(see the chapters 4.1.3. and 4.2.3.), it may be postulated that an important 
generator of the correlations between these anatomical characteristics may be 
[ABA] in young, developing leaves. [ABA] in young leaves probably causes 
coordinated development of the anatomical characteristics which have an effect 
on the hydraulic and stomatal conductance and the stomatal sensitivity in 
leaves. Thus, [ABA] in young leaves may be a more important reason than 
current [ABA] for the correlation of hydraulic and stomatal conductances of 
mature leaves.

The L, gs and also correlated positively with maximum (light- and C02- 
saturated) photosynthetic rate (Pmax) (Fig 3 in I; Tab 1) and with the C02-limited 
photosynthetic rate (P) (data not shown). It has been found, that the content of 
chlorophyll and several other components of the photosynthetic apparatus (per 
area of the leaf) is in accordance with the Pm  (Farquhar et al. 1980; Sõber et 
al. 1999). Therefore, the P was probably also high in the leaves with high Pmax, 
because the leaves with high photosynthetic apparatus capacity can also more 
intensively utilise lower (nonsaturating) quantities of C02 and light. Both the 
aquaporins (and other channels in the membranes of mesophyll cells) and 
hydroactive processes in stomata need energy. Therefore, one cause of the 
correlation between the hydraulic and stomatal conductance was probably also 
the positive correlation of L and gs with the photosynthetic capacity of the 
leaves.

ABA probably also affects the development of the photosynthetic apparatus, 
because thin leaves with low chlorophyll content (per area of leaf) develop for 
example in conditions of water-stress (Bokhari 1976; Burke & O’Mahony
2001), when [ABA] in the plant is also high (Simpson 1981; Mansfield & 
Atkinson 1990). It was found in this study that the species-specific [ABA]ieaf 
correlated with the species-specific Pmax (as also with the L, gs s\ and ^d) (Figs 
5A,4 in III; Tab 1). Additionally, the P ^  (as also the L, gs and Sj) was low in
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the leaves that had grown up in conditions of water deficit (Figs 1A-C in I), 
when [ABA]ieaf was probably high. Thus, one of the factors which coordinates 
the development of photosynthetic apparatus with the development of leaf 
hydraulic architecture and stomata can also be the [ABA] of young leaves.

4.4. Shoot hydraulic conductance and stomatal conductance of 
tree species with different shade- and drought tolerance

The sequences of the species in shade- and drought tolerance (see the chapter
1.4.) or in shoot hydraulic conductance and the stomatal characteristics, and 
some other characteristics measured in this study (Fig 1 in I; Fig 2 in II; Fig 3 in 
III), were quite similar. Thus, the hypothesis, set at the beginning of the study 
was confirmed by the results: In the most shade- and drought intolerant species, 
the shoot hydraulic conductance, the stomatal conductance, and the stomatal 
sensitivity to an increase in leaf water potential were the highest, and the 
stomatal sensitivity to a decrease in leaf water potential and the stomatal 
sensitivity to exogenous ABA were the lowest. Therefore, the water-use 
strategy was also the least conservative in S. caprea and P. tremula. The high 
hydraulic and stomatal conductance probably permit the intensive growth of 
these species. It was also found that the capacity of the photosynthetic apparatus 
was the highest in the species with the highest light demand. High capacity of 
the photosynthetic apparatus is probably also one reason for the rapid growth, 
and is beneficial for the utilisation of the intercellular C02, the concentration of 
which is high due to the high stomatal conductance of the species. It can be 
suggested also that the distribution of these species of Salicaceae (S. caprea and 
P. tremula) will decrease in the districts where the air is polluted, because air 
pollutants are likely to be more harmful for the species with more open stomata. 
The high hydraulic and stomatal conductance of Q. robur (which was 
determined by Ellenberg to be the most drought- and shade-tolerant among 
these species) can be related to the fact that Estonia is located near the northern 
border of the area of distribution of that species. The non-optimal growth 
conditions may modify species-specific drought- and shade-tolerance.
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5. SUMMARY AND CONCLUSIONS

□ The shoot hydraulic conductance (L), stomatal conductance (gs), stomatal 
sensitivity to an increase in leaf water potential 00 and stomatal sensitivity 
to a decrease in leaf water potential (sd) differed significantly between 
different deciduous tree species. Consequently, the genetic factor is very 
important cause of differences in leaf water relations.

□ The L, gs and were higher in the trees grown in soil with a higher nitrogen 
content and lower in the trees grown in conditions of mild water deficit 
(both the water deficit of three months and the water deficit of two days), 
compared to the trees of the control set of each species. The Jd changed in 
the opposite direction if compared to the L, gs and st. The L, gs, s-t and sd 
decreased in response to keeping the trees in darkness for some days. Thus, 
all these important characteristics of leaf water regime are responsive to 
both the long-term differences and the short-term changes in environmental 
factors.

□ L decreased by about 50% (in all the species) after keeping a sapling in 
darkness for only a few days. As probably only the conductance of foliar 
symplast decreased during the starvation in darkness, it was concluded that 
in the mesophyll and epidermal cells of non-darkened leaves, about a half of 
the water of the transpiration stream crossed the symplastic compartment. 
I.e., the hydraulic conductance of the symplastic and the apoplastic 
compartments is about equal in the non-stressed leaves of all these tree 
species.

□ The high sensitivity of the shoot hydraulic conductance to the conductance 
of the foliar tissues which are not specialised to water conducting indicates 
that the hydraulic resistance is significantly higher in the foliar parenchymal 
tissues, compared to (non-embolised) xylem in the shoots of these species.

□ Species-specific L correlated positively with the species-specific radius 
(fourth power) of the widest conducting elements of leaf midrib (r4) and the 
area of mesophyll and epidermal cells on the leaf cross-section (u). r4 and u 
were also higher in the trees grown in soil with a higher nitrogen content; r4 
and mostly u were lower in the trees grown under mild water stress 
(compared with the trees of the control set of each species). Therefore, these 
two anatomical characteristics are probably important determinants of both 
the species-specific values of shoot hydraulic conductance and the 
differences of the L between individuals of the same species — in trees 
grown in different environments.

□ Species-specific gs and Si correlated positively with the species-specific 
length of the stomatal pore (/), and negatively with guard cell width (z) and 
the length of the guard cell on the dorsal side (/d). The correlations of the sd 
with these anatomical characteristics of stomata were in the opposite 
direction. Length of the stomatal pore was also higher in the trees grown in
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soil with a higher nitrogen content, and lower in the trees grown under mild 
water stress (compared with the trees of the control set of each species). 
Consequently, the /, z, and /d are important determinants of species-specific 
values of stomatal conductance and stomatal sensitivity to changes in leaf 
water potential. The I is also important in the adaptation of stomatal 
conductance and sensitivity to different growth conditions.

□ L, gs and s\ were low and sd was high in the trees where leaf endogenous 
abscisic acid concentration ([ABA]) was high. L, gs and Si decreased also in 
response to exogenous ABA. Therefore, the current foliar [ABA] is 
probably an important determinant of: 1) the species-specific hydraulic and 
stomatal conductance and the stomatal sensitivity, and 2) the differences of 
these characteristics within the same species — between the individuals 
grown in different environments.

□ Stomatal sensitivity to (exogenous) ABA decreased in all the species when 
leaf water potential rose to high values. Stomatal sensitivity to exogenous 
ABA increased significantly during drought in Tilia cordata, but not in the 
other species analysed — Populus tremula. Consequently, variation of the 
stomatal sensitivity to ABA is an important strategy in the stomatal 
regulation of trees, especially in some species (Tilia cordata).

□ L correlated positively with and negatively with i'd- The correlation of 
shoot hydraulic conductance also with both the stomatal sensitivities (in 
addition to the correlation with the stomatal conductance) indicates a very 
tight connection between the regulation of water movement in(to) the leaf 
and out of the leaf.

□ The anatomical characteristics, which potentially have significant influence 
on hydraulic conductance (r4 and u) correlated with the anatomical charac­
teristics of stomata (/, z and /d). Therefore, one reason for the correlation of 
the hydraulic conductance with the stomatal conductance and sensitivity can 
be the correlation between the anatomical characteristics of the water 
conducting system and stomata in these trees.

□ The anatomical characteristics (r4, u /, z and Zd) also correlated with the 
endogenous [ABA] of the leaves. It was suggested that the specific [ABA] 
is the coordinator of the development of the anatomical characteristics of 
the water conducting system and stomata in young leaves, and thereby, 
indirectly determines the correlation between the hydraulic and stomatal 
conductance of mature leaves.

□ The most shade-intolerant and drought sensitive species also have the 
highest shoot hydraulic conductance, stomatal conductance, stomatal 
sensitivity to an increase in leaf water potential, and the maximum 
photosynthetic apparatus capacity, and the lowest stomatal sensitivity to a 
decrease in leaf water potential. Therefore, shade- and drought tolerance 
probably are determined by the species-specific hydraulic and stomatal 
conductances, the stomatal sensitivity, and the photosynthetic capacity.
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SUMMARY IN ESTONIAN

Lehtpuuvõrsete hüdrauliline juhtivus ja 
õhulõhede juhtivus

Käesolevas doktoritöös on põhiliselt analüüsitud kuude Eestis väga arvukalt 
esindatud liiki kuuluvate puude võrsete veerežiimi olulisimaid karakteristikuid: 
võrse maksimaalset (ksüleemi juhtelementide kavitatsiooni poolt vähendamata) 
hüdraulilist juhtivust (L), õhulõhede juhtivust (veeauru suhtes) (gs), õhulõhede 
tundlikkust lehe veepotentsiaali suurenemise suhtes (jj) ja õhulõhede tundlik­
kust lehe veepotentsiaali vähenemise suhtes (sd). Uuritavad puuliigid olid harilik 
vaher (Acer platanoides L.), harilik toomingas (Padus avium Miil.), harilik haab 
(Populus tremula L.), harilik tamm (Quercus robur L.), raagremmelgas (Salix 
caprea L.) ja harilik pärn (Tilia cordata Miil.). Töö põhieesmärgiks oli 
selgitada: 1) nende oluliste veerežiimi karakteristikute liigispetsiifilised väärtu­
sed mitmetes Eesti puudes; 2) millised teised võrsete karakteristikud on olulised 
hüdraulilise juhtivuse ning õhulõhede juhtivuse ja tundlikkuse liigispetsiifiliste 
väärtuste kindlaksmäärajad; 3) millised karakteristikud tingivad selle, et 
hüdrauliline juhtivus ning õhulõhede juhtivus ja tundlikkus erinevad sama liiki, 
aga erinevates kasvutingimustes (erinev kastmis- või valgustamisrežiim või 
mulla lämmastikusisaldus) kasvanud taimedes; 4) võrse hüdraulilise juhtivuse ja 
õhulõhede juhtivuse omavahelise balansseerituse mehhanismi: kas hüdraulilise 
juhtivuse ja õhulõhede juhtivuse positiivset korrelatsiooni põhjustab võrse 
hüdraulilise arhitektuuri ja õhulõhede ehituse vastavus ja/või abstsiishape.

Leiti, et nii L, gs, s± kui ka maksimaalse (küllastavas valguses ja küllastava 
süsihappegaasisisaldusega Õhus) fotosünteesi (Pmax) liigispetsiifiliste väärtuste 
suurenemise põhjal (noortes mõneaastastes taimedes) saab need puuliigid 
reastada järgmiselt: Acer platanoides < Tilia cordata < Padus avium = Quercus 
robur < Salix caprea = Populus tremula. sd liigispetsiifilised väärtused vähe­
nesid samas järjekorras. Seega põhjustavad geneetilised erinevused nende 
karakteristikute erinevusi juba noortes puudes, mille valgustatus jm kasvu­
tingimused on samasugused.

Nii L, gs, 5; kui P ^  olid suuremad (võrreldes kontrollrühma puudega) iga 
liigi neis puudes, mille mulla lämmastikusisaldust oli suurendatud, ja väiksemad 
neis puudes, mis olid kasvanud mõõduka veedefitsiidi tingimustes. Seejuures ei 
erinenud nende karakteristikute väärtused enamasti oluliselt puudes, mis olid 
veedefitsiidi all kannatanud kevadest saadik (ca 2 kuud), ja neis puudes, mis 
olid veedefitsiidi all kannatanud vaid 2 päeva. sd oli nende erinevate 
kasvutingimuste mõjul (kõigis liikides) muutunud vastupidises suunas. Mõne­
päevane pimedas hoidmine oli esile kutsunud kõigi karakteristikute väärtuste 
vähenemise. Seega varieerivad kasvutingimused kõiki neid karakteristikuid ka 
lehtedes, mis ei ole enam intensiivse kasvu staadiumis. Kõige rohkem vähendas 
nende karakteristikute väärtuseid puude mõnepäevane pimedas hoidmine. Võrse
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hüdrauliline juhtivus oli kõigis liikides ligikaudu poole võrra vähenenud. Kuna 
pimedas ilmselt väheneb põhiliselt vaid rakkude sümplasti hüdrauliline juhtivus, 
järeldati, et hea veevarustuse ja valgustatuse puhul läbib ligikaudu 50% transpi- 
ratsioonivoolu veest ka lehtede mesofülli- ja epidermiserakkude sümplasti — 
lehtede veejuhtimisele mittespetsialiseeranud kudedes on apoplasti ja sümplasti 
hüdrauliline juhtivus siis ligikaudu võrdsed. See, et ilmselt ainult lehtede 
parenhüümsete kudede juhtivuse vähenemine põhjustas võrse (summaarse) 
hüdraulilise juhtivuse ulatusliku vähenemise, viitab sellele, et ka võrsetes (nii 
nagu ka juurtes) on veejuhtimisele mittespetsialiseeranud kudede hüdrauliline 
takistus tunduvalt suurem kui takistus (ilma õhuemboliteta) ksüleemis.

Võrse hüdraulilise juhtivuse liigispetsiifilised väärtused olid positiivses 
korrelatsioonis lehe keskroo suurimate juhtelementide raadiusega (neljandas 
astmes) (r4) ning mesofülli- ja  epidermiserakkude ruumalaga lehe pinnaühiku 
kohta (ü). Samaselt võrse hüdraulilise juhtivusega olid ka rA ja u suuremad 
suurendatud lämmastikusisaldusega mullas kasvanud puude lehtedes ning ena­
masti väiksemad mõõduka veedefitsiidi tingimustes kasvanud lehtedes 
(kontrollrühma puudega võrreldes). Järeldati, et ksüleemi juhtelementide läbi­
mõõt ning lehe mesofülli- ja epidermiserakkude ruumala on olulised nii 
hüdraulilise juhtivuse liigispetsiifiliste väärtuste kui ka erinevates keskkondades 
kasvavate (sama liiki) puude võrsete hüdraulilise juhtivuse varieeruvuse kujun­
damisel.

gs ja S[ liigispetsiifilised väärtused olid positiivses korrelatsioonis õhulõhede 
õhupilu pikkuse (/) ning negatiivses korrelatsioonis sulgrakkude laiuse (z) ja 
sulgrakkude väliskülje pikkuse (/d) liigispetsiifiliste väärtustega. sd liigispetsii­
filiste väärtuste korrelatsioon nende anatoomiliste karakteristikutega oli vastu­
pidine: negatiivne õhupilu pikkuse ja positiivne sulgrakkude laiuse ja väliskülje 
pikkuse liigispetsiifiliste väärtustega. Seega on need õhulõhede anatoomilised 
karakteristikud (l, z ja /d) ilmselt olulised õhulõhede juhtivuse ja tundlikkuse 
liigispetsiifilise taseme määrajad. Kuna õhupilu pikkus oli (nagu ka gs ja si) suu­
rem lämmastikurikkas mullas kasvanud puude lehtedes ja väiksem veedefitsiidi 
tingimustes kasvanud lehtedes, järeldati, et õhulõhede juhtivuse ja tundlikkuse 
varieerumine erinevates keskkondades kasvanud (sama liigi) puudes võib olla 
olulisel määral tingitud ka õhupilude pikkuse varieerumisest.

L, gs ja liigispetsiifilised väärtused olid positiivses ja sd liigispetsiifilised 
väärtused negatiivses korrelatsioonis abstsiishappe kontsentratsiooniga ([ABA]) 
lehtedes. Võrse hüdrauliline juhtivus ja õhulõhede juhtivus vähenesid ja lehtede 
[ABA] suurenes põua ajal ning nii L, gs kui ka ^ vähenesid, kui võrsetesse lisati 
abstsiishappelahust. Seega on lehtede [ABA] ilmselt oluline faktor nii võrsete 
hüdraulilise juhtivuse ning õhulõhede juhtivuse ja tundlikkuse väärtuste liigi­
spetsiifilise taseme kindlaksmääramisel kui ka nende karakteristikute variee­
ruvuse kujundamisel erinevates keskkondades kasvavatel (sama liiki) puudel.

Kui lehtede veepotentsiaali tunduvalt suurendati, siis õhulõhede tundlikkus 
ABA suhtes vähenes kõigis liikides, st õhulõhed ei sulgunud pärast suure 
kontsentratsiooniga ABA-lahuste lisamist võrsetesse. Põua ajal oli õhulõhede
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tundlikkus [ABA] suhtes oluliselt suurenenud Tilia cordata lehtedes, kuid teise 
uuritud liigi — Populus tremula, lehtedes mitte. Järeldati, et õhulõhede ABA- 
tundlikkuse muutmine on oluline meetod õhulõhede juhtivuse kohandamisel 
keskkonnatingimustega, aga selle mooduse osakaal on liigiti erinev.

Võrse hüdrauliline juhtivus korreleerus mitte ainult õhulõhede juhtivusega, 
vaid ka õhulõhede tundlikkusega lehe veepotentsiaali muutumise suhtes. L 
korreleerus positiivselt sj-gaja negatiivselt sd-ga.

Õhulõhede juhtivus ja tundlikkus muutusid oluliselt juba nii väikese kont­
sentratsiooniga abstsiishappelahuste lisamisel võrsesse, mis hüdraulilist juhti- 
vust veel ei muutnud. Seega ei ole täiskasvanud lehtede [ABA] hetkeväärtused 
ilmselt hüdraulilise ja õhulõhede juhtivuse vastavuse kujundamisel eriti olu­
lised.

Anatoomilised karakteristikud, mis ilmselt mõjutavad hüdraulilist juhtivust 
lehes (r4 ja w), korreleerusid nende anatoomiliste karakteristikutega, mis ilmselt 
mõjutavad õhulõhede juhtivust (/, z ja /d). Järeldati, et nende anatoomiliste 
karakteristikute korrelatsioon võib olla hüdraulilise juhtivuse ning õhulõhede 
juhtivuse ja tundlikkuse vahelise korrelatsiooni üks olulisi põhjuseid.

Kõik need anatoomilised karakteristikud korreleerusid ka abstsiishappe 
kontsentratsiooniga lehtedes. Kuna on teada, et ABA avaldab lehtede arengule 
suurt mõju, oletati, et hüdraulilise juhtivuse ja õhulõhede juhtivuse vahelist 
korrelatsiooni tingib siiski ka ABA, kuid põhiliselt kaudsemal viisil: [ABA] 
ilmselt koordineerib noortes, intensiivse kasvu staadiumis olevais lehtedes 
nende anatoomiliste karakteristikute arengut, mis mõjutavad hüdraulilist 
juhtivust, õhulõhede juhtivust ja  tundlikkust ka täiskasvanud lehtedes.

Põuatundlikumatel ja valgusnõudlikumatel liikidel olid võrse hüdrauliline 
juhtivus, õhulõhede juhtivus, õhulõhede tundlikkus lehe veesisalduse suurene­
mise suhtes ja fotosünteesi maksimaalne intensiivsus suuremad ning õhulõhede 
tundlikkus lehe veesisalduse vähenemise suhtes väiksem kui põua- ja vaiju- 
taluvamatel liikidel. Järeldati, et nende karakteristikute väärtuste liigispetsii- 
filine tase ilmselt määrabki oluliselt liigi põuatundlikkuse või valgus- 
nõudlikkuse.
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Abstract

The relationship between shoot hydraulic conductance (L) and stomatal sensitivity to changes in leaf water status was 
studied in the saplings of six deciduous tree species. L increased significantly in sequence: Acer platanoides < Tilia 
cor data < Padus avium = Quercus robur < Salix caprea = Populus tremula. L was higher in the trees grown in soil with 
a higher nitrogen content and lower in the trees grown under mild water stress or kept in darkness for several days. L was 
higher in July than in September in all the species. L correlated positively with maximum photosynthesis, stomatal 
conductance and stomatal sensitivity to an increase in leaf water potential, but negatively with stomatal sensitivity to a 
decrease in leaf water potential. The correlations between L and any other parameter were approximated by three 
different curves: data for water-stressed plants fit to the first, data for plants kept in darkness fit to the second and all the 
other data fit to the third curve, The reasons of the differences of shoot hydraulic conductance in the different 
experimental sets and the mechanisms which may cause the correlation between L and the other characteristics are 
discussed.

Additional key words: Acer platanoides, Padus avium, Populus tremula, Quercus robur, Salix caprea, Tilia cordata.

Introduction

Shoot hydraulic conductance is an essential characteristic 
of the plant water regime because it influences the water 
supply. The hydraulic conductance of the xylem 
correlates with some of its anatomical parameters 
(Zimmermann 1983, Calkin et al. 1986, Ewers et al. 
1990) and it changes also during short-term variations in 
water balance (Cochard 1992, Yang and Tyree 1993, 
Zotz et al. 1994, Kavanagh et al, 1999). Usually the 
hydraulic conductance of stems (without leaves) is 
directly measured (Sellin 1993, Tognetti et al. 1999a,b). 
The data of conductance in shoots with leaves are usually 
obtained by calculations using transpiration rates 
(Comstock and Mencuccini 1998, Bond and Kavanagh 
1999). There is meagre data about hydraulic conductance 
of tree shoots obtained by direct measurements of the

liquid water flow through the shoots with leaves (Sobrado 
1997/1998, Wei et al. 1999a,b) .

The path of water through the leaf to evaporation sites 
in intercellular spaces has been an object of discussions 
for a long time. The most widely accepted point of view 
is that water flows through the xylem and then through the 
parenchymal tissue before evaporation to the intercellular 
spaces (Boyer 1985, Steudle 1997). The diameters of the 
xylem conducting elements are relatively small in leaves 
(Esau 1965), therefore the xylem hydraulic conductance 
may also be low in the leaves. The hydraulic conductance 
in the mesophyll may not be much lower than in the 
xylem of the leaves. Studies which show that tree shoot 
hydraulic conductance can be limited by the hydraulic 
conductance in parenchymal cells in leaves are rare.

Received 28 April 2000, accepted 19 July 2000.
Abbreviations: ABA - abscisic acid; E - transpiration rate; g, - stomatal conductance; I - irradiance; L - hydraulic conductance; 
p - pressure; Pra,x - maximum photosynthetic rate; sd - stomatal sensitivity to a decrease in leaf water potential; Sj - stomatal sensitivity 
to an increase in leaf water potential; vd • maximum relative rate of stomatal closure; vj - maximum relative rate of stomatal opening; 
w - leaf water content per area; x - leaf relative wet mass per area.
Acknowledgment: The work was supported by the Estonian Science Foundation grants Nos. 2044 and 3780.
Fax: (+372) 7 383013, e-mail: kroot@zbi.ee*
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The hydraulic conductance in the cell walls is several 
orders of magnitude higher than in the symplast (Fiscus 
1986, RUdinger et al. 1994, Steudle and Meshcheryakov
1996, Steudle and Heydt 1997). However, the volume of 
the cell walls in the leaf is lower than the volume of 
symplasts and vacuoles (Esau 1965). Therefore, the 
hydraulic conductance of these two compartments in the 
mesophyll may be comparable.

The rate of water loss from the leaf is dependent on 
stomatal conductance. A positive correlation exists 
between hydraulic conductance and stomatal conductance 
(Reich and Hinckley 1989, Jones and Sutherland 1991, 
Sõber 1997, Bond and Kavanagh 1999, Tognetti et al. 
1999a,b). It is resonable to suppose, that the hydraulic 
conductance may be also correlated with the other

Materials and methods

Plants: The species studied in this work were: Acer 
platanoides L., Tilia cordata Mill., Padus avium Mill., 
Quercus robur L., Salix caprea L. and Populus tremula 
L. In the first series of experiments the trees were studied 
in the course of seasonal developement. The saplings 
were grown in Tartu, Estonia, (58°22' N and 26°44' E), 
in a small stand, in clay loam, in full sunlight. All the 
saplings were 8 - 1 0  years old. Their terminal branches 
(about 1 m tall) were cut under the water and were 
brought (the base of each branch remained submerged) to 
the laboratory in the late evening o f the previous day 
before the experiment. The experiments were done in July 
and in September 1997.

In the second series of experiments, the influence of 
several growth conditions was studied. The pots with 3 
year old saplings were brought to a greenhouse. The 
complex fertilizer was given to all the saplings. The 
relative content o f the elements in the complex fertilizer 
was: N 10, P 7, K 16, Fe 0.6, Cu 0.4, Mn 0.08, Mo 0.08, 
Zn 0.07 and B 0.07 parts. Experiments were done in July
1998.

Data from eight experimental sets for each species 
(two sets from the first and six sets from the second series 
of experiments) were compared in this study. Some 
greenhouse-sets of P. tremula, S. caprea and Q. robur are 
absent because too many plants of these species 
(characterized by relatively insensitive stomata to a 
decrease in the leaf water content) did not survive 
transplanting to the pots.

Apparatus: The initial version of the apparatus is 
described by Sõber and Moldau (1977). The apparatus 
enables the simultaneous measurement of transpiration 
rate (by micropsychrometer), leaf temperature (by 
infrared termometer), photosynthesis rate (by gas analyzer

essential stomatal parameter: stomatal sensitivity to 
changes of leaf water potential. Data about the correlation 
between hydraulic conductance and stomatal sensitivity 
are available only for the bean (Phaseolus vulgaris L.) 
(Sõber 1996, Sõber 1997). In these studies, a positive 
correlation between hydraulic conductance and stomatal 
sensitivity to an increase in the leaf water potential was 
found.

The main questions asked in the present work were: I) 
Does there exist a correlation between shoot hydraulic 
conductance, stomatal conductance and stomatal 
sensitivity to changes in the leaf water status in deciduous 
trees? 2) Can changes which arise in the mesophyll during 
the water stress or in darkness influence the hydraulic 
conductance in deciduous tree shoots?

LI - 6262, Li-Cor, Lincoln, USA) and the relative changes 
of leaf water content (by fJ-gauge technique) of the intact 
leaf in leaf chamber. The data are registered by computer. 
The temperature of the leaf chamber was held at 25 °C, 
the relative air humidity was 50 - 60 %, C02 pressure was 
near the normal ambient (345 nmol mol"1) and the 
photosynthetic photon flux density was 1020 nmol m'2 s'1. 
The pressure chamber was added to the system and leaf 
water content was incrased by means of the pressure 
chamber technique, for details see Rahi (1973).

Experiments: a) To observe an increase in the leaf water 
content a short (10 - 15 cm) shoot was cut under the water 
from the bigger branch and one leaf was put in the leaf 
chamber. The shoot was fixed in the water-filled pressure 
chamber so that the cut end of the shoot was in the water. 
After the stabilization of stomatal conductance, the C02 
content of the air in the leaf chamber was quickly raised 
to 1760 nmol mol'' for 4 min to detect values of 
maximum (independent of air C 02 content) photo­
synthetic rate (Pmax). When stomatal conductance was 
stabilized again at natural C02 content, the pressure in the 
pressure chamber was quickly raised from 0 to 0.2 MPa. 
The experiment was finished when water droplets 
appeared on the abaxial surface o f the leaf. If there was 
no infiltration after 15 min of the pressure increase, the 
pressure in chamber was quickly raised to 0.4 MPa and 
then to 0.7 MPa (if needed), until a dense network of 
water droplets was seen on the abaxial surface o f the leaf. 
For details see also Sõber (1996) and Sõber (1997).

b) To observe a decrease in the leaf water content the 
leaf was in the leaf chamber, the end of the shoot was in a 
water-vessel. After the stabilization of the stomatal 
conductance, the leaf petiole was cut. The experiment was 
finished when stomatal conductance reached values near
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zero.
The leaf part, which had been in the leaf chamber was 

cut out and its fresh mass was determined in both 
experiments. The dry mass of the leaf segment was 
determined after drying it for two days at 80 °C.

Calculations:; Stomatal conductance (for water vapour) 
(gs) [mol m'2 s'1] was calculated using measured values of 
transpiration rate and leaf temperature, according to 
Sõber and Moldau (1977).

Stomatal sensitivity to a decrease in leaf water 
potential (sd) [% s'1] was defined as a relative rate of 
stomatal closure:

sd = vdx A  (1)

where vd is the maximum relative rate of stomata! closure 
[% s'1] and A is a scaling coefficient which transforms vd 
to a common transpiration rate;

vd ~ [Ag$/(At x gli)] x 100 (2)

where Ags is the difference of stomatal conductances in 
the region of maximum rate o f stomatal closure; At is the 
time interval [s], corresponding to Ags, and gs, is an 
average stomatal conductance during At.

The relative rate of stomatal closure was determined, 
because stomatal conductance declined after the petiole 
was cut almost exponentially with time. Coefficient A was 
determined as:

A = E„/E, (3)

where E, is the average transpiration rate [mol m'2 s'1] 
during At and Ea, is the average of E, for all the 
experiments (both the experiments of decreasing and 
increasing the leaf water potential). Coefficient A was 
defined by transpiration rates, because water potential 
probably dropped more rapidly after the leaf detachment 
in the cases of a higher transpiration rate. The maximum 
relative rate of stomatal closure was in a positive 
correlation with the transpiration rate (data not shown).

Stomatal sensitivity to an increase in leaf water 
potential (sj) [% s'1] was defined as a relative rate of 
stomatal opening:

S; =  Vi x B (4)

where v; is the maximum relative rate o f stomatal opening 
[% s*1] and B is the coefficient which transforms V; to a 
common transpiration rate and the pressure increase in the 
pressure chamber.
The value o f Vj was obtained as:

Vi = {Ags/[At x ( g ^  * gs«)]} x  100 (5)

where g.— is the maximum value o f stomatal 
conductance after the pressure increase in the pressure 
chamber. The relative rate of stomatal opening was used 
because the opening of stomata after the pressure increase 
was also almost exponential with time.
B was obtained as:

B = (E, x APrs)/(Eaa x  Apr) (6)

where Apr is the pressure increase in the pressure chamber 
[Pa], inducing an increase in leaf water potential; Ap„ is 
the average o f Apr for all the experiments. Coefficient B 
was defined by the transpiration rates and pressure 
increases, because the rate of water potential increase in 
the leaf is probably higher when the transpiration rate is 
lower and when the applied pressure is higher. Several 
aspects o f the method of calculating the stomatal 
sensitivities were discussed by Sõber (1997) and Sõber 
and Sild (1999).

The shoot hydraulic conductance (L) [g m'2 s'1 Pa'1] 
was calculated by the formula:

L = [(Aw/At) + Ea]/Ap (7)

where Ap is the pressure difference at the path of the 
water from the pressure chamber to the intercellular 
spaces of the leaf. It was assumed that the water potential 
in the leaf intercellular spaces equals zero in the 
infiltrating leaves, and therefore Ap was equal to the 
pressure in the pressure chamber. Aw/At is the maximum 
rate of increase in the leaf water content per leaf area 
[g m'2 s'1] during leaf infiltration. Usually Aw/At > E, in 
our experiments. The relative values o f leaf wet mass per 
area (x) were obtained as:

x = (lnl - lnlb)/(lnl0 - lnlb) (8)

where 10 is irradiance in the absence of the leaf in the leaf 
chamber; I and Ib are current value of irradiance behind 
the leaf and the irradiance at the beginning of the 
experiment, respectively. The leaf absolute water content 
per area [g m'2] was obtained as:

W = [ ( x x  Wwe)/Xe] - Wd (9)

where xc is the leaf relative wet mass per area at the end 
of the experiment, wwe is leaf absolute wet mass per area 
[g m"2] at the end of the experiment, and wd is leaf dry 
mass per area [g m'2]. For other details see Mederski 
(1961), Sõber (1992), Moldau et al. (1993) and Sõber 
(1997).

Results

Shoot hydraulic conductance (L) increased significantly avium = Quercus robur < Salix caprea -  Populus 
in sequence: Acer platanoides < Tilia cordata < Padus tremula (Fig. \A). L was higher in July than in September
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for all the species. L was slightly higher in trees grown in 
soil with a higher nitrogen content for most of the species 
(S. caprea was an exception). L was lower in the trees 
grown under mild water stress for all the species. L was 
not very different between the trees which had been 
grown under a mild water stress since spring and the trees 
which suffered under the water stress for a only few days.

L was the lowest in the trees kept in darkness and it was 
lower in the trees which were in darkness longer (6 d) 
compared to the trees which had been in darkness for 4 d 
(Fig. I A). The relative decrease of L after a short-term 
mild water deficit or after keeping the trees in darkness 
was quite similar for the different species (Fig. 2).

JS C N V W T D  JS C N V W T D  JS C N V W T D  JS C N V W T D  JS C N V W T D  J S C N  

A. ptatanokhs T. cortata P. avium 0. robur S. capraa P. tnmula

Fig. 1. Shoot hydraulic conductance {A), maximum photosynthetic rate (B), stomatal conductance (C), stomatal sensitivity to water 
potential decrease (D) and stomatal sensitivity to water potential increase {£). Means (n = 3 - 7) ± SE. Labelling: J - shoots from 
stand, July; S - shoots from stand, September; C - shoots from greenhouse, control; N - shoots from greenhouse, nitrogen-fertilized; 
V - shoots from greenhouse, water-stressed for 2 d; W - shoots from greenhouse, water-stressed since spring; T - shoots from 
greenhouse, kept in darkness for 4 d; D - shoots from greenhouse, kept in darkness for 6 d.

The maximum photosynthetic rate (at saturating 
concentration of carbon dioxide) (Pm*x)> stomatal 
conductance at the beginning o f the experiment (before 
changing o f the water potential of the leaf) (gs0), stomatal

sensitivity to a decrease in leaf water potential (s<i) and 
stomatal sensitivity to an increase in leaf water potential 
(Sj) also varied between the species and between the 
experimental sets within the species (Figs. 1B-E). In
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general, Pm„;, gso and Sj varied in parallel with L: they 
were the lowest in A. platanoides and the highest in 
P. tremula and S. caprea. They were higher in July than 
in September and usually somewhat higher in trees grown 
in soil with a higher nitrogen content. P ^ ,  gso and sf were 
lower in the trees grown under mild water stress and still 
more significantly lower in the trees kept in darkness 
(Figs. \A,B,C,E).

In most cases, sd decreased (Fig. ID) when L and the 
other parameters increased (Figs. IA,B,C,E): sd was the 
lowest in P. tremula and S. caprea and the highest in 
A. platanoides and higher in the trees grown under mild 
water stress. But sd was also lower in all the trees kept in

100-------------------------

darkness (compared with the trees o f the control set) 
(Fig. 1). The absolute differences in sd between the 
experimental sets inside the species were more 
pronounced in the species characterized with a relatively 
high sd in the control set (Fig. ID).

The both sensitivities, Sj and sd, were almost equal in 
the well-watered trees o f P. avium and Q. robur. sd was 
many times higher than s; in the species characterized 
with a low L (A. platanoides and T. cordata) and Sj was 
several times higher than sd in the species characterized 
with a high L (S. caprea and P. tremula). The differences 
between sd and s; were the greatest in A. platanoides, the 
species with the lowest L (Figs. \AJ),E).

IgSf 80 
i | | !  "sell40 
Sx8 £ 20

V D V O

A platanoides T. cordata
v o 

P. avium Q. robur S. caprea

Fig. 2. Shoot relative hydraulic conductance after mild water stress for two days or darkness for six days (compared with shoot 
hydraulic conductance of control-set of the species) (means (n = 4 - 7) ± SE). Labelling as in Fig. 1.

Figs. 3 - 6 .  Relationships between shoot hydraulic conductance and maximum photosynthetic rate (Fig. 3), stomatal conductance 
(Fig. 4), stomatal sensitivity to water potential decrease (Fig. 5) and stomatal sensitivity to water potential increase (Fig. 6). Means ± 
SE; n = 3 -7 ). Figs. 3, 4, 6: upper curve - well-watered trees, not kept in darkness (C-, N-, J- and S-set); middle curve - water-stressed 
trees (V- and W-set); lower curve - trees, kept in darkness (T- and D-set). Fig. 5: middle curve - well-watered trees; upper curve - 
water-stressed trees; lower curve - trees kept in darkness.

L was positively correlated with Pm,x (Fig. 3), gs0 (Fig. 
4) and s; (Fig. 6), and negatively with sd (Fig. 5). Keeping 
in darkness for several days and the mild water deficit 
changed the correlation curves. Keeping in darkness 
lowered P„.v. gso, su and sd significantly more than L

(Figs. 3 - 6)). Mild water stress affected sd and Sj 
differently: sd (compared at some equal L values) was 
significantly increased (Fig. 5), but Sj was slightly 
decreased (Fig. 6).

Discussion

As shoot hydraulic conductance was variable between role of genetical factors in its determination may be 
different tree species grown in the same conditions, the strong. One important reason for the differences in L may
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be the different structure of the xylem in the trees. It is 
found that the largest conducting elements in the xylem 
are considerably smaller in maple, than in aspen 
(Holdheide 1951, Carlquist 1988). Also, the xylem 
conducting elements are smaller in the plants grown under 
water stress (Doley and Leyton 1968, Bissing 1982, 
Arnold and Mauseth 1999) and wider in plants grown in 
nutrient-rich soil (Shan and Mehta 1978). Hydraulic 
conductance in the xylem vessels is in a positive 
correlation with the diameter of the vessels (Calkin et al. 
1986). Thus, it is probable that the differences of L 
between the species and experimental sets were caused 
partially by the different hydraulic conductance of their 
xylem.

We found that L in the tree shoots changed 
significantly during only a few days of mild water stress 
or starvation in darkness. Cavitation in the xylem vessels 
(Sperry et al. 1994, Zwienieckin and Holbrook 1998, 
Magnani et al. 2000) can be one important reason for the 
decrease of L in water-stressed plants and at the end of 
the growing season. But cavitation is unprobable in the 
well-watered trees in darkness and there are no data about 
other such rapid changes in the xylem vessels during such 
a short time. It is known that several detrimental changes 
take place in the other tissues of leaves during starvation 
(Neumann et al. 1989, Pell and Dann 1991). Thus, it is 
possible that the decrease of L was caused by the changes 
of the parenchymal tissues in leaves. Consequently, it was 
probable that hydraulic conductance in leaf parenchymal 
tissues affected the values of shoot hydraulic conductance 
in trees in some cases.

What may be the mechanism o f change of hydraulic 
conductance in the mesophyll in darkness? There are no 
data about such rapid changes o f anatomy in the 
parenchymal tissues o f full-grown leaves, but several 
changes can take place in physiology. Changes in 
hydraulic conductance in leaves accompany variations in 
apoplastic pH (Sõber and Aasamaa 1998). The 
polysacharide cell wall is known to be a sparse structure, 
with large holes between chains of the polymers (Brett 
and Waldron 1996). In light of the present knowledge of 
cell wall physiology, it is unprobable that rapid changes 
in water permeability of such a sparse, well water- 
permeable structure take place. Variations in apoplastic 
pH have a rapid influence on the structures of the 
plasmalemma (Michelet and Boutry 1996). The 
revolutionary discoveries of the last decade have shown 
that rapid changes in hydraulic conductance in the 
symplast can be induced by changing the conductance of 
aquaporines - proteins, that form channels for water in 
plasmalemma and tonoplast (Fray et al. 1994, Maggio 
and Joly 1995, Steudle and Henzler 1995, Steudle and 
Frensch 1996, Maurel 1997, Schiitz and Tyerman 1997, 
Steudle 1997, Eckert et al. 1999). The functioning of the 
water channels needs energy (Johansson et al. 1998,

Tyerman et al. 1999). Therefore, the reason for a 
decrease in L may be the lack of energy to keep 
aquaporins in working order in the starving plants.

Thus, it is probable that the rapid changes in shoot 
hydraulic conductance were caused by changes in the 
symplasts of the leaf mesophyll during light deprivation. 
Therefore, the cell-to-cell pathway may be important in 
the leaves of deciduous trees.

We found that the relative decrease o f L during 
darkness was similar in the different species. If the 
hydraulic conductance of symplast was close to zero after 
six days in darkness (about 50 % of control) reflects the 
hydraulic conductance in the leaf apoplast. It can be 
concluded that the proportion of symplastic and 
apoplastic components of transpirational flow is about 1:1 
in the non-stressed leaves and this proportion is not very 
different in the tree species.

The positive correlation between L and the stomatal 
characteristics gs0 and ss and the negative correlation 
between L and sd occurred in most cases. One reason for 
the correlation between L and s; may be that the water 
flows more rapidly in the shoots which have a higher L 
and the leaf water potential rises also more rapidly, and 
therefore the stomatal opening is more rapid. One of the 
reasons for the negative correlation between L and sd may 
be similar: in the shoots which have higher L, the water 
flows to the stomatal region more rapidly and the water 
potential of the epidermis is lowering at a lower rate. For 
this reason, the stomatal closure proceed at a lower rate.

In addition, the correlation between L and the stomatal 
characteristics may be caused by some other 
physiological mechanisms. The abscisic acid (ABA) 
content increases in leaves when a water deficit arises in 
the soil and/or the leaf water potential decreases (Simpson
1981, Mansfield and Atkinson 1990, Jarvis and Davies 
1997, Wilkinson and Davies 1997, Niinemets et al. 
1999). The ABA content also increases in leaves in the 
course of senescence during the growing season (Laurtere 
1983, Nooden 1988, Pell and Dann 1991, Smart 1994, 
Wingler et al. 1998). The decrease in stomatal 
conductance is induced by the addition o f ABA, even for 
a well-watered leaf (Cousson 1999, Leymarie et al. 
1999). ABA is responsible for changing the activity of 
membrane channels (Owen 1988, Hahn 1996, Du et al. 
1997, Roberts 1998, Barkla et al. 1999, Blatt 1999, 
Cousson 1999, Frank et al. 2000, Li et al. 2000). The 
addition of ABA induces increase of water permeability 
of roots (Cram and Pitman 1972, Tardieu and Davies 
1993), it is possible, that ABA rises the water 
permeability of membranes in roots (Pitman and Wellfare 
1978). But many effects of ABA are contraiy in leaves 
and roots (Hsiao and Jing 1987, Saab et al. 1990, 
Hetherington and Quatrano 1991, Jackson 1991, Spollen 
et al. 1993). Therefore, we hypothesize that probably L, 
gs0, and Sj are low and sd is high in the shoots
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characterized with a high content of ABA.
The trees kept in darkness for several days had very 

low values of all the measured parameters. The reactions 
for changing and maintaining stomatal conductance in 
leaves are energy-consuming (MacRobbie 1981, Hedrich 
and Schroeder 1989, Armstrong and Blatt 1995). 
Probably sd and Sj fell in the leaves because there was not 
enough energy and also the shortage of sugars as
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Abstract. Some anatomical characteristics in leaves relating to hydraulic conductance and stomatal conductance 
were examined in six temperate deciduous tree species. The fourth power of the radius of the conducting elements 
in xylem (/'') and the area or mesophyll and epidermal cells per unit length of leaf cross-section (i/) were high in 
leaves with high hydraulic conductance (L). Stomatal conductance (gs) and stomatal sensitivity to an increase in leaf 
water potential (.?t) correlated positively with the length of stomatal pore (/), but negatively with the guard cell width 
(z) and the length of the dorsal side of the guard cells (/d). Stomatal sensitivity to a decrease in leaf water potential 
(jj) correlated negatively with 1 and positively with z and The anatomical characteristics associated with hydraulic 
conductance (r* and u) and those associated with stomatal conductance and sensitivity to changes of leaf water 
potential (/, z and /j) were correlated. We conclude that hydraulic conductance may depend on anatomical 
characteristics o f xylem, mesophyll and epidermis, and stomatal conductance and its sensitivity to changing water 
potential may depend on anatomical characteristics of stomata. The correlation of shoot hydraulic conductance with 
stomatal conductance and its sensitivity may be based largely on the correlation between the anatomical 
characteristics of the water conducting system and stomata in these trees.

Keywords: Acer platanoides L., anatomical characteristics of leaf, hydraulic conductance, Padus avium Mill., 
Populus tremula L., Quercus robur L., Salix caprea L., stomatal conductance, stomatal sensitivity to changing 
water potential, Tilia cordata Mill.

Introduction

The water status o f leaves is determined by both the 
hydraulic conductance and the stomatal conductance in the 
plant. Hydraulic conductance in xylem (Ly) correlates 
positively with the width (Schulte and Gibson 1988; Ewers 
et al. 1990; Huang and Nobel 1993; Sellin 1994; Steudle 
and Heydt 1997; Villar-Salvador et al. 1997) and the number 
(Zimmermann and Milbum 1982; Legge 1985; Sellin 1994) 
of the conducting elements:

L y =  k Ly i A n  ( 1)

where r is the radius and n is the number of the conducting 
elements in the xylem and kLy is a coefficient incorporating 
other influences on Ly. The hydraulic conductance of xylem

conducting elements in roots is several orders of magnitude 
higher than that of the root parenchymal tissues (Steudle 
el al. 1987; Frensch and Steudle 1989; Melchior and Steudle 
1993; Steudle and Peterson 1998; Rieger and Litvin 1999). 
In leaves the diameter of the xylem conducting elements is 
noticeably smaller than that in the root metaxylem (Esau 
1965; Zimmermann and Brown 1971; Zimmermann 1983). 
Therefore, the hydraulic conductance of non-embolized 
xylem may be significantly lower in shoots than in roots.

Water flows through the parenchymal cells in leaves 
before being evaporated in the intercellular spaces (Boyer 
1985; Steudle 1997). Therefore, the hydraulic conductance 
may depend not only on the hydraulic conductance of 
xylem, but also on the hydraulic conductance o f the leaf

Abbreviations used: d, area of guard cell dorsal wall; E, transpiration rate; e, air humidity; / ,  stomatal frequency; gt, stomatal conductance; 
/, intensity of (J-irradiance; L, shoot hydraulic conductance; /, length of stomatal pore; ld, length of guard cell dorsal side; n, number of conducting 
elements in xylem; />, pressure; Ä, resistance to water vapour; r, radius of conducting elements in xylem; stomatal sensitivity to a decrease in leaf 
water potential; sit stomatal sensitivity to an increase in leaf water potential; «, area of mesophyll and epidermal cells per unit length o f the leaf 
cross-section; v& maximum relative rate of stomatal closure; V|, maximum relative rate of stomatal opening; w, leaf (absolute) water content per unit 
area; x, leaf (relative) wet mass per unit area; z, guard cell width.
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parenchymal cclls. The relationships between anatomical 
characteristics of mesophyll and epidermis and hydraulic 
conductance in deciduous tree shoots remain unresolved.

It has been proposed that stomatal conductance is 
correlated positively with the length o f the stomatal pore (/) 
and the stomatal frequency (J) and negatively with the guard 
cell width (7) and the area of the guard cell dorsal wall (/<j):

* . « ^ 7 7  (2)*ii ̂
where /fc is a coefficient incorporating other factors influ­
encing gs (DeMichele and Sharpe 1973, 1974; Wu et al. 
1985; Sharpe et al. 1987). There are few experimental data 
confirming this model, in general, research has been limited 
to the anatomical characteristics of stomata (Singh et al. 
1974; Wilkinson and Beard 1975; Spence et al. 1986; 
Bettarini et al. 1998) or stomatal conductance and sensi­
tivity to changes o f leaf water status (Davies et al. 1981; 
Mansfield and Atkinson 1990; Saliendra et al. 1995; Sõber
1996, 1997; Crocker et al. 1998; Oren et al. 1999). In a few 
studies, both the stomatal conductance and some of the 
anatomical characteristics of stomata have been examined; 
some herbal species with high stomatal conductance also 
have relatively long stomatal pores, although some species 
have high stomatal frequency (Rahi 1971; Lawson et al. 
1998; Tognctti et al. 2000). In research on the influence of 
environmental conditions, stomatal frequency varied in 
accordance with stomatal conductance (Quarrie and Jones 
1977; Tichä 1982; Berryman et al. 1994; Wagner et al. 
1996; Beerling 1997; Nogues et al. 1998; Tognetti et al. 
2000). Previous research o f temperate deciduous trees has 
been limited to measuring stomatal frequency as a single 
anatomical characteristic in addition to stomatal con­
ductance, and agreement between these two stomatal char­
acteristics has been found (Woodward and Bazzaz 1988; 
Beerling et al. 1998).

Our earlier study (Aasamaa and Sõber 2001) showed that 
hydraulic conductance (determining the rate of leaf water 
uptake) and stomatal conductance and sensitivity (determin­
ing the rate of leaf water loss) are associated; stomatal 
conductance and the stomatal sensitivity to an increase in 
leaf water potential were high and the stomatal sensitivity to 
a decrease in leaf water potential was low in trees with high 
hydraulic conductance in shoots. We suggest, that the 
correlation between hydraulic conductance and stomatal 
conductance may be based on the correlation between 
anatomical characteristics of the water conducting system 
and stomata.

In this study, several anatomical characteristics of leaves 
of temperate deciduous tree saplings were determined and 
compared with the hydraulic conductance and stomatal 
conductance characteristics estimated in our previous study 
(Aasamaa and Sõber 2001). The main objective was to 
determine which anatomical characteristics of leaves of

these deciduous trees influence the shoot hydraulic conduct­
ance, the stomatal conductance and stomatal sensitivity to 
changes in leaf water potential, and how these anatomical 
characteristics are correlated.

Materials and methods
Plants

The species studied in this work were Acer platanoides L., 
Tilia cordata Mill., Padus avium Mill., Quercus robur L., Salix 
caprea L. and ft/piiltix tremula L. The saplings o f all the specie* were 
grown for 3 years in Tartu (58°25' N and 26°58' E), Estonia, in a stand, 
in clay loam, in full sunlight, after which they were transplanted in 
autumn into pots (height 0 .1A in, diameter 0 .14 m), containing the soil 
from the growing site. In the following spring, just before the budding 
out of the leaves, the pots were taken into a glasshouse and placed 
under three different growth conditions. A complex fertilizer (ratio of 
dements (parts): N 10. l> 7, K 16. Fc 0.6. Cu 0.4. Mn 0.0*, Mo 0.08. Zn 
0.07 and B 0.07) was given to all the saplings. Each pot was fertilized 
with 0.5 L 0.25% solution of the fertilizer four times beginning on the 
first day in the glasshouse. Data from three experimental sets for each 
of the species were compared: C, control set, water content in the soil 
was maintained at 70% of the maximal water capacity during the 
growth period in glasshouse; N, each pot was fertilized with 
iimmonium nitrate solution (0 .6  him  nitrogen) four times (in addition to 
the complex fertilizer); W, water content in the soil was maintained at 
40% of the maximal water capacity during the growth period in 
glasshouse. The W set o f aspen is absent because too few saplings 
survived transplanting.

Anatomical cbamcleristicx

Six leaves were taken from each of the sets in the middle o f the 
growing season. A piece (approx 10C mm2) was detached from the 
middle of cach leaf for light microscopic analysis. The pieces were 
fixed in a mixture of 50% ethanol, glacial acetic acid and formaldehyde 
(18:1:1, v/v), embedded in parafiin and permanent slices, stained with 
safranin O (Sigma Ltd, St Louis, MO, USA) of 4-ym thick 
cross-sections were made (for details see Lacey 1991; Mader 1991). 
Magnifications of 350-875 times were used in the analysis with the 
light microscope (PZO; Warsaw, Poland). The diameter of the three 
widest conducting elements in the xylem of the central vein were 
measured by an ocular micrometer (MOB-1; Moscow, Soviet Union). 
The length of the cross-section, the leaf thickness, the area of the veins, 
mesophyll cells, intercellular spaces and epidermal cells were 
measured by a grid ocular vernier. Dry mass per leaf area was 
determined after drying each piece of leaf at 80°C for 2 days. The dry 
mass per leaf volume was calculated by dividing the dry mass per area 
and the leaf thickness.

Pieces (approx. 50 mm2) were taken from the middle of each leaf to 
observe the abaxial surface by electron microscopy. The pieces were 
fixed in glutaraldchyde, critical point-dried in C 02, mounted on sample 
stub with conductive tape and sputter-coated with gold (BYH-4; 
Moscow, Soviet Union) (for details on standard methods see Hall and 
Hawes 1991). Leaves were viewed and photographed by scanning 
electron microscope (Tesla BS 301; Prague, Czech Republic). The 
stomatal frequency per unit area on the abaxial surface o f the leaves 
was examined under 790-1170 times magnification and the 
characteristics of the stomatal size were examined under 5000 times 
magnification. The stomatal characteristics were measured from 
magnified images of the photo negatives. The characteristics o f guard 
cells are shown in Fig. I. Measurement o f (he dorsal area o f the guard 
cell (d ill equation 2) is methodically difficult, therefore the length of 
the dorsal side of the closed guard cell (/d) was measured and deemed 
equivalent to the characteristic d.
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Shoot hydraulic conductance and.sensitivity ofstomatal conductance to 
water potential changes

Apparatus and experiments
Short shoots (100-150 mm) were cut from the saplings while the 

stems were submerged in water. The cut end of a shoot was driven 
through the rubber seal o f a pressure bomb; Thereafter, the cut end of 
the stem was immersed in water in the bomb and re-cut under water. 
The bomb was closed and a 962-mmJ portion o f one intact leaf of the 
shoot was hermetically enclosed in the leaf chamber for die duration of 
the experiment. The leaf dum ber system enabled simultaneous 
measurement of the time courscs of leaf temperature (by infrared 
thermometer), relative water content (by fl-gauge technics) and C 02 
uptake and transpiration of one side o f the leaf. In the gas system of the 
chanibcrlhc humidity and C 02 were both scrubbed out of the ingoing 
air and then added back to controlled, constant level. Outgoing 
humidity was measured by a micropsychromcter and outgoing C 02 
concentration wiis measured by a gas analyser (LI-COR, LI-6262; 
Lincoln, NE. USA). Tlx temperature of the leaf chamber was 25°C, 
irradiance was saturating (1020 finwl in - s ' ) ,  CU2 concentration ol 
the ingoing air was 350 Mmol mol-1 and relative humidity was 50-60%. 
The leaves o f all the tree species arc amphistomatous. but the stomatal 
frequency is low on the adaxial surface. Therefore the gas exchange of 
the abaxial side was observed in Our experiments. Stomatal 
conductance o f all these species increased after the leaf was enclosed 
in the leaf chamber. The stomatal opening indicates that the inRucncc 
of exposure of the leaf to higher vapour pressure difference and wind 
speed is surpassed by the influence of high light intensity in all these 
species. After the: stomatal conductance had stabilized on this higher 
level, the steady-itate value o f g, was obtained. Then the pressure in the 
pressure chamber was raised to determine the shoot hydraulic 
conductance and stomatal sensitivity to an increase of leaf water 
potential. At first, the pressure in the pressure chamber was raised 
quickly from 0 to 0.2 MPa. If there was no infiltration with 15 min of 
,thq .pressure increase, the chamber pressure was raised quickly to 
0.4 MPa and then to 0.7 MPa (if necessary). until the leaf was fully 
infiltrated. Our method for the determination of hydraulic conductance 
differed from the balancing pressure method (e.g. Passioura 1980; 
Passioura and Munns 1984). Our aim was to induce infiltration of 
water to intercellular spaces; wc assumed the water potential in the 
infiltrating intercellular spaces to be zero (for details see also Sõber 
1996,1997). To observe a decrease in the leafwater content, the leaf of 
another shoot was enclosed in the leaf chamber. After stabilization o f 
stomatal conductance and obtaining its steady-state value, the petiole 
was cut. The experiment was terminated when stomatal conductance 
reached values near zero. After both experiments the portion of the leaf 
that had been in the leaf chamber was cut out and its fresh mass was 
determined immediately. The dry mass o f the leaf segment was 
determined after drying for 2 days at 80®C.

Length of guard cell on the dorsal side (/<j)

Length oI stomatal pore (f)

Fig. 1. Diagram of the surface view o f a stomatal guard cell showing 
the characteristics measured.

Calculations

Stomatal conductancc (#,) was calculated using the measured 
values of transpiration rate and leaf temperature;

* i = aj£iZ£> _»

and

8.
R c -  Ä , 

R.R,

(3)

W
where £  is the transpiration rate, e, is the saturating humidity at leaf 
temperature, e is the humidity in the leaf chamber, R,, Rc and Ä, are 
boundary layer, cuticular and leaf (whole) resistance, respectively, and 
a  is the mass-flow correction. Ä, o f only rarely hairy abaxial surfaces 
of the leaves of nil these specics in the leaf chamber was determined to 
be 0.5 in * s 1 mol, using wet filter paper ‘leaf as an evaporating 
surface. For other details of the determination of stomatal conductance 
see Sõber and Moldau ( 1977) and Sõber ( 1992). Steady-state values of 
t>, were obtained otter stabilization of *>„ in the leuf clianibcr (before llic 
pressure rise or leal’cutting).

Stomatal sensitivity to change in leaf water potential (s) was 
defined as the relative rate of changing of the stomatal conductance:

x - v A (5)

where i< is the maximum relative rate of stomatal opening or closure 
and/f is a scaling coefficient which transforms v of different leaves to a 
common rate of water potential change, v was determined from:

A*, 100%___  (6)At (&.-&,)
where Ag, is the difference of stomatal conductances in the region of 
the maximum rate of changing o f stomatal conductance, A/is the time 
interval, corresponding to Ag„, g„ is an average stomatal conductancc 
during the time interval and gK is stomatal conductance at the end of 
the experiment. gK was zero in the experiments determining the rate of 
xtomatiil closurc.

The relative rate of changing of stomatal conductance was 
determined because the stomatal conductance changed almost 
exponentially with time both after the leaf was cut and after the 
pressure rise in the pressure chamber.

The maximum relative rate of stomatal closure correlated 
positively with the transpiration rate (data not shown). It is likely that 
the leaf water potential decreases more rapidly in intensively 
transpiring leaves. Therefore, in the calculations o f the stomatal 
sensitivity to a decrease in leaf water potential (sd) the scaling 
coefficient A., was determined from;

A j -  ■ (7)

where £ , is the average transpiration rate during the time interval and 
£ra is the average o f £ , for all the experiments (both the experiments of 
decreasing and increasing leaf water potential). We compared stomatal 
opening and closing nifcs at the snmc transpiration (not at the same 
water vapour pressure dillercncc) because it is repeatedly shown that 
stomata respond to the transpiration rate (which changes water 
potential in the leaf) rather than directly to the air humidity gradient 
(Sõber 1980; Mott and Parkhurst 1991; Monteith 1995). The increase 
of leaf water potential likely depends also on the pressure rise applied 
in the pressure chamber. Therefore, the scaling coefficient (A;) for 
calculating the stomatal sensitivity to an increase in leaf water potential 
(,V|) additionally included the pressure increase in the pressure clianibcr 
(&pr) inducing an infiltration:

A,=
E,Ap„ (8)
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where Apn  is the average of Ap, for all experiments.
Shoot hydraulic conductancc (L) was calculated from:

. (A + (i;.
A,.

where Ap is the pressure difference at the path of water from the 
pressure chamber to the intercellular spaces o f the leaf. It was assumed 
that the water potential in the leaf intercellular spaces in the leaves 
being infiltrated was zero, and therefore Ap was equal to the pressure in 
the pressure chamber. Air / Al is the minimum rate of increase in the 
leaf water content per leaf area during leaf infiltration. Usually. 
Aw / A/ »  E, in our experiments. The relative value of leaf wet mass 
per unit area Or) was determined from:

where /0 is the intensity of irradiance of ̂ -particles (ji-irradiance) with 
no leaf in the leaf chamber. /  and fh are the values of fi-irradiance 
behind the leaf at that moment and at the beginning of the experiment, 
respectively. The leaf absolute water content per area was determined 
from:

•V "  ,!,■ = <—-2L)_„-d (11)

where xe is the relative wet mass per area at the end of the experiment.
is leaf absolute wet mass per unit area at the end of the experiment 

and Wj is dry mass per unit area. For other details of the method see 
Mederski (1961), Sõber {1992,1997) and Moldau el al. ( 1993).

Statistical analysis
Single factor analysis of variance was used to compute statistically 
significant differences between the means of the data sets (at the level 
P < 0.1). Correlation coefficients (r) between the characteristics and P 
values of these coefficients were computed as a linear (Pearson) 
correlation matrix.

Results
Several anatomical characteristics differed significantly 
among the tree species and among the different growth 
conditions. The fourth power of the mean radius (r4) o f the 
three widest conducting elements of xylem of the leaf 
central vein was different in different species and increased 
in the order (Fig. 2a): A. platanoides ~ T. cordata < P. avium 
< Q. robur < S. caprea < P. tremula. Usually, r4 was higher 
in the trees grown in nitrogen-rich soil and lower in the trees 
grown under mild water stress (compared with the trees of 
the control set of each species; Fig. 2a); r4 correlated 
positively with hydraulic conductance of the shoot (L) 
(r = 0.89, P < 0.001; Fig. 3a). Some other anatomical 
characteristics o f the leaf that might affect shoot hydraulic 
conductance were also measured. The area of mesophyll 
cells and epidermal cells per unit length of leaf cross-section 
(k) increased in almost the same order of specic.s. The 
characteristic u was usually higher in trees grown in 
nitrogen-rich soil and lower in trees grown under mild water 
stress, compared with the control trees for each species 
(Fig. 2c). The characteristic u and the shoot hydraulic 
conductance were strongly positively correlated (r = 0.83, 
P  < 0.001; Fig. 3b). Strong positive correlation was also

exhibited between the characteristics r* and u (r = 0.88, 
P < 0.001), and between r4 x u and the shoot hydraulic 
conductance (r 0.93, P < 0.001). The area o f veins per. unit 
length of leaf cross-section was higher in A. platanoides and 
T. cordata than in the other species and also higher in the 
trees grown under mild water stress than in the well-watered 
trees (Fig. 2h).

Other anatomical characteristics with a possible influ­
ence on hydraulic conductancc were the proportion of areas 
o f epidermal and mesophyll cells, the area o f the inter­
cellular spaces and the mean area of one epidermal and 
mesophyll ccll on the cross-section of the leaves, and leaf 
dry mass per volume. None of these characteristics varied 
significantly among the trees (all species) grown in different 
conditions. Only the area of the intercellular spaces varied 
among species, but did not correlate with the hydraulic 
conductance (data not shown).

The anatomical characteristics of stomata: the width of 
the guard cell of closed stomata (z) and the length o f guard 
cell dorsal side (la) decreased (Figs 2 /, g) and the length of 
the stomatal pore (/) increased (Fig. 2e) in almost the same 
species order as r4 and u. Steady-state stomatal conductance 
(#s) correlated positively with the length o f stomatal pore 
(r = 0.86, P < 0.001; Fig. 4a) and negatively with guard cell 
width (r = -0.76, P < 0.001; Fig. 4b) and the length of the 
guard cell dorsal side (r = -  0.71, P = 0.001; Fig. 4c). Thus, 
these three anatomical characteristics of stomata (/, z and ld) 
were in accordance with equation 2. Additionally, stomatal 
sensitivity to an increase of leaf water potential (Sj) was 
positively correlated with the length of the stomatal pore 
(r = 0.89, P < 0.001; Fig. 5a) and negatively with guard cell 
width (r -  -0.82, P < 0.001; Fig. 56) and the contact area 
between guard cells and their neighbouring cells (r = -0.80, 
P < 0.001; Fig. 5c). Stomatal sensitivity to a decrease in the 
leaf water potential (,vlt) correlated negatively with the 
length of stomatal pore (r -  -0.66, P = 0.004; Fig. 5d) and 
positively with the guard cell width (r = 0.5, P = 0.041; 
Fig. 5e) and with the contact area between guard cells and 
their neighbouring cells (r = 0.47, P -  0.06; Fig. 5f). The 
correlation between these anatomical characteristics o f the 
stomata and .yd was noticeably weaker than the correlation 
between llic anatomical characteristics and s-. The length of 
the stomatal pore was the only anatomical characteristic that 
was significantly sensitive to differences in growth condi­
tions: it was high in trees grown in nitrogen-rich soil and 
low in trees grown under mild water stress (Fig. 2e). 
Therefore gs, .v( and .vd exhibited stronger correlation with 
the length of the stomatal pore than with the guard cell 
width and the length of guard ccll dorsal side which were 
insensitive to growth conditions (data for water-stressed 
plants are fitted to separate curves in Figs 46, c, 5b, c, e,f). 
The length of the stomatal pore was negatively correlated 
with the guard cell width (r =-0.71, P = 0.001) and with the 
length of guard cell dorsal side (r = -0.67, P -  0.003).
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Kig. 2. The fourth power of the radius o f the widest conducting elements in xylem of the leaf central vein («). area of veins per unit length of the 
leaf cross-section (A), area of the mesophyll and epidermal cclls per unit length of the leaf cross-section (c). stomatal frequency per unit area of leaf 
abaxial surface (</), length of stomatal pore (e), guard cell width (/), and length of guard cell dorsal side (if). Data arc means ± s.c., n = 8-12. 
□  C, control; ■  N, additional nitrogen-fertilization; ■  W, water-stressed. *P < 0 .1 indicates statistically significant difference compared with the 
control set of the species; **P < 0.1 indicates significant differences of control, nitrogen-fertilized or water-stressed sets accordingly between all the 
different species.

Fourth power of radius 
of the widest xylem 

conducting elements (nm4)

Area of mesophyll and epidermal 
cells per unit length 

of leaf cross-section (mm2 mm"1)

I'ij;. .V. Kelalionsltip between average shoot hydraulic conductance :nul the fourlli power of Ihe melius of the widest 
conducting elements in xylem of the leaf central vein (u) and urea of mesophyll and epidermal cclls per unit length o f the 
leaf cross-section (/>).
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Stomatal frequency (per unit area uf the leaf abaxial 
surface) varied only slightly among most species and 
exhibited poor correlation with other stomatal characteris­
tics (data not shown).

The anatomical characteristics of the xylem (iA) and the 
mesophyll and epidermal cells (u) correlated with the 
anatomical characteristics of the stomata. The r4 of the leaf 
central vein was positively correlated with Ihe length of the 
stomatal pore (r -  0.92, P < 0.001; Fig, 6a) and negatively 
correlated with the guard cell width (r = -0.69, P = 0.002) 
and with the length of the guard ccll dorsal side (r -  -0.64,

Length of stomatal pore fttm) 

<o ______________________
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Fig. 4. Relationship between average slomalul conductance and the 
length o f stomatal pore (a), guard ccll width (b) and length of guard 
cell dorsal side (c). Open symbols represent trees grown with mild 
water stress; closed symbols represent all other trees.

P -  0.006). The area of the mesuphyll and epidermal cells 
per unit length of the leaf cross-section also correlated 
positively with l( r  = 0.84,/>< 0.001; Fig. 6b) and negatively 
with 2 (r = -0.74, P = 0.001) and /d (r = -0. 73, P = 0.001). 
Characteristics t* and u correlated with the length of the 
stomatal pore better than with the other anatomical char­
acteristics of the stomata.

Discussion

The width of the xylem conducting elements correlated 
strongly with the shoot hydraulic conductance (Fig. 3a). 
Thus, r* fitted the model of equation 1 and this result is 
consistent with existing data showing a correlation between 
the width of conducting elements and hydraulic conduct­
ance in xylem (Schulte and Gibson 1988; Ewers et al. 1990; 
Huang and Nobel 1993; Sellin 1994; Steudle and Heydt 
1997; Villar-Salvador et al. 1997). We conclude that the 
width of the xylem conducting elements is important in 
determining the leaf hydraulic conductance in these decidu­
ous tree species.

The strong positive correlation between hydraulic con­
ductance and the amount of mesophyll and epidermal cells 
(Fig. 3b) highlights the importance of these cells in the 
determination of hydraulic conductance. Larger space for 
water flow outside the veins in leaves with higher amounts 
of mesophyll and epidermal cells may be essential for high 
hydraulic conductance.

The magnitude of the part of water moving in cell walls 
and the part of water moving in the symplast through the 
mesophyll and epidermis of leaves remains unknown. Some 
of our results unexpectedly show the importance o f walls for 
water flow through the mesophyll and epidermis. The area of 
veins (per length of the leaf cross-section) was high in 
A. platanoides and T. cordata and in trees grown under water 
stress conditions (Fig. 2b). Therefore, the amount of 
thickened and lignified cell walls of conducting and support­
ing tissue was likely higher in the leaves of these trees. 
However, the dry mass (that is mainly the mass of the cell 
walls) per unit volume of the leaves of these trees was not 
higher than in the other leaves. We suggest that the dry mass 
of the leaves ofA. platanoides and T. cordata and in the trees 
grown under water stress conditions was not high, because 
the cell walls outside the veins were thin. Our opinion is 
supported by data from several species showing that the 
walls of the mesophyll cells are thinner in leaves grown 
under water stress conditions compared with those in 
well-watered leaves (Sweet et al. 1990; Passioura et al. 
1993; Spollcn et al. 1993). Because the hydraulic conduct­
ance was low in the leaves with likely a small amount of the 
walls outside the veins, we suggest that the walls of the 
mesophyll and the epidermis may be an important flow-path 
for water in the leaves of these trees.

Most anatomical characteristics of stomata given in 
equation 2 correlated with stomatal conductance and also
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with the stomatal sensitivity to changes in leaf water 
potential. The correlation of the stomatal conductance and 
sensitivity to changes in leaf water potential was the highest 
for the lengtli of the stomatal pore and the lowest for 
stomatal frequency (Figs 4, S). Therefore, we conclude that 
the length o f the stomatal pore may be the anatomical 
characteristic that plays the most important role in the 
determination of the variability of stomatal conductance and 
sensitivity to changes in leaf water potential among these 
dcciduous tree species, and among the trees (of the same 
species) grown with different nitrogen and water supplies. 
Thf influence o f stomatal frequency on transpiration is 
evidently low in these trees.

Negative correlation between the stomatal conductance 
and the width of the guard cells is caused by the higher 
moment of inertia in the wide guard cells (DeMichele and 
Sharpe 1974). On the basis of our results (Figs 4b, 5b, e), we 
concludc that the width of the guard cells may be essential to 
determine differences of stomatal conductance and sensi­
tivity to changes in leaf water potential between these 
species. All three dimensions of other cells in the leaf 
epidermis or inside the plant organs were smaller in the 
plants grown under water deficit conditions and larger in the 
plants grown in nutrient-rich soil (Spollen et al. 1993; 
Thomas and Howarth 2000). However, the guard cells 
exhibit special features ih tyveir React lo* to  cktnges in

Length of guard cell on the dorsal side (urn)

Fi|{. S. Relationship between average stomatal sensitivity to an increase in teal' water potential and length of 
stomatal pore (a), guard ccll width (b), and length of guard cell dorsal side (<•); relationship between average stomatal 
sensitivity to a decrease in leaf water potential and length of stomatal pore (d), guard cell width (e), and length of 
guard ccll dorsal side (/). Labelling as in Fig. 4.
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Fig. 6. Relationship between average length ofstomatal pore uml the fourth power of (he radius of the widest conducting 
elements in xylem of the leaf central vein («) and area of mesophyll and epidermal cells per unit length of the leaf 
cross-section (h).

environment (Davies et al. 1981; Mansfield and Atkinson 
1990; Assmann and Shimazaki 1999). We suggest that the 
insensitivity of at least one dimension of guard cells, the 
width (likely also the thickness), to differences in the plant 
growth conditions may also represent one of the special 
characteristics of guard cells. Guard cells with insignifi­
cantly different width possibly develop under different 
growth conditions, because of the essential role of this 
anatomical characteristic in the determination of stomatal 
conductance. The high moment of inertia of the stomata of 
the water-stressed trees (due to their wide guard cells) may 
be relevant for avoiding too high gs and s-t in conditions of 
poor water supply.

It is presumed that the extensive contact area between the 
guard cells and the neighbouring epidermal cells (in leaves 
where the dorsal side of guard cells is long) leads to better 
hydraulic contact of the guard cells with the neighbouring 
cells, resulting in higher stomatal conductance. However, 
the pressure of the neighbouring cells on the guard cells 
(which decreases the aperture of the stomatal pore) is likely 
also to be high, and the mechanical advantage of the 
neighbouring epidermal cells (Glinka 1971; Edwards et al. 
1976; Spencc et al. 1983,1986) may have greater effect than 
stomatal conductance in leaves with extensive contact area. 
We found that the stomatal conductance was high in species 
with a short dorsal side (Fig. 4c). Therefore, it is probable 
that the influence of the hydraulic conductance between the 
guard cells and neighbouring cells is surpassed by the 
influence of the pressure of the neighbouring epidermal cells 
in the temperate deciduous tree species, The degree of the 
contact area may play an important role in determining the 
differences in stomatal conductancc and sensitivity between 
the tree species. The guard cell width and the length of the 
guard cell dorsal side were noticeably shorter in S. caprea 
and P. tremula than in the other specics. Therefore, the low

moment of inertia of the guard cells and low mechanical 
advantage of the neighbouring epidermal cells may be 
especially important determinants o f the high gs and S;, and 
low sd, detected in these water-stress sensitive riparian tree 
species.

Higher stomatal sensitivity to an increase in leaf water 
potential enables a more rapid rise in photosynthetic 
intensity (and assimilation) in conditions of improved plant 
water supply (Jarvis and Morison 1981). However, rapid 
stomatal closure is needed to avoid deleterious effects of low 
water potential on the plant (Jarvis and Morison 1981; Lo 
Gullo and Salleo 1988; Aug6 et al. 1998). Thus, it is likely 
that stomatal sensitivity to decreases of the leaf water 
potential is more important for plant survival than features 
o f stomata! sensitivity to increases in leaf water potential, 
especially in trees. The anatomical characteristics formed in 
young leaves remain relatively constant throughout the life 
of the leaves (Palevitz 1981; Sack 1987). It is likely that the 
influence of the anatomical characteristics to stomatal 
sensitivity is also rather invariable with age. We presume 
that Sj can be influenced significantly by the constant 
anatomical characteristics of stomata in the trees. However, 
the correlation between these anatomical characteristics and 
sd was poorer, because of the greater importance for the 
plant survival process of stomatal closure, likely must have 
more subtle physiological regulation.

Trees which had wide conducting elements in the xylem 
and a high volume of cells (and likely also a high volume of 
cell walls) outside the veins also had long stomatal pores, 
narrow guard cells and a short dorsal side in the guard cells. 
Thus, the features of the anatomical characteristics that 
likely influence hydraulic conductance are inter-related with 
each other and also with the characteristics that influence 
stomatal conductance and sensitivity to changes in leaf 
water potential. The formation of all leaf parts, influenced



Leaf anatomy, hydraulic conductancc and stomatal conductancc 773

by several environmental and genetical factors, takes place 
simultaneously in developing leaves (Palevitz 1981; Nobel 
1991; Pyke et al. 1991). Therefore, the features of meso­
phyll or epidermis (including the stomata) are probably not 
caused by the characteristics o f xylem and vice versa. 
However, one important explanation for the correlation 
between shoot hydraulic conductance and stomatal conduct­
ance and sensitivity in these deciduous trees, is probably the 
correlation between the values o f these anatomical char­
acteristics of the water conducting system and stomata.
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Summary Correlations between leaf abscisic acid concen­
tration ([ABA]), stomatal conductance (gs), rate of stomatal 
opening in response to an increase in leaf water potential (.?>), 
shoot hydraulic conductance (L) and photosynthetic character­
istics were examined in saplings of six temperate deciduous 
tree species; Acer platanoides L., Padus avium Mill., Populus 
tremula L., Quercus robur L., Salix caprea L. and Tilia cor­
data Mill. Species-specific values of foliar [ABA] were nega­
tively related to the mean values of gs, sit L and light- and C02- 
saturated net photosynthesis (Fm>x), thus providing strong cor­
relative evidence; of a scaling of foliar gas exchange and hy­
draulic characteristics with leaf endogenous [ABA]. In addi­
tion, we suggest that mean gs, sit L and P^a for mature leaves 
may partly be determined by the species-specific [ABA] dur­
ing leaf growth. The most drought-intolerant species had the 
lowest [ABA] and the highest g„, suggesting that interspecific 
differences in [ABA] may be linked to differences in spe­
cies-specific water-use efficiency. Application of high con­
centrations of exogenous ABA led to large decreases in gs, s-, 
and P,mi, further underscoring the direct role of ABA in regu­
lating stomatal opening and photosynthetic rate. Exogenous 
ABA also decreased L, but the decreases were considerably 
smaller than the decreases in gs, s-, and Thus, exogenous 
ABA predominantly affected the stomata directly, but modifi­
cation of L by ABA may also be an important mechanism of 
ABA action. We conclude that interspecific variability in en­
dogenous [ABA] during foliage growth and in mature leaves 
provides an important factor explaining observed differences 
in L, gs, Si and Psm among temperate deciduous tree species.

Keywords: Acer platanoides, drought tolerance, interspecific 
variability, Padus avium, Populus tremula, Quercus robur, 
Salix caprea, stomatal sensitivity, Tilia cordata.

Introduction

Abscisic acid (ABA) is a phytohormone regulating several im­

portant plant processes of varying time response (Zeevaart et 
al. 1991,Mäntyläetal. 1995, Leung and Giraudat 1998), espe­
cially plant adjustment to water stress. Abscisic acid concen­
tration ([ABA]) is higher and stomatal conductance is lower in 
water-stressed plants than in well-watered plants (Blake and 
Ferrell 1977, McMichael and Hanny 1977, Radin 1984, Tar- 
dieu et al. 1996). Also, stomata generally close faster after a 
decrease in leaf water potential in drought-exposed plants than 
in well-watered plants (Ackerson 1980, Hartung and Davies 
1991, Chandler and Robertson 1994, Comstock and Men- 
cuccini 1998). Although there have been few studies on the re­
sponse of stomata to an increase in leaf water potential, 
evidence suggests that, compared with well-watered plants, 
stomatal opening is slower after re-watering in water-limited 
plants (Cowan and Farquhar 1977, Ludlow et al. 1985, Salien- 
dra et al. 1995, Fang et al. 1996). Differences among species in 
stomatal conductance (e.g., Kömer et al. 1979, Korner 1994) 
and stomatal response kinetics (Woods and Turner 1971, 
Davies and Kozlowski 1975) are well documented. However, 
because most studies of ABA have been carried out with 
drought-exposed and well-watered plants of the same species, 
the relationship between interspecific variation in foliar 
[ABA] and species differences in maximum stomatal conduc­
tance and the dynamics of stomatal response has not been clar­
ified (Henson et al. 1989, Liang et al. 1996). Quarrie (1991) 
compared several lines of the same species and reported that 
stomatal conductance was lower in the variety with the highest 
leaf [ABA]. Understanding the determinants of the rate of 
stomatal opening is important when simulating foliar carbon 
gain in fluctuating environmental conditions, especially in 
fluctuating light environments. Because the activation of the 
biochemical reactions of photosynthesis is faster than stomatal 
opening, foliar lightfleck-use efficiency primarily depends on 
the kinetics of stomatal movements (Kirschbaum et al. 1988, 
Tinoco-Ojanguren and Pearcy 1993, Pearcy 1994).

Shoot hydraulic conductance is mainly determined by the 
conductance of the xylem. Xylem hydraulic conductance is a
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function of conduit diameter (Schulte and Gibson 1988, Ewers 
et al. 1990), but may also depend on the length of the conduits 
(Pothier et al. 1989). For the six species studied here, we have 
previously observed that the diameter of large vessels of leaf 
xylem increased in the sequence: Tilia cordata Mill. = Acer 
platanoides L. < Padus avium Mill. < Quercus robur L. < 
Salix caprea L.< Populus tremula L. (Aasamaa et al. 2001). 
This ranking may have resulted from interspecific variability 
in [ABA] because there is evidence that the development of 
xylem depends on ABA. For example, leaves supplied with 
ABA during their growth are more xeromoiphic than control 
leaves (Fromm 1997). Therefore, a demonstration that spe- 
cies-specific leaf [ABA] of these six species decreases in the 
same sequence would provide strong evidence that differences 
in vessel diameter and hydraulic conductance result from dif­
ferences in [ABA] in the growing shoots.

We determined relationships between foliar [ABA], sto­
matal conductance and stomatal sensitivity to an increase in 
water potential for six temperate deciduous tree species. 
Long-term observations (Ellenberg 1996) of these species 
suggest that they rank in decreasing drought tolerance: Quer­
cus robur > Tilia cordata > Acer platanoides=Padus avium = 
Populus tremula > Salix caprea. We demonstrate that leaf 
[ABA] is correlated with species-specific values of stomatal 
conductance, stomatal sensitivity to an increase in leaf water 
potential, shoot hydraulic conductance and photosynthesis. To 
gain further insight into the relationship between endogenous 
leaf [ABA] and foliar gas exchange and hydraulic characteris­
tics, the influence of exogenously supplied ABA on these val­
ues was also examined. We suggest that the observed 
interspecific variability in foliar [ABA] provides an explana­
tion for inter-specific differences in stomatal conductance, ki­
netics of stomatal opening and sensitivity to water stress.

Materials and methods

Study site and foliage sampling
Saplings of all species were sampled from a mixed deciduous 
stand on a clay loam pseudopodsol near Tartu, Estonia (58°22' 
N, 26°44' E, elevation about 65 m a.s.1.). The stand was 
17-19 m high and about 50 years old, and the overstory was 
dominated by Tilia cordata and Acer platanoides. Saplings
2-3 m high and 8-10 years old were sampled in a large gap 
where all sampled trees received more than 75% of above-can­
opy daily integrated quantum flux density. Two measurement 
campaigns were conducted during the growing season of
1997. Because all saplings produced only one leaf flush during 
the growing season, fully expanded mature leaves were sam­
pled in July, and leaves in early stages of senescence were 
studied in September.

We sampled non-transpiring plants in the morning. Several 
hours before the experiments, the terminal portion (about 1 m) 
of each sapling was enclosed in a plastic bag, cut under water 
and brought immediately to the laboratory. The cut ends were 
kept in water during transportation and recut in the laboratory. 
For the experiments, four short (100-150 mm) shoots with

3-4 leaves were cut under water from the main branch, and 
put either in distilled water (control) or in solutions of 1,10 or 
20 pM ABA (Sigma, St. Louis, MO). In addition, one shoot 
was kept in distilled water and used to determine the initial en­
dogenous [ABA] in leaves. Before measurement of foliar gas 
exchange and hydraulic conductance, and sampling for ABA 
analyses, the shoots were conditioned in the growth chamber 
at a photosynthetic quantum flux density of 450 pmol m~2 s '1 
and an air temperature of 23-26 °C for 2 h.

Foliar gas exchange and hydraulic conductance 
measurements
Foliar gas exchange and hydraulic characteristics were mea­
sured as described by Sõber (1996, 1997). For simultaneous 
determinations of foliar stomatal and hydraulic conductances 
and net photosynthetic rates, we used a measurement system 
that integrated a pressure chamber and an open gas-exchange 
system with an infrared gas analyzer (Model LI-6262, Li-Cor, 
Lincoln, NE). A circular portion of leaf with an area of 9.6 cm2 
was hermetically clamped in a thermostatically controlled leaf 
chamber, while the cut shoot end was maintained inside the 
pressure chamber filled with either distilled water (control) or 
an ABA solution in which the shoot had previously been kept 
(Figure 1). During all gas exchange measurements, leaf tem­
perature was maintained at 25 ± 1 °C, and relative humidity in 
the chamber at 55 ± 5%. A photosynthetic photon flux density 
of 1020 pmol m-2 s_1 from a halogen lamp was saturating for 
all leaves investigated. The leaf chamber was equipped with a

Figure 1. Configuration of the measurement system combining the 
pressure chamber and the gas-exchange apparatus for simultaneous 
determinations of foliar transpiration and photosynthetic rate, tem­
perature. water content and hydraulic conductance (for further details 
see Sõber and Moldau 1977. Sõber 1992.1996).
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P-gauge (comprising a Ba14C 03 emitter on one side of the leaf 
and a Geiger-Mtiller counter on die other side) for continuous 
monitoring of relative leaf water content (Mederski 1961). 
Further details of the measurement system are given by Sõber 
and Moldau (1977) and Niinemets et al. (1998).

Measurements were started at an ambient chamber C 02 
concentration (C,) of 350 pmol mol-1, which was maintained 
until steady-state rates of net assimilation (P) and stomatal 
conductance (gs) were observed. Thereafter, ambient chamber 
C02 concentration was instantly raised to 1760 pmol mol"' for 
4 min to measure the C 02- and light-saturated net photosyn­
thetic rate (Pm,.). Chamber C02 concentration was then re­
stored to 350 j-tmiol m o r1, and foliar gas exchange allowed to 
stabilize. After steady-state values of net assimilation and 
stomatal conductance had been reestablished, the pressure in 
the pressure chamber was quickly (within 1 s) raised from 0 to 
0.2 MPa. If there was no infiltration within 15 min, the pres­
sure was increased again to 0.4 MPa and then to 0.7 MPa, if 
needed. The experiment was terminated when leaf infiltration 
occurred. The part of the leaf enclosed in the cuvette was ex­
cised and weighed. The leaf section was then dried at 80 °C for 
48 h and reweighed.

Estimating the relative rate o f stomatal opening 
Stomatal conductance to water vapor (g«) was calculated ac­
cording to Sõber and Moldau (1977). Stomatal sensitivity to 
an increase in leaf water potential (s-,) was detetmined from the 
maximum relative rate of stomatal opening (v;):

iV; = V ; B , ( 1)

where B is a coefficient normalizing the values of v, from dif­
ferent experiments to a common transpiration rate and pres­
sure increase in the pressure chamber. Because the opening 
rate after the pressure change was almost exponential with 
time (Figure 2, see also Sõber and Sild 1999), we used the rela­
tive rate of stomatal opening, which is the rate constant of 
stomatal opening. The (maximum) relative rate of stomatal 
opening (v;) was calculated as:

v, =100- (2)

where Ag* is the difference in stomatal conductances close to 
the maximum rate of stomatal opening (Figure 2), At is the 
time interval corresponding to Ags, ga is mean stomatal con­
ductance during At, and is the maximum value of sto­
matal conductance after the pressure increase. Coefficient B 
was obtained as:

400 õ  E £

Time (min)

Figure 2. Representative time courses o f leaf water content (»') and 
stomatal conductance (gK) to determine the maximum rate o f stomatal 
opening (.Vj, Equation 2), and shoot hydraulic conductance (X, Equa­
tion 6 ). The timing of the pressure (p ) increases in the pressure cham­
ber are indicated by arrows, and the occurrence of maximum stomatal 
opening rate and shoot hydraulic conductance are bounded by the ver­
tical lines.

water potential, and Apm is mean Ap, for all experiments. The 
coefficient B standardizes all values of the rate of stomatal 
opening to account for the potentially higher rate of increase in 
leaf water potential for leaves with lower transpiration rates, 
and for greater applied pressures.

Determining shoot hydraulic conductance
The relative values of leaf fresh mass per area (M) were esti­
mated from measurements of p-ray transmission (Mederski 
1961, Sõber 1992,1997, Moldau et al. 1993) as:

M = l n / - ln /h 
ln/„ - l n /h

(4)

where /0 is P-irradiance in the absence of the leaf in the leaf 
chamber, I  is the instantaneous estimate of p-iiradiance pene­
trating the leaf, and Ih is p-irradiance penetrating the leaf at the 
beginning of the experiment. The leaf absolute water content 
per area is given by:

w =---- - -w ., (5)

where Mc is leaf relative fresh mass per area and wfe is leaf ab­
solute fresh mass per area at the end of the experiment, and wd 
is leaf dry mass per area. Having determined w, shoot hydrau­
lic conductance (L) was calculated as:

Apr (3)

where E, is mean transpiration rate during At, is mean £a 
for all the experiments, Ap, is the pressure increase in the pres­
sure chamber, which leads to a corresponding increase in leaf

L =

Aw 

_ At
+ E.

Ap
(6)

where Ap is the pressure difference between water in the pres­
sure chamber and that in the leaf intercellular air space. We as-
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sumed that water potential in the leaf intercellular space is zero 
in infiltrated leaves, and thus Ap equals the pressure in the 
pressure chamber. The term AwlAt is the maximum rate of in­
crease in leaf water content per leaf area (Figure 2) during leaf 
infiltration. Usually, Awl At was greater than E, in our experi­
ments.

Leafcarboxylation efficiency
In addition to the maximum net assimilation rate at saturating 
C 02 concentration and quantum flux density (Pma,), which 
characterizes the capacity of foliar photosynthetic electron 
transport (von Caemmerer and Farquhar 1981), we calculated 
carboxylation efficiency (x) as an estimate of the initial activ­
ity of ribulose-l,5-bisphosphate carboxylase/oxygenase (Ru- 
bisco):

P
c . - r ’

where P is steady-state net photosynthetic rate measured at an 
ambient COj concentration of 350 jjmol mol"1, C, is the corre­
sponding intercellular C 02 concentration, and F is the C02 
compensation point. A constant value of 40 pmol mol'1 was 
assumed for T.

Leaf endogenous ABA content
Leaf disks (-50-300 mg) were punched between major leaf 
yeins from another set of conditioned shoots. The disks were 
enclosed in Eppendorf cups, immediately frozen in liquid ni­
trogen and stored at -20 °C until extraction of ABA. The 
frozen tissue samples were homogenized and extracted in 80% 
methanol. The extracts were passed through a Sep-Pak C)8 
cartridge. Methanol was removed under reduced pressure and 
the aqueous residue partitioned three times against ethyl ace­
tate at pH 3. The ethyl acetate of the combined organic frac­
tions was removed under reduced pressure. The residue was 
taken up in Tris buffer, and the ABA content of the solution 
determined by ELISA as described by Mertens et al. (1985) 
and Peuke et al. (1994).

Results

Species differences in leaf [ABA], shoot hydraulic 
conductance and gas exchange parameters 
Leaf [ABA] differed significantly among tree species (Fig­
ure 3). Species ranking based on leaf [ABA] was Acer 
platanoides > Padus avium > Tilia cordata > Quercus robur= 
Salix caprea > Populus tremula. For the control treatments, 
shoot hydraulic conductance (JL, Equation 6), stomatal con­
ductance (&) at the beginning of the experiment and rate of 
stomatal opening in response to an increase in leaf water po­
tential (.Vj, Equation 1) also differed significantly between spe­
cies (Figures 3b-d). Compared with leaf [ABA], species 
ranking was reversed for shoot hydraulic conductance,

(7)

J S  J S  J S  J S  J S  J S
P. avkrn T. cordata Q. robur S. caprea P. tremula

Figure 3. (a) Foliar ABA concentrations ([ABA]), (b) shoot hydraulic 
conductance (L, Equation 6 ), (c) stomatal conduclance (gs), (d) sto­
mata! sensitivity to leaf water potential increase (.«j. Equation 1), (e) 
maximal light- and C 0 2-saturated net assimilation rate (PmM) and (f) 
carboxylation efficiency ( / ,  Equation 7) for the control treatments. 
Values are means of three to seven shoots, and the bars represent 
+ SE. The solid bars (J) denote the July measurements, and open bars 
(S) denote the September measurements. One asterisk indicates sig­
nificant differences (P  <  0.1 according to a one-way ANOVA) within 
the species, between the means of July and September. Double aster­
isks indicate significant differences of either July or September data 
or both between all species.

stomatal conductance and stomatal sensitivity to an increase in 
leaf water potential (Figures 3b-d), indicating that leaf [ABA] 
is negatively correlated with these characteristics.

Light- and C02-saturated net photosynthetic rates of the 
species increased in almost the same sequence as shoot hy­
draulic conductance, stomatal conductance and stomatal sen­
sitivity to an increase in leaf water potential (Figure 3e); 
however, carboxylation efficiency (x, Equation 7) did not dif­
fer significantly among species (Figure 3f).
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Seasonal changes in leaf [ABA], shoot hydraulic 
conductance and gas exchange characteristics
Foliar [ABA] was two- to threefold lower and the differences 
between species were smaller in September than in July. Nev­
ertheless, species ranking based on leaf [ABA] remained prac­
tically the same at different stages of development (Figure 3a). 
Similar patterns were also observed for other characteristics. 
For the September data, the species effect was still significant 
for shoot hydraulic conductance (Figure 3b), stomatal conduc­
tance (Figure 3c) and the rate of stomatal opening (Figure 3d).

Scaling shoot hydraulic conductance and gas exchange 
characteristics with leaf [ABA] for the control treatments
Mean foliar [ABA] of a species correlated negatively with 
mean shoot hydraulic conductance (Figure 4a; Pearson linear 
correlation coefficient: r = -0.87, P = 0.02 for July and r = 
-0.78, P = 0.07 for September), with mean stomatal conduc­
tance (Figure 4b; r =-0.81, P=0.05 for July and r=-0.88, P -  
0.02 for September), with mean stomatal sensitivity to leaf 
water potential increase (Figure 4c; r -  -0.82, P =0.05 for July 
and r = -0.74, P ~ 0.09 for September) and with mean maxi­
mum photosynthetic rate of the species (Figure 5a; r = -0.8, 
P = 0.05 for July and r = -0.89, P = 0.02 for September). 
Within species, there was no significant correlation between 
mean foliar [ABA] and mean carboxylation efficiency (Fig­
ure 5b).

Effect o f exogenous ABA

In all species, shoot hydraulic conductance, stomatal conduc­
tance, stomatal sensitivity to leaf water potential increase and 
maximum net photosynthetic rate decreased in response to ex­
ogenous ABA (Figure 6). The rate of stomatal opening and 
stomatal conductance changed more than fivefold in response 
to the exogenous [ABA] tested in July. Shoot hydraulic con­
ductance was less sensitive to exogenous ABA than stomatal 
characteristics. Although shoot hydraulic conductance re­
sponded significantly to exogenous ABA, it never decreased 
more than 30%. The relative decrease in all four parameters in 
response to exogenous ABA was smaller in September than in 
July. Carboxylation efficiency showed a negligible response 
to exogenous ABA (Figure 6).

Discussion

Species differences in endogenous [ABA]

Foliar [ABA] tends to change during leaf ontogenesis; for ex­
ample, [ABA] increases in the early stages of leaf senescence 
and decreases in the later stages (Becker and Apel 1993, Philo- 
soph-Hadas et al. 1993). Although foliar [ABA] was lower in 
September than in July (Figure 3a), species ranking according 
to foliar [ABA] was essentially the same and thus likely inde­
pendent of leaf ontogenetic stage. This agrees with the results 
of other studies, and indicates that species differences in foliar 
[ABA] are retained throughout leaf ontogeny (Loewenstein 
and Pallardy 1998). It seems likely therefore, that the species 
ranking based on foliar [ABA] observed for July and Septem-

Endogenous [ABA] (nmol sKdwf')

Figure 4. Relationships between foliar endogenous ABA concentra­
tion and (a) sh(x>t hydraulic conductance (L), (b) stomatal conduc­
tance ign) and (c) stomatal sensitivity lo leaf water potential increase 
(.Vj) in July (■ , thick line) and September (□ , thin line) for the control 
treatments. Each value is the mean ± SE for the particular species 
studied. Nonlinear regression analysis was used to fit the data to expo­
nential functions (r2 = coefficient o f determination).

ber (Figure 3) was similar during the period of intensive shoot 
growth, with the highest leaf [ABA] in A. platanoides and the 
lowest in P. tremula.

Relationships between endogenous [ABA] and stomatal 
conductance
Taking the results of this study in conjunction with our previ­
ous observations demonstrates that mean foliar [ABA] for 
each species (Figure 3a) is related to mean guard cell width 
and inversely related to mean stomatal pore length (Aasamaa 
et al. 2001). Because these anatomical characteristics are
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Endogenous [ABA] (nmolg(dw) )

Figure 5. Relationships between foliar endogenous ABA concentra­
tion and (a) maximum net assimilation rate (Pam), and (b) carboxyla­
tion efficiency (x) in July (■, thick line) and September (□, thin line) 
for the control treatment Each value is the mean ± SE for the particu­
lar species studied. Nonlinear regression analysis was used to fit the 
data to exponential functions (r2 = coefficient of determination).

strongly correlated with stomatal conductance and with sto­
matal sensitivity to changes in leaf water potential, we hypoth­
esize that the species-specific stomatal anatomical character­
istics, stomatal conductance and stomatal sensitivity are deter­
mined largely by [ABA] during leaf growth and development.

It has been demonstrated repeatedly that [ABA] has a strong 
influence on stomatal aperture (e.g., Gowing et al. 1993, 
Davies et al. 1994). Thus, even though species differences in 
stomatal anatomy may partly explain interspecific variability 
in stomatal conductance, variability in foliar [ABA] (Fig­
ure 3a) may provide an alternative explanation for interspeci­
fic variation in stomatal conductance.

Throughout the season, the lowest values of leaf [ABA] and 
the highest values of stomatal conductance were found in the 
two species of the family Salicaceae: Populus tremula and 
Salix caprea (Figure 3a), which are also considered the most 
drought-intolerant of the six study species (Ellenberg 1996). 
Although many plant traits including leaf-level characteris­
tics, phenology, rooting and biomass partition patterns are re­
sponsible for drought tolerance, our study suggests that high 
foliar [ABA] and low stomatal conductance may be important 
adaptive characteristics contributing to water conservation in 
drought-tolerant trees.

The rate of change in stomatal aperture in response to
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Figure 6. Relationships between the exogenous [ABA] and (a) shoot 
hydraulic conductance (£,). (b) stomatal conductance (gs), (c) stomatal 
sensitivity to leaf water potential increase (,Vj), (d) maximum net as­
similation rate and (e) carboxylation efficiency (%) of the six 
studied species in July (A) and September (A). The values were aver­
aged for all species for each ABA concentration, and the data are 
expressed as a percent of the values for control shoots in distilled wa­
ter (see Figure 3 for the absolute values of the control treatments).

changes in environmental conditions is an important parame­
ter that may account for differences among species in iight-use 
efficiency in highly variable light environments (Pearcy 1994, 
Küppers et al. 1996, Stegemann et al. 1999). However, a 
mechanistic explanation for the interspecific variability in the 
rate of stomatal opening is lacking. We found that, within a 
species, mean foliar [ABA] was strongly correlated with rate 
of stomatal opening in response to changes in leaf water status 
(Figure 4c). This relationship also indicates that differences in 
foliar [ABA] may explain interspecific variability in carbon 
gain.
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Relationships between endogenous [ABA] and shoot 
hydraulic conductance
There was a strong negative correlation between mean foliar 
[ABA] and shoot hydraulic conductance in the six study spe­
cies (Figure 4a). Many studies have shown that narrow xylem 
vessel elements develop in response to an increase in endoge­
nous [ABA] (Little and Wareing 1981, Pharis et al. 1981, 
Fromm 1997). Our study demonstrates that species ranking 
based on decreasing leaf [ABA] (Figure 3a) is the same as that 
based on increasing radius of the xylem vessels of leaves 
(Aasamaa et al. 2001). Therefore, because of the essential role 
of ABA in xylem development, we conclude that species dif­
ferences in [ABA] during the period of intensive foliage 
growth may partly account for the interspecific variability in 
the diameter of xylem vessels. Hydraulic conductance of ves­
sels strongly depends on their diameter (Schulte and Gibson 
1988). Thus, among the study species, hydraulic conductance 
may have been lowest in A. platanoides, because foliar [ABA] 
was highest during the growth period.

Effect o f exogenous ABA on shoot hydraulic conductance 
Aasamaa and Sõber (2001) found that hydraulic conductance 
in mature leaves decreased significantly after only a few days 
of water stress (embolism was eliminated in the experiments) 
or darkness. The ABA content of leaves increases both in re­
sponse to water stress (Cowan and Farquhar 1977, Jones 1996, 
Socias et al. 1997) and darkness (Gowing et al. 1993, Williams 
et al. 1994, Weatherwax et al. 19%). Therefore, short-term 
changes in shoot hydraulic conductance may be associated 
with changes in foliar [ABA],

It appears that exogenously supplied ABA is not immedi­
ately metabolized in leaves, because the [ABA] in mesophyll 
cells increases at least half as much as the [ABA] in xylem in 
response to a supply of exogenous ABA (Jia et al. 19%, 
Wilkinson and Davies 1997). Therefore, we postulate that 
mesophyll [ABA] increased several fold when we fed the xy­
lem with a high [ABA], However, there were only minor 
changes in hydraulic conductance in response to the applica­
tion of exogenous ABA (Figure 6a). This finding implies that 
in vivo changes in mesophyll [ABA] of mature leaves, for in­
stance in response to diurnal changes in leaf water status, 
should have no significant influence on hydraulic conduc­
tance. Because the diameters of xylem vessels cannot be 
changed after cessation of growth, hydraulic conductance in 
mature leaves should be more sensitive to [ABA] during the 
period of growth than subsequently.

Nevertheless, shoot hydraulic conductance decreased sig­
nificantly in response to a high concentration of exogenous 
ABA (Figure 6a). Because there is no evidence of a rapid 
change in hydraulic conductance in response to modification 
of leaf apoplast hydraulic characteristics in well-watered 
plants, we suggest that the decrease in shoot hydraulic conduc­
tance in response to exogenous ABA was the result of ABA 
action on hydraulic conductance of the leaf symplast. There is 
a growing consensus that rapid and effective regulation of the 
hydraulic conductance of plant membranes takes place by

means of aquaporines (Eckert et al. 1999, Tyerman et al. 1999, 
Netting 2000). Abscisic acid likely acts on aquaporines indi­
rectly: ABA acts on membrane Ca2+-channels, and the con­
ductance of aquaporines is sensitive to the concentration of 
Ca2+ in the cells (Quintero et al. 1998, 1999). Therefore, we 
hypothesize that high concentrations of exogenous ABA de­
creased shoot hydraulic conductance by changing the conduc­
tance of the aquaporines. The relatively moderate influence of 
exogenous ABA on hydraulic conductance may be explained 
by the movement of water through the apoplast (Steudle 1997, 
2000), where rapid changes in hydraulic conductance likely 
do not occur.

Effect of exogenous ABA on stomatal conductance 
We observed that both stomatal conductance and the rate of 
stomatal opening decreased in response to exogenous ABA 
(Figures 6b and 6c). This further strengthens the suggestion 
that leaf endogenous [ABA] modifies these stomatal variables 
(Figures 4b and 4c), and that species-specific differences in 
leaf [ABA] partly explain species differences in stomatal re­
sponses.

When the xylem is supplied with exogenous ABA, there is 
an increase in leaf epidermal [ABA] (Jia et al. 1996, Wilkin­
son and Davies 1997, Zhang et al. 1997, Hartung et al. 1998). 
Increased [ABA] activates several processes, which collec­
tively lead to a reduction in the concentration of the osmotic 
compounds in guard cells, resulting in a corresponding de­
crease in guard cell water content, and hence, stomatal closure 
(see reviews by Grabov and Blatt 1998, Assmann and Shima- 
zaki 1999, Netting 2000). Therefore, the low rate of stomatal 
opening in species with high endogenous leaf [ABA] (Fig­
ure 4c) and the decrease in the rate of stomatal opening in re­
sponse to exogenous ABA (Figure 6c) are probably both a 
result of the negative effect of ABA on guard cell water con­
tent.

Although the [ABA] of well-watered ABA-treated leaves 
was considerably higher than that of water-stressed leaves 
with closed stomata (Davies et al. 1981,Tenhunenetal. 1994), 
the stomata still opened when the water potential of the ABA- 
treated leaf was raised. This shows that the influence of high 
leaf water potentials on the hydroactive reactions necessary 
for stomatal opening overrides the effect of ABA. When water 
potential in these deciduous trees is high, either stomatal sen­
sitivity to ABA decreases or ABA is isolated from its site of 
action.

Possible indirect effect of ABA on stomata 
There may be an indirect effect of ABA on stomata resulting 
from changes in water flow in the leaf, because high [ABA] 
decreases shoot hydraulic conductance (Figure 6a). However, 
the decrease in stomatal conductance (Figure 6b) and stomatal 
sensitivity (Figure 6c) in response to a rapid increase in [ABA] 
were considerably larger than the decrease in shoot hydraulic 
conductance (Figure 6a). Therefore, we conclude that rapid 
changes in leaf [ABA] influence stomata in the mature leaves 
mostly directly, whereas the indirect influence of ABA on sto-
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mata via changes in foliar hydraulic conductance is of minor 
significance.

Role of ABA in older leaves
We found that leaf [ABA] was low in September (Figure 3a) 
but the other variables also exhibited reductions in values be­
tween July and September (Figures 3b~f) such that similar 
values of these variables were observed at a lower [ABA] in 
September than in July (Figure 4). This suggests that older 
leaves had greater sensitivity to [ABA] than younger leaves. 
However, the sensitivity of these characteristics to exogenous 
[ABA] was lower in September than in July (Figure 6). The 
discrepancy suggests that decreased hydraulic and stomatal 
conductance of older leaves (Figures 3b and 3c) led to de­
creased ABA fluxes to the leaves. Alternatively, leaf [ABA] 
may be less important in determining stomatal conductance 
and the rate of stomatal opening at later stages of leaf ontog­
eny. Older leaves are characterized by a high degree of vessel 
cavitation and clogging, immobilization of nitrogen and other 
limiting elements (Stoddart and Thomas 1982, Celikel and 
van Doom 1995) and greater concentrations of osmotically ac­
tive substances (Niinemets et al. 1999). Thus, it seems likely 
that metabolic reorganization accounts for the low [ABA] and 
the low values of the other measured variables in older leaves 
in September.

Effects o f [ABA ] on foliar carbon gain characteristics 

There is evidence that the photosynthetic rate decreases in re­
sponse to an increase in either endogenous foliar [ABA] 
(Loveys and Diiring 1984, Liang et al. 1997) or exogenous 
ABA (Comic and Miginiac 1983, Meyer and Genty 1999, 
Horvdth et al. 2000). Usually, the decrease in photosynthetic 
rate is not entirely attributable to decreases in stomatal con­
ductance, as was observed also in our study (Figures 5a 
and 6d).

Carboxylation efficiency (x, Equation 7) is essentially an 
indicator of Rubisco activity, and the C02- and light-saturated 
rates of net photosynthesis (Pma) indicate the capacity for 
photosynthetic electron transport (Farquhar et al. 1980). The 
finding that species-specific endogenous [ABA] correlated 
with light-saturated photosynthetic rate but not with carboxyl­
ation efficiency (Figure 5), as was also found for exogenous 
[ABA] (Figures 6d and 6e), suggests that the non-stomatal in­
fluence of ABA may be stronger on electron transport than on 
Rubisco-mediated reactions in these species. The sensitivity 
of the light reactions of photosynthesis to foliar [ABA] has 
been noted previously. The efficiency of excitation energy 
capture decreases in leaves with high [ABA] in several plant 
species (Bunce 1987, Lu and Zhang 1998, 1999, Escalona et 
al. 1999). The non-stomatal influence of ABA on foliar 
photosynthetic characteristics (Figures 5a and 6d) was consid­
erably less than on stomatal conductance (Figures 4b and 5b) 
and the rate of stomatal opening (Figures 4c and 5c). However, 
decreases in electron transport rate may be significant in vivo 
at present-day ambient C02 concentration, especially at low 
irradiance when photosynthetic rates are limited by the rate of 
photosynthetic electron transport.
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ABSTRACT

Water-use strategies of Populus tremula and Tilia cordata, and especially the 
role of abscisic acid in these strategies were analysed. P. tremula dominated in 
the overstorey and T. cordata in the lower layer of the tree storey of the 
temperate deciduous forest canopy. Shoot water potential Q¥), bulk-leaf abscisic 
acid concentration ([ABA]ieaf), abscisic acid concentration in xylem sap 
([ABA]xy]), and stomatal sensitivity to exogenous ABA (saba) were lower, and 
the foliar water content per area (w), stomatal conductance (gs), content of the 
leaf osmotica (c) and the shoot hydraulic conductance (L) were higher in non­
stressed P. tremula than in non-stressed T. cordata. In drought conditions, the 

w, gs and L decreased, and c, [ABA]ieaf and 5aba increased in both the 
species. The change of L and [ABA]^ was similar in both the species. Yet, the 
effect of water deficit was more pronounced on the gs and saba in T. cordata, 
and on the *F, w and c in P. tremula. [ABA]xyi increased only in P. tremula in 
the drought conditions. Thus, the regulation of water relations is basically 
different in these two species in drought conditions. Probably the stomatal 
conductance varies due to changes of [ABA]xy! in P. tremula, but due to 
changes in stomatal sensitivity to ABA in T. cordata. The role of ABA in the 
regulation of the shoot hydraulic conductance and the osmotic adjustment in 
response to drought is also discussed.

Keywords: Abscisic acid, Populus tremula, Shoot hydraulic conductance, 
Stomatal conductance, Tilia cordata
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List of symbols: ABA — abscisic acid; [ABA]ieaf — bulk-leaf abscisic acid 
concentration (nmol g(dw)-1); [ABA]xyi — abscisic acid concentration in xylem 
sap (|iM); c — content of leaf osmotica (mmol m~2); E — transpiration rate 
(mmol m 'V 1); ¥  — shoot water potential (MPa); gs — stomatal conductance 
(mmol m 'V 1); L — shoot hydraulic conductance (ng n f2s_1Pa_1); sABA — 
stomatal sensitivity to exogenous ABA (s"1); v — maximum relative rate of the 
decrease of the stomatal conductance (% s-1); w — leaf water content per area 
(g m !)

INTRODUCTION

Plants with conservative water-use strategy promptly slow down their water 
use, as water becomes scarce. In drought conditions, these plants decrease 
stomatal openness significantly to avoid a decrease in water potentials in shoot. 
Plants with a prodigal water-use strategy continue with intensive water use in 
conditions of water deficit, until the soil water reserves are almost completely 
exhausted. These plants retain high stomatal openness, and the metabolism of 
the plants is relatively tolerant to low water potentials (Ludlow 1989; Donovan 
et a l  2000). The hydraulic conductance of shoots usually decreases in con­
ditions of water deficit, and a smaller decrease has been measured in plants with 
more conservative water-use strategy (Nardini et al. 1999; Donovan et al. 2000; 
Cinnirella et al. 2002). In studies of the water use of tree species, juvenile trees 
of equal height and equal light availability have been observed in most cases 
(e.g. Auge et al. 1998; Croker et al. 1998; Loewenstein and Pallardy 1998a). 
The regulation of water relations in trees changes with age (Jones et al. 1983; 
Whitehead 1998). There is less comparative data (Bahari et al. 1985; Loewen­
stein and Pallardy 1998b) about the water use of mature trees of different 
canopy layers. Knowledge about the traits of water-use strategy in different 
species and in different aged plants is important for modelling the changes in 
the pattern of species in a changing environment. For example, a rise in the 
atmospheric C02 concentration probably gives an advantage to the plants with a 
conservative strategy, because of the decrease in the growth limitation by CO2 

concentration. Air pollution is probably more harmful to the plants with a less
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conservative strategy, because larger amounts of pollutants can enter the leaves 
through the stomata.

The physiological mechanisms applied in realising the different water-use 
strategies also are incompletely documented. It is known that stomatal 
conductance is dependent on abscisic acid concentration ([ABA]): Increased 
[ABA] activates several processes, which collectively lead to a reduction in the 
concentration of the osmotic compounds in the stomatal guard cells, resulting in 
a corresponding decrease in the guard cell water content, and hence, a decrease 
in stomatal openness (see reviews by Grabov and Blatt 1998; Assmann and 
Shimazaki 1999; Schroeder et al. 2001). The increase of [ABA] in draughted 
plants is repeatedly observed (e.g. Wright 1977; Hartung and Davies 1991; Liu 
et al. 2001; Sauter et a l  2001). However, the compartmentalisation pattern of 
ABA in leaves is incompletely documented. Only [ABA] of xylem sap 
([ABA]xyI) or only [ABA] of bulk leaves ([ABA]teaf) have been measured, in 
addition to the stomatal conductance, in most studies. In the studies detecting 
both these concentrations, better accordance of stomatal conductance with the 
[ABA]xyi than with the [ABA]ieaf have been found in most cases, but these 
patterns differed significantly in different species (Zhang and Davies 1989; 
Khalil and Grace 1993; Liang et a l  1996; Zhang et a l  1997; Zdunek and Lips
2001). There is insufficient data about the relations between stomatal con­
ductance and the concentrations of ABA in different compartments of shoots of 
mature temperate deciduous trees. The relations between the specific features of 
stomatal regulation by ABA and the water-use strategy have also not been 
analysed.

It has been shown repeatedly that osmotic adjustment is higher in the leaves, 
which accumulate more ABA in response to drought (During 1986; Stewart et 
a l  1986; LaRosa et a l  1987; Chandler and Robertson 1994). Additionally, 
osmotic adjustment of mesophyll cells is induced by an exogenous supply of 
ABA. ABA decreases the efflux of inorganic ions from symplast to apoplast 
(Roberts and Snowman 2000; Sutton et a l  2000) and enhances the synthesis of 
small organic molecules in the mesophyll cells (Pesci 1992; Gosti et a l  1994; 
Savoure et a l  1997). Yet, the relations between the osmotic adjustment and the 
compartmentalisation pattern of ABA in leaves of the temperate deciduous trees 
have not been analysed.

Shoot hydraulic conductance (L) is also an important characteristic of leaf 
water relations, because the leaf water supply depends on the L. There is only 
very little data about the mechanisms by which the shoot hydraulic conductance 
changes. One important reason for the decrease of the L in drought conditions is 
embolism of the xylem conducting elements (Crombie et al. 1985; Sperry and 
Ikeda 1997; Tyree 1997). We eliminated xylem embolism in our previous 
experiments. Yet, the shoot hydraulic conductance was significantly lower in 
the saplings subjected to short-term water stress than in well-watered young 
trees (Aasamaa and Sõber 2001). We also found that the L of well-watered 
saplings significantly decreased in response to exogenous ABA (Aasamaa et al.
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2002). Therefore, the decrease of shoot hydraulic conductance in water-stressed 
trees is caused not only by the embolism of xylem vessels, but by some ad­
ditional mechanisms. One important modifier of the shoot hydraulic conduc­
tance of young trees of P. tremula and T. cordata is probably ABA. Yet, gene 
expression varies in the course of ontogeny and the sensitivity of several 
processes to ABA also changes (Willmer et al. 1988; Brenac et al. 1997; Fan et 
al. 1997). Thus, the importance of ABA in regulation of the shoot hydraulic 
conductance can differ between the saplings and old trees of the same species. 
Additionally, the relations between shoot hydraulic conductance and the [ABA] 
of different compartments of the shoot have not been analysed.

Two tree species were analysed in the present study: Populus tremula — 
dominating in the overstorey and Tilia cordata -  dominating in the lower layer 
of the tree storey of the temperate deciduous forest canopy. The main objectives 
of the present work were: 1) To determine the characteristics of water-use 
strategy of these trees; 2) To clarify the role of ABA in these strategies: To 
determine the compartmental pattern of ABA (bulk-leaf [ABA] and xylem sap 
[ABA]) in non-stressed and droughted shoots of these two species and to relate 
these concentrations of ABA to the stomatal conductance, the osmotic adjust­
ment, and the shoot hydraulic conductance.

MATERIALS AND METHODS 

Plants

The trees grew in Järvselja, Estonia (58°16'N, 27°20'E, elevation ~40 m a.s.l.), 
in temperate mixed forest, on podzolic soils, the trees were ca. 50 years old. 
Populus tremula L. dominated in the overstorey (19-25 m) and Tilia cordata 
Mill, in the lower layer of the tree storey (5-18 m) of the forest canopy. For 
further details of the canopy see the paper of Niinemets et al. (1998). Shoots 
(10-15 cm in length) from the top and base of the foliages of both the species 
were cut from the trees for the analysis. The shoots were sampled in the 
morning, about two hours after sunrise; thus the daily maximum values of sto­
matal conductance were observed.

Non-stressed trees with fully expanded mature leaves were analysed at the 
beginning of July. At the end of July, after three weeks of drought with 
unusually high temperatures for the Estonian climate (daily mean temperatures 
~25°C, maximum ~30°C) the same trees were analysed again.
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Measurements of stomatal conductance (gs) and 
stomatal sensitivity to ABA ( s Ab a )

The shoots were enclosed in a plastic bag, cut under (distilled) water, brought 
(the base of each shoot remained submerged) to the laboratory, and placed 
under halogen lamps (saturating irradiance: 1410 |imol m-2s_1). The values of gs 
in the results of this paper (Fig. lc) are the stabilised values of the abaxial 
stomatal conductance observed after each shoot had been in the laboratory 
conditions ~15 min. Then the distilled water of the water-vessel of the shoot 
was interchanged for a solution of 5 or 10 fiM ABA and the following decrease 
of the stomatal conductance was observed (during -1.5-2 h). The stomatal 
conductances and also transpiration rates were measured by steady-state 
porometer LI-1600 (LI-COR; Lincoln, NE, USA).

.9aba was defined as the relative rate of decrease of the stomatal conductance 
after the shoot was supplied with the exogenous ABA:

where v is the maximum relative rate of decrease of the stomatal conductance, 
and A is a scaling coefficient which transforms the v of different leaves to a 
common rate of water potential change, v was determined from:

where Ags is the difference of the stomatal conductances in the region of the 
maximum rate of the decrease of stomatal conductance; At is the time interval 
corresponding to Ags; gsa is the average stomatal conductance during the time 
interval, and gse is the stomatal conductance at the end of the experiment. The 
relative rate of the change of the stomatal conductance was determined because 
the decrease of stomatal conductance was almost exponential with time. It is 
likely that the influence of the exogenous ABA is greater in the shoots with 
intensively transpiring leaves, because larger amounts of the exogenous ABA 
enter the leaves. Therefore, the scaling coefficient was determined from:

where E0 is the initial, stabilised transpiration rate in the beginning of each 
experiment, and E0a is the average of E0 for all the experiments. For the 
calculation methods see also the paper of Aasamaa and Sõber (2001).

Calculation of the stomatal sensitivity to ABA

(1)

(2)

(3)
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Determination of shoot water potential (¥) and 
hydraulic conductance (L)

The shoots were enclosed in a plastic bag, cut from the tree, and the was 
measured immediately by Scholander pressure chamber. Then the pressure 
chamber was filled with water and the shoot was fixed in the chamber so that 
the cut end of the shoot was in the water (and the remainder of the shoot was 
outside the chamber). The pressure ~1 MPa was applied in the chamber until the 
leaves of the shoot were fully infiltrated. The high pressure of the pressure 
chamber evidently eliminated xylem embolism in the shoots (Nardini and Pitt 
1999; Tyree et a l  1999). Then the water was poured out from the pressure 
chamber and the shoot was fixed in the chamber so that only the cut end of the 
shoot was outside the chamber. A pressure of -0.2 MPa was applied in the 
chamber, and the water that flowed out from the shoot through the cut end 
during 1 min was collected and weighed. L was calculated from:

£ = —  (4)
S At p

where Am is the mass of the water collected during the 1 min period (AO; S is 
the summarised area of all the leaves of the shoot, and p is the pressure in the 
pressure chamber. Circumferences of the leaves of the shoot were traced with a 
computer digitizer QD-1212 (QTronix; Taiwan) and area of the leaves was 
calculated with self-developed computer software.

Determination of the endogenous concentration of abscisic acid ([ABA]), 
leaf osmotica (c), and leaf water content (w)

Leaf disks (-50-300 mg FW) were punched between major leaf veins from 
other shoots (brought to the laboratory in plastic bags). Shoot xylem sap was 
pressurised out from the shoots through the cut end of the shoot by the pressure 
chamber technique. The leaf disks and the xylem sap were enclosed in 
Eppendorf cups, immediately frozen in liquid nitrogen and stored at -20°C until 
the ABA analysis. For extraction of ABA from the leaf disks, the frozen tissue 
samples were homogenised and extracted in 80% methanol. The extracts and 
xylem sap were passed through a Sep-Pak Cis-cartridge. Methanol was removed 
under reduced pressure and the aqueous residue partitioned three times against 
ethyl acetate at pH 3. The ethyl acetate of the combined organic fractions was 
removed under reduced pressure and the residue was taken up in Tris buffer. 
The ABA content in the buffer solution and in the xylem sap was determined by 
ELISA as described by Mertens et al. (1985) and Peuke et al. (1994).

For the measurement of leaf osmotica, leaf disks (-50-100 mg FW) were 
also punched from the leaves, enclosed in Eppendorf cups, immediately frozen
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in liquid nitrogen and stored at -20°C until the analysis. The c was measured 
cryoscopically as in the study of Niinemets et al. (1999). For the determination 
of leaf water content (per area of the leaf), the leaf disks were weighed 
immediately after being punched from the leaves, and again after drying at 80°C 
for 48 h.

RESULTS

There was a vertical gradient of shoot water potential (*P), leaf water content per 
area (w), stomatal conductance (gs), content of leaf osmotica (c), and shoot 
hydraulic conductance (L) through the tree storey; 'F was the lowest in the top 
of the foliage of P. tremula and the highest in the base of the foliage of 
T. cordata. The values of w, gs, c and L increased acropetally in the canopy. The 
values of VP, w, gs and L decreased in the drought conditions. The relative de­
creases of ¥  and w were bigger and the relative decrease of gs was slightly 
smaller in P. tremula than in T. cordata. The decrease of L was similar in the 
different species and in different positions in the foliage. Content of leaf 
osmotica (c) increased in the drought conditions (osmotic adjustment). The 
increase in the c was larger in P. tremula, than in T. cordata (Fig. la-e).

The bulk-leaf abscisic acid concentration ([ABA]leaf) also changed gradually 
through the tree storey: [ABA]ieaf was the lowest in the top of the foliage of 
P. tremula and the highest in the base of the foliage of T. cordata. [ABA]ieaf had 
increased in both these species in drought conditions (Fig. If). The abscisic acid 
concentration in the shoot xylem ([ABA]xyL) was higher in T. cordata than in 
P. tremula in non-stressed trees. Yet, the [ABA]xyi had increased several times 
in droughted P. tremula, but not in draughted T. cordata (Fig. lg). The stomatal 
sensitivity to exogenous ABA (s a b a )  decreased gradually towards the top of the 
tree storey: sABA was the highest in the base of the foliage of T. cordata and the 
lowest in the top of the foliage of P. tremula, both in the non-stressed and in the 
droughted trees. Yet, in the drought conditions the increase in Saba was greater 
in T. cordata than in P. tremula (Fig. lh).

The stomatal conductance, the stomatal sensitivity to exogenous ABA and 
the shoot hydraulic conductance correlated strongly with the [ABA]ieaf (Fig. 2; 
Table 1), but not with the [ABA]xyi (data not shown).
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DISCUSSION

Water-use strategies in P. tremula and in T. cordata

The stomatal conductance, the shoot hydraulic conductance, the shoot water 
potential, and the leaf water content decreased, and osmotic adjustment was 
induced in both species in response to a several week-long drought (Fig. la-d). 
Therefore, in both the species, the water-use strategy is not extremely conser­
vative or extremely prodigal. Yet, only the decrease in the shoot hydraulic 
conductance was similar in both the species. The change in all the other charac­
teristics was different in these two species: The decrease in the stomatal 
conductance was relatively greater, the osmotic adjustment was significantly 
lower, and the decrease in the shoot water potential and the leaf water content 
were smaller in T. cordata, than in P. tremula (Fig. la-d). Therefore, the water- 
use strategy in T. cordata is probably more conservative than in P. tremula. We 
also have found in our previous study that the maximum (C02- and light- 
saturated) photosynthetic rate (maximum photosynthetic capacity) is lower in 
T. cordata than in P. tremula already in saplings (Aasamaa and Sõber 2001). 
The choice of water-use strategy may be related to light availability and the 
characteristics of the photosynthetic apparatus. A less conservative strategy as­
sociated with high photosynthetic capacity is probably more suitable for the 
trees of the upper canopy layers, due to the sufficient availability of light for 
C02 assimilation. In lower layers of the tree storey a more conservative strategy 
and a low maximal photosynthetic capacity can be more suitable, because of the 
lack of light energy for high rates of C02 assimilation.

Relations of [ABA] with stomatal conductance in the two species

Though the [ABA] of the xylem sap entering the leaf is changed by the 
symplast of mesophyll or epidermis cells (Gowing et al. 1993; Trejo et al. 1995; 
Jia et al. 1996; Hartung et al. 1998), the [ABA]xyi is probably in accordance 
with the [ABA] in the apoplast surrounding the stomatal guard cells (Tardieu 
and Simonneau 1998). It has repeatedly been shown that guard cells are 
sensitive to [ABA] of an external medium and therefore it is supposed that 
important receptors for ABA are localised in the external surface of the plasma­
lemma of guard cells (Hartung 1983; Homberg and Weiler 1984; Wilkinson and 
Davies 1997). Thus, our result that the decrease of gs was associated with the 
increase of [ABA]xyi in the droughted P. tremula, was in accordance with 
expectations. We suppose that the varying of the apoplastic [ABA] is an impor­
tant mechanism in the regulation of the stomatal conductance of P. tremula. The 
increase in the [ABA]xyi of tree shoots probably is the result of the increased 
release of ABA from roots, but also the increased production and export of 
ABA out of the foliar mesophyll cells through the plasmalemma (Jeschke et al.



1997; Zhang et al. 1997; Zhang et al. 2001). Therefore, the special characte­
ristic of P. tremula in its resistance to water deficit is probably the high respon­
siveness of physiological processes in the mesophyll to the water conditions. 
The concentrations of the exogenous ABA were several times higher than the 
[ABA]xyi found in trees (Liang et al. 1996; Loewenstein and Pallardy 1998a,b; 
Niinemets et al. 1999; Auge et al. 2000). Therefore, the sequestration to 
symplast of mesophyll and other epidermal cells probably did not decrease the 
exogenous [ABA] significantly, and the [ABA] in the vicinity of guard cells 
also increased in the leaves supplied with the exogenous ABA. Thus, the lack of 
significant change in stomatal sensitivity to the exogenous ABA in P. tremula 
during drought was probably not just apparent, but was real. The modifying of 
stomatal sensitivity to ABA is not an important method in the water-use 
strategy of P. tremula.

The decrease in the stomatal conductance in droughted T. cordata was not 
accompanied with an increase in [ABA]xyi. However, the decrease in the gs was 
accompanied by an increase in the stomatal sensitivity to (exogenous) ABA 
(Fig. lc,g,h). The plasmalemma of the guard cells probably is highly responsive 
to the water deficit in T. cordata.

Therefore, we postulate that the decrease in stomatal conductance in 
response to water deficit was achieved by two principally different mechanisms 
in these two species: In P. tremula the membranes of mesophyll cells are highly 
responsive to water stress and therefore more ABA exits from the mesophyll, 
resulting in higher concentrations of ABA reaching the vicinity of guard cells. 
In T. cordata the membranes of guard cells are more responsive to drought: the 
guard cells become more sensitive to the ABA.

The strong correlation between the [ABA]ieaf and gs through the tree storey 
(Fig. 2a) and also the increase of [ABA]ieaf (associated with the decrease of gs) 
at all heights in drought conditions (Fig. lf,c) leads us to believe that the 
relationship between [ABA]ieaf and gs may be causal. It was found in our 
previous study, that the stomatal conductance was higher and [ABA]ieaf was 
lower also in saplings of P. tremula, compared to saplings of T. cordata 
(Aasamaa et al. 2002). We also found that the anatomical characteristics of the 
stomata probably favoured the stomatal conductances to be higher in P. tremula 
than in T. cordata: the stomatal pores were longer, and the width of the guard 
cells and length of the dorsal side of the guard cells were smaller in P. tremula, 
than in T. cordata (Aasamaa et al. 2001). Additionally, it has been found that 
ABA has a very significant influence on the development of young leaves 
(Cutler et al. 1977; Bradford et al. 1983; Franks and Farquhar 2001) and the 
species differences in [ABA]ieaf are retained throughout leaf ontogeny, when the 
trees grow in the same environment (Loewenstein and Pallardy 1998b; Auge et 
al. 2000). Therefore, the relatively indirect influence of foliar [ABA] can 
explain the correlation between the [ABA]]eaf and gs through the tree storey: 
[ABA] in young leaves probably determines the development of the anatomical
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characteristics that have an influence on stomatal conductance also in mature 
leaves.

It has been found that in the leaves with high [ABA]ieaf, the [ABA] is also 
high in guard cells (Weiler et al. 1982; Harris et a l  1988; Harris and Outlaw 
1991). There is also some data showing that the stomatal openness changes in 
accordance with the changes of [ABA] in the guard cells, and it is supposed that 
internal receptors for ABA also exist in the guard cells (Allan and Trewavas 
1994; Allan et a l  1994; Assmann et a l  1994; Schwartz e ta l  1994; Wang et a l  
1998). Our result that stomatal conductance and also stomatal sensitivity to the 
exogenous ABA were strongly correlated with [ABA]jeaf (and likely also with 
the [ABA] in the guard cells) through the canopy, can, alternatively, indicate 
that both these, tree species have internal ABA receptors in the guard cells, and 
the stomatal conductance and sensitivity of these species may be significantly 
influenced by the action of ABA inside the guard cells.

Relations of [ABA] with osmotic adjustment and 
shoot hydraulic conductance

We found that the osmotic adjustment was higher in P. tremula, where [ABA]xyi 
also increased significantly, whereas the increase of [ABA]teaf was not higher in 
P. tremula than in T. cordata in response to drought (Fig. Id, f, g). Therefore, 
the osmotic adjustment in these species may be more influenced by the [ABA] 
outside the plasmalemma of the mesophyll cells (than by the [ABA] inside the 
cells), or, alternatively, the factors that induce higher compartmentalisation of 
ABA in the apoplast of the shoot can additionally favour osmotic adjustment.

Shoot hydraulic conductance depends on the hydraulic conductance in both 
the xylem and in the leaf parenchymal cells, because the water of the transpi­
ration stream moves through the xylem in the stem, petiole, and leaves, and then 
moves out from the xylem and flows through the parenchymal cells of the 
leaves before being evaporated in the intercellular spaces (Boyer 1985; Steudle 
1997). It is possible that the decrease in the shoot hydraulic conductance during 
the drought was also mediated by ABA, The increase in ionic concentration in 
the symplast, which is induced by high [ABA]xyh is accompanied by a decrease 
in the ionic content in the apoplastic fraction of the shoot (Roberts and 
Snowman 2000; Sutton et a l  2000). Some recent papers demonstrate that the 
xylem hydraulic conductance rapidly falls in response to a decrease in the ionic 
concentration of the xylem sap (van Meeteren et a l  2000; Brown 2001; 
Zwieniecki et al. 2001). Yet, we found that the decrease in the shoot hydraulic 
conductance was not greater in P. tremula (which is characterised by a big rise 
of [ABA]xyi) than in T. cordata during the drought (Figs. le,g). Therefore, an 
important reason for the decrease in the L of these species in the drought 
conditions was probably not the decrease in the hydraulic conductance in the 
xylem and in the apoplast of the foliar parenchymal cells.
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However, the relatively equal decrease in the shoot hydraulic conductance 
was accompanied by the relatively equal increase in [ABA]ieaf at all heights of 
the tree storey (Fig. le,f). Therefore, we suppose that an important reason for 
the decrease in L could be the decrease in hydraulic conductance of the leaf 
symplast., Effective regulation of the hydraulic conductance of the plant 
symplast takes place by changing the conductance of aquaporins in membranes 
(Eckert et a l  1999; Kjellbom et a l  1999; Qiu et a l  2000; Maurel and 
Chrispeels 2001). Thus, it is reliable to suppose that an important cause of the 
decrease in the shoot hydraulic conductance in the drought conditions was the 
decrease in the conductance of the aquaporins of the mesophyll cells due to a 
rise in [ABA] in the leaves. The correlation of the L with the [ABA]ieaf, but not 
with [ABA]xyi, through the whole tree storey (both in non-stressed and in 
droughted trees) suggests that the sites where ABA affects the aquaporins can 
be located on the internal side of the plasmalemma in both the species.

Similarly to the correlation between the [ABA]^ and gs, the correlation of 
the [ABA]leaf with the L through the whole tree storey can, alternatively, be 
explained by the influence of the species- and position- (in the foliage) specific 
[ABA] on the development of foliar hydraulic architecture in young, intensively 
developing leaves.
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Table 1. Pearson correlation coefficients (and P-values) between the stomatal con­
ductance of non-stressed trees (gsN), shoot hydraulic conductance of non-stressed trees 
(Ln), bulk-leaf ABA concentration of non-stressed trees (aN), stomatal conductance of 
droughted trees (gsD), shoot hydraulic conductance of droughted trees (LD) and bulk-leaf 
ABA concentration of droughted trees (aD). The analysis accounts mean values of these 
characteristics in top and base of foliages of P. tremula and T. cordata.

£ s N Ln £ sD Ld
Ln 0.88

(0.117)

-0.85
(0.147)

-0.74
(0.262)

8 sD 0.99
(0.008)

0.93
(0.072)

-0.82
(0.185)

ld 0.82
(0.178)

0.99
(0.007)

-0.69
(0.314)

0.88
(0.121)

a i > -0.92
(0.077)

-0.81
(0.193)

0.99
(0.012)

-0.89
(0.107)

-0.75
(0.248)
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Figure 1. Shoot water potential (a); leaf water content (b); stomatal conductance (c); 
content of leaf osmotica (d); shoot hydraulic conductance (e); bulk-leaf ABA con­
centration (f); shoot xylem ABA concentration (g) and stomatal sensitivity to exogenous 
ABA (h) in top and base of foliage of non-stressed (white bars) and water-stressed (grey 
bars) P. tremula and T. cordata (means ±SE).
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Figure 2. Relationships between bulk-leaf ABA concentration and (a) stomatal conduc­
tance; (b) stomatal sensitivity to exogenous ABA and (c) shoot hydraulic conductance, 
in top and base of foliage of non-stressed (white symbols) and droughted (grey sym­
bols) P. tremula and T. cordata. Each value is the mean ±SE for the particular species 
and position (in the foliage) studied. Linear regression analysis was used to fit the data 
(R2 — coefficient of determination).
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