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ABSTRACT

The water relations, leaf gas exchange characteristics, xylem cavitation, and
root-shoot hydraulic conductances of two Eucalyptus clones grown at a mesic site
were assessed when they were three months old to reveal whether there are any
clonal differences in growth rates which are related to the plant physiological
characteristics. Soil water potential (), assessed as predawn leaf water potential
(WppL), showed that the compartment supporting clone TAG 14 had higher ‘¥ (-0.12
MPa) than the compartment supporting clone GU210 (-0.20 MPa). Diurnal values of
leaf water potential (‘V1), net photosynthesis (A), transpiration rate (E) and stomatal
conductance (g;) were consistently higher in TAG14 than in GU210. Midday ¥, in
TAG14 was -1.59 MPa while in GU 210 it was -1.85 MPa. However, this difference
was not statistically significant. Ultrasonic acoustic emission (UAE) indicated by
maximum events per hour (EPH,,,) and threshold water potential corresponding to
the initiation of rapid cavitation (Wcay, cUAE%) showed that TAG14 is more prone
to xylem cavitation than GU210 and this could lead to a reduction in g, in GU210
from midmorning onwards. Use of a high pressure flow meter (HPFM) showed that
the root conductance per unit leaf area (K.1.4) was higher in TAG14 than in GU210,
whereas, shoot conductance per unit leaf area and shoot dry weight (Kspa Ksasaw)
were higher in GU210 than in TAG14. Whole plant conductances, expressed per unit
leaf area (Kppa) were higher in TAGI4 than in GU210. However, all the
physiological measurements were consistent with the hypothesis that higher hydraulic
conductances as observed in TAGI14 leading to lower leaf level water stress and
higher photosynthetic rates. Above ground biomass of TAG14 was also higher than
that of GU210, which is in agreement with this hypothesis.

Keywords: Eucalyptus spp clones, leaf physiology, stem xylem cavitation, root-shoot
hydraulic conductances, growth.
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INTRODUCTION

The fast growth of Eucalyptus spp. and the increased demand for wood,
essential oils, honey, pulpwood, fiberboard, tanning materials, decorations,
windbreaks and many other miscellaneous uses in South Africa, South America and
Indonesia have resulted in a steady increase in the extent of these plantations despite
the fact that Eucalyptus spp. are known to consume large quantities of water (van
Wyk, 1990; Le Roux & Van Staden, 1991). Plant productivity requires photosynthetic
CO, fixation and water is a major limiting factor for photosynthesis in many
environments (Kramer & Boyer, 1995). Demands by the forestry industry for
increased productivity and the introduction of Eucalyptus spp. into marginal areas
have created a need for a detailed understanding of the water relations of
commercially grown Eucalyptus clones (Mulin & Park, 1992). However, the growth
and distribution of Eucalyptus spp are limited by climatic constraints such as
temperature and water availability (Sommer & Wetzstein, 1984). In South Africa, the
main factor limiting forestry expansion is the inadequate rainfall (Olbrich et al.,
1993). The drought has caused severe mortality of some Eucalyptus clones, whereas
other clones had survived the drought (Vander Willigen & Pammenter, 1998). Such
losses have raised concern for improving silvicultural practices by selecting
Eucalyptus clones that would not only survive but also continue to be productive
under restricted water conditions (Olbrich et al., 1993). Such clones need to be
assessed physiologically under different conditions.

The hydraulic architecture of a plant can limit water flow to the leaves and
thus it can limit leaf water potential, stomatal opening and gas exchange (Tyree &
Ewers, 1996). The vulnerability of xylem to cavitation may change the efficiency of
the hydraulic architecture because cavitation in the xylem increases the hydraulic
resistances (Tyree & Sperry, 1989; Sperry & Pockman, 1993). In response to xylem
embolisms, steeper water potentials in the xylem exist and these can lead to stomatal
closure. Such closure reduces both loss of water and uptake of carbon dioxide so that
carbon assimilation by leaves decreases in the water stressed plants (Becker ef al.,
2000). Ryan & Yoder (1997) hypothesized the hydraulic limitation in old and tall
trees, where increasing axial hydraulic resistances decreased the stomatal
conductances, lead to lower net CO, uptake, resulting in the poor growth. However,
several studies have revealed that differences in hydraulic conductances could affect
photosynthesis through affecting gas exchange (Mencuccini & Grace, 1996; Hubbard

et al., 1999) and hence could affect the growth of the plants (Schultz & Mathews,
1988).
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Several studies on the hydraulic architecture of fast and tall growing
Eucalyptus species and hybrid clones have been carried out. Franks er al. (1995),
Vander Willigen & Pammenter (1998), Brodribb & Field (2000) and Clearwater &
Meinzer (2001) measured hydraulic conductances in stems and branches. Some
researchers demonstrated a good relationship between some parts of the above ground
hydraulic architecture and the leaf photosynthetic capacity (Brodribb & Field, 2000).
The relationships between root hydraulic architecture and leaf physiology or the role
of roots as a component of whole plant hydraulic architecture are still unknown.
Becker er al. (2000) suggested that observations of the whole plant are more
pertinent than those at the branch level for determining transport sufficiency of water
and solutes to leaves.

During the present study, the physiological characteristics of three month old
plants of two Eucalyptus clones grown in a mesic site were investigated. An
advantage of studying young field grown saplings is that root restrictions will not
affect physiological parameters and growth as in potted saplings. The main objectives
of the present study were to assess the interrelations between hydraulic architecture
and plant water relations, including xylem cavitation, and leaf gas exchange.
Additionally, as most of the experimental work described in literature was carried out
on potted plants, the field-grown material could act as a bench-mark to determine
whether root restriction in pots significantly influences the hydraulic and
physiological characteristics.

MATERIALS AND METHODS

Field studies were conducted on a Eucalyptus grandis x E. urophylla clone
(GU210) and a pure Eucalyptus grandis clone (TAG14). Saplings, which were
growing on mesic sites with a mean annual rainfall of 1280 mm at an espacement of
2.1 x 3.1 m were used for the study. Measurements were made in August 2001 on
randomly selected plants with an average height of 0.60 m. There was no rainfall
during the study period. The location of the sites (compartments) were 28° 35° 32"S,
32° 04’ 21"E (clone GU210, Rattrays, soil type: Hutton Hu 2200) and (28° 41° 11"S,
32° 03" 25"E (clone TAGI4, Nseleni, soil type: Fernwood). For each set of
experiments, 8 replicates were used. Physiological parameters between the two clones
were statistically compared using the Statistical Package for Social Sciences (SPSS)
for Windows. The slopes of the relationship between transpiration and the leaf water
potential for the clones were statistically compared using the GraphPad Prism,
version 3.02 package.



4 P Manoharan et al.

Leaf water potential (¥;) and gas exchange

Leaf water potentials (W), equivalent to xylem water potentials were
measured from pre-dawn to 14.00 h using a Scholander pressure chamber
(Scholander er al., 1965) to reveal diurnal pattern of soil-plant water status. At each
measurement time 8 to 14 leaves each from a separate plant were sampled. Net
photosynthesis rate (A), transpiration rate (E) and stomatal conductance (g;) of
healthy leaves from the center of the outer edge of the canopy were measured using a
portable photosynthesis system (model LI-6400, Li-Cor, Inc., Lincoln, NE, U.S.A).
After these measurements, the leaves were excised for water potential measurements
in a pressure chamber. This was repeated on four plants, with one leaf per plant, with
ten measurements being taken during the course of the day, from 07.00 h to 14.00 h.
All measurements were repeated on the following day.

Stem xylem cavitation detected by an UAE

Xylem cavitation events in main stems were measured on three replicates of
each clone using an ultrasonic acoustic emission (UAE) detector using an ultrasonic
sensor (model 1151, Physical Acoustic Corp., Princeton, N J, USA) and preamplifier
(model 4615, Physical Acoustic Corp., Princeton, NJ, USA) sold as a drought stress
monitor. The sensor was clamped to the main stem, 0.1 m above ground and below
the branches.  The sensor was attached to the stem on the evening prior to
measurement and was connected to the drought stress monitor (adjusted to a setting
of 72 decibels) on the following morning and emissions were recorded from 07.00 h
to 15.00 h. Concurrently with recording of xylem cavitation events, gas exchange and
water potentials were also measured on a single leaf on ten occasions during the
course of the day. Cumulated events (CE) and events per hour (EPH) were recorded
at 60 minute intervals. EPH were plotted against time, and as concurrent leaf water
potentials were measured, EPH could be plotted as a function of leaf water potential.
Also, cumulated UAE were expressed as a percentage of the first plateau maximum
corresponding to the cumulative number of UAE recorded at the time, as described by
Salleo et al. (2000). The percentage of cumulated UAE (cUAE%) was also plotted
against water potential, which was recorded concurrently.
Root pressures (P,) and Root - shoot hydraulic conductances

Root pressure was measured in 8 - 10 replicates by attaching manometers to
decapitated root stump. The length of the air column was recorded at 06.00 h and
12.00 h and root pressure was expressed in kPa above atmospheric pressure.

Root and shoot hydraulic conductances were measured in eight replicates
using a high pressure flow meter (HPFM) in the transient and quasi-steady state
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modes, respectively as described by Tyree er al. (1994b; 1995) and Yang & Tyree
(1994). In the field studies, root conductances were not measured on plants previously
sampled for root pressure as adequate material was available. For each measurement
of root conductance (K,), the average of three transients were taken. In the shoots,
total shoot conductance (Ks), leaf resistance (R ), petiole resistance (Rp), resistance of
leaf bearing branches (R;pg) and main stem resistance (Rys) were measured after
sequentially excising the respective plant components. Total leaf area from each
shoot was measured using a leaf area meter and the dry weight of leaves, petioles and
stems were measured after oven drying at 60°C for 48 hours. Drying temperature was
determined by trial and error studies on different Eucalyptus spp. samples. The height
from the stem base from the soil surface to the apical bud and over-bark stem
diameter at 0.1m above from soil surface were measured on 15 randomly chosen
samples of each clone.

RESULTS

Clonal differences in above-ground growth and biomass allocation

The above-ground parameters of the two clones are shown in Table 1. Shoot
growth over the three months since planting, measured as height, stem over-bark
diameter and total shoot biomass, as well as the biomass of the individual
components, were significantly higher in TAG14 than in GU210 (p<0.05). The leaf
area ratio (LAR, leaf area/shoot dry mass) and specific leaf area (SLA, leaf area/leaf
dry mass) were lower in TAG14 than in GU210 (p<0.05). The total leaf area did not
significantly differ between the clones.
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Table 1 - Growth parameters (Mean + SE) of two 3 month-old Eucalyptus
(n = 8). For each
parameter, different superscript letters indicate significant differences between

clones grown in commercial plantations at mesic sites.

the clones (p<0.05).

Growth parameters GU210 TAG14
Height, (m) 0.53+0.01° 0.68 +0.02°
Stem over-bark diameter (mm) | 9.58 +0.47° 1094 +0.34°
Total Leaf area, (m®) 0.61 +0.07* 0.68 +0.09"°
Specific leaf area, (m’kg™) 19.52 + 0.64° 15.04 +0.67°
Leaf weight ratio 0.62 + 0.03" 0.55+0.01°
Leaf area ratio, (m’ kg™) 12.17 + 0.70° 825+0.52°
Leaf dry mass, (g) 31.27 +£3.59° 4438 +4.89"
Stem, petiole dry mass, (g) 19.02 + 2.62° 36.37 +3.45°"
Total shoot dry mass, (g) 50.30 + 5.50° 80.75+ 8.18°

Leaf water potential ('F)

If predawn leaf water potential (‘Wpp,) can be taken as a measure of soil water
potential (*Ps), clone TAG14 had a higher soil water potential (-0.12 + 0.01 MPa)
than the clone GU210 (-0.20 £ 0.03 MPa) (p<0.05). However, the differences in
the soil types could have given rise to slightly higher water retention values in the
TAG14 clone. Midday values of y; were higher in TAG14 (-1.56 £+ 0.03 MPa, n = 8)
than in GU210 (-1.69 + 0.04 MPa, n = 8) (p<0.05).

Diurnal patterns of leaf water potential and gas exchange

Leaf water potentials declined from predawn to about 11.00 h. The values in
TAG14 were consistently higher than those in GU210 (Fig. 1A), and these
differences were significant from 09.00 h to 12.00 h (p<0.05). After about 11.00 h,
water potentials stabilised, probably because transpiration was no longer increasing.

During the morning, rates of net CO, assimilation were marginally higher in
TAGI4 than in GU210 (Fig. 1B), although by midday differences were not
significant (p>0.05). However, midday stomatal conductances (Fig. 1C) and
transpiration rates (Fig. 1D) were significantly higher in TAG14 than in GU210
(p>0.05). The exceptionally high stomatal conductances measured in the early
morning are probably a consequence of dew deposition. Stomatal conductances
reached maximum values at about 10.00 h (Fig. 1C), before maximum radiation
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Fig. 1 Diurnal variations in instantaneous leaf water potential (A), net CO,
assimilation rate (B), stomatal conductances (C) and the transpiration (D) in
two, 3 month old Eucalyptus . clones grown in the field at a mesic site. Error bars
represent the £SEM (n=8).
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intensities and temperatures (data not shown), suggesting stomatal limitation of
transpiration reducing the onset of water stress. The higher values of stomatal
conductance (g,) and transpiration (E) in TAG14 were associated with higher leaf
water potentials, suggesting differences in hydraulic characteristics between the
clones. Therefore, leaf water potentials were plotted as a function of transpiration
rates, up to the point of maximum transpiration rate (Fig. 2). The relationship in
TAG14 was statistically significant (p<0.05) suggesting that hydraulic resistance in
this clone declined with increasing transpiration rates. The slope of the regression for
GU210 was slightly steeper than that for TAG14. Although this difference in slopes is
not statistically significant (p>0.05), the results do indicate that the transpiration
pathway could offer somewhat less hydraulic resistance in TAG14 than in GU210,

o 2 4 6 8 10
Transpiration (mmol m2 s)
» GU210 o TAG14

Fig. 2 The relationship between leaf water potential and transpiration rate for 3
months old saplings of Eucalyptus clones GU210 and TAG14 grown at a mesic
site in the field. The equations of the fitted linear regressions are y = -0.2691x -
0.2655 for GU210 (bold line) (R*= 0.81 ; p = 0.00) and y = -0.2319 x - 0.201, for
TAG14 clone (thin line) (R* = 0.75 ; p = 0.00).

Ultrasonic acoustic emission detection of xylem cavitation

Only a small number of UAE events accumulated in both clones in the early
morning, with acoustic events accumulating rapidly during mid-morning and
levelling off after midday (Fig. 3A). Total accumulated events in GU210 was more
than twice of the total accumulated events in TAG14. The data are expressed in Fig
3C as events per hour, together with corresponding stomatal conductances and water
potentials. Cavitation increased progressively in both clones with decreasing xylem
water potential from morning to midday, Maximum rates of cavitation in both clones
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occurred at mid-morning, with higher rates in GU210 (4216 EPH) than in TAG14
(1382 EPH). The water potentials corresponding to these maximum rates (-1.55 MPa
and -1.49 MPa, respectively) were not significantly different (p>0.05).
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Fig. 3: - A: Xylem cavitation events measured as cumulative ultrasonic acoustic
emissions (¢cUAE) from 07.00 h to 15.00 h ; B: cumulated ultrasound acoustic
emission expressed as percentage of the maximum (¢UAE,%) in the main stems,
plotted as a function of leaf water potential ; C: concurrently measured
ultrasonic emission events per hour (UAE, EPH), with leaf water potentials and
stomatal conductances (g;) in 3 months old saplings of Eucalyptus clones GU210
and TAG14 grown at a mesic site in the field. Error bars represent the +
Standard Error of the Mean (n=3).
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In both clones there was a decrease in stomatal conductance from 10.00 h to
12.00 h, but the proportional decline was greater in TAG14 (20%) than in GU210
(7%). Although water potential continued to decline between 10.00 h and 12.00 h,
and cavitation events continued, the decline in water potential was less in TAG14
(3%) than in GU210 (8%). This was probably a consequence of the greater
proportional decline in g, in TAG14. The decline in the rate of acoustic emissions was
similar in the two clones (10% for TAG14 and 12% for GU210). The data presented
in Fig. 3C suggest that the stomata of TAG14 are more sensitive to water potential
than those of GU210. The decrease in g, in TAG14 was greater than in GU210,
although the corresponding water potentials were similar (-1.49 MPa in TAG14, and
-1.55 MPa in GU210).

Cumulated acoustic events were expressed as percentages of the maximum
cUAE and plotted against water potential (Fig. 3B). If an arbitrary cavitation
threshold is accepted as the water potential corresponding to the accumulation of 5 -
10% of the maximum acoustic emissions (Salleo et al., 2000; Nardini et al., 2001),
the initiation of critical water potential triggering xylem cavitation (\ycay cUAE,%)
was -1.38 + 0.10 MPa (SEM) for GU210 and -0.93 + 0.18 MPa (SEM) for TAG14
(calculated as the mean of the water potentials corresponding to acoustic emissions
between 5% and 10% of the total). These were significantly different from each
other (p<0.05). However, visual inspection of the data indicated that a marked
increase in accumulation of acoustic events occurred at water potentials lower than
these. Regression lines were fitted to the data points corresponding to low cumulative
events (<20%), and to the data points corresponding to high cumulative events
(>40%). The intersection of these two lines gives the water potential at which a
marked accumulation of events occurred, and could be taken as a less arbitrary
indicator of the threshold water potential generating substantial cavitation events. The
values of the critical thresholds estimated by this way were -1.42 MPa for GU210 and
-1.32 MPa for TAG14, indicating that the stem xylem of TAG14 is more vulnerable
to cavitation than that of GU210.

Root pressure (P,)

De-topped stumps of both clones showed positive P, both overnight and at
midday. The overnight P, of GU210 (41 kPa) was higher than that of TAG14 (28
kPa). This difference was marginally significant (p =0.055). P, at midday was higher
than the overnight value in both clones (62 kPa in GU210 and 53 kPa). In TAG14,
however, this difference was not significant (p>0.05). In TAG 14, the P, values at
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night were significantly different from P, values in midday p=0.005). However, no
such difference was noted in GU210 (p=0.080).

Hydraulic conductances in the root, shoot and whole plant

Absolute root hydraulic conductances (K,) in TAGI14 (10.30 + 1.12) were
significantly higher than those of GU210 (5.21 £ 0.57) (F=18.47, p=0.001), whereas
the shoot conductances (Ks) of TAG14 (14.80 + 1.68) were significantly lower than
those of GU210 (22.50 + 2.29) (p=0.011). However, hydraulic conductances are more
meaningful if normalised to some measure of plant size (Tyree ef al. 1998). Thus the
data were expressed as shoot conductance per unit leaf area (Kg.4) (Tyree e al. 1998,
Nardini & Tyree, 1999), shoot conductance per unit total shoot dry weight (Kgusaw)
(Tyree et al.1998) and whole plant conductance per unit leaf area (Kp,.4) (Tyree et al.
1998). Whole plant conductance was calculated as Kp = 1/ (1/Ks + 1/K,) (Tyree et al.
1998). Root conductances were not normalised to the amount of root because of the
difficulty of excavating roots of numerous individuals in the field.

Kya of GU210 was significantly lower than that of TAG14 (p=0.001), but
Ksia of GU210 was significantly higher than that of TAG14 (p=0.007) (Fig. 4A).
Similarly, Kgsqw was higher in GU210 than in TAG14 (F=79.40, p=0.000) (Fig. 4B).
The pattern of differences between the clones (higher shoot but lower root
conductances in GU210, and the converse in TAG14) was such that whole plant
hydraulic conductances (Kp/ s, Fig. 4C) did not differ significantly at the 5% level,
although the difference was significant at the 10% level (GU210 - 7.25 x 10” kg 5™
MPa” m?; TAG14 - 9.39 x 107 kg s' MPa™ m™; F=3.30, p=0.089). Because the leaf
areas of the clones were similar (Table1), normalising shoot and root conductances by
the leaf area supplied yielded values in the same relationship as the absolute values.
This could be taken to suggest that the clones were not adjusting their leaf areas in
relation to their hydraulic sufficiency, possibly because they were growing in mesic
sites. However, despite the marked differences at the root and shoot level, whole plant

conductances were similar, indicating that adjustment of leaf area was not necessary
(Table 1).
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Fig. 4 - Hydraulic conductances measured for 3 month old saplings of the clones
GU210 and TAG14 grown at a mesic site in the field. (A) - K, and Kg expressed
per unit leaf area ; (B) - Kg expressed per unit total shoot dry mass basis ; (C) -
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13
Growth characteristics

The components of whole plant resistances

The hydraulic resistances of the shoots (data not shown) of TAGI4
normalised to leaf area were significantly higher than those of GU210 (p=0.004).
Most of the shoot resistance (Rs) was contributed by the leaves (R,), which includes
both vascular and non-vascular components. The leaf resistance of TAG14 was
significantly higher than that of GU210 (F=6.02, p=0.028). The resistances of the
other component of the stem were generally small and, except for Rys, were not
significantly different between the clones. Root resistances (R,) were significantly
larger than stem resistances in both clones (p=0.002). The proportional contribution
of the shoots and roots differed between the clones (Table 2). In GU210, the roots
contributed for over 80% of the total resistance, while in TAG14, this contribution
was less than 60%.

Table 2. Proportional contributions of individual components to the total plant
hydraulic resistances of three months old saplings of the clones GU210 and TAG14.

Contribution of hydraulic resistances (%) expressed per unit leaf area
(Mean + SEM; n=8)

Clones R[_ Rp RLBII RMS Rs Rr
GU210 10.50£0.68 | 0.30 £0.07 5.47+0.22 2.50£0.13 | 18.80£0.74 | 81.20+0.74

TAGI4 21.8042.59 | 0.68+0.23 9.51+0.62 9.31£1.59 | 41.30+2.58 | 58.70+2.58

DISCUSSION

Total leaf areas of the plants of the two clones were not significantly different
from each other (Table 1). However, it has been reported that leaf areas of different
clones of 2 and 3 months old Eucalyptus globulus (Labill.) (Pita & Pardos, 2001),
and 5 months old Eucalyptus camaldulenesis Dehnh. (Farrell et al., 1996) were
significantly different. However, both total leaf area and specific leaf area (SLA)
were recorded to be the same in 31/2 years old saplings of Scots pine and Sitka
spruce (Jackson et al., 1995a). SLA can be brought about by a change in several leaf
characteristics, both chemical and anatomical (Lambers & Poorter, 1992). The SLA
of GU210 was greater than that of TAG14. However, despite the relationship that
has been shown to exist between SLA and photosynthetic rates (Pereira et al., 1992),
there was no significant difference in maximal net CO, assimilation rates between
the clones. Similar results have been recorded for different clones of E. globulus (Pita
& Pardos, 2001). Changes in SLA may also be brought about by differences in the
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veinal transport system of the leaf (Lambers & Poorter, 1992). R, of GU210 was
lower than that of TAG 14, possibly suggesting less allocation of biomass to transport
tissue in GU210 which could lead to higher SLA.

Total shoot mass, plant height, and stem over-bark diameter of TAG14
were greater than those of GU210. These results are consistent with those of
Pita & Pardos (2001) who found significant differences in these parameters
between potted 2 and 3 month old specimens of three clones of E. globulus. In
contrast, no significant differences in dry matter accumulation have been
observed 6 month old potted specimens of three different clones of E. globulus
(Osorio et al., 1998). However, February et al. (1995) have recorded that
there were no differences in total whole plant dry weight and stems diameter
between 16 month old E. grandis and the E. grandis x camaldulensis in large
pots. It appears that inter-clonal differences apparent in young specimens
disappear with age in potted trials.

The values of ;. for both clones were lower than those reported by
Vander Willigen & Pammenter (1998) for 7 year-old trees, suggesting that
establishing saplings may be more prone to water deficits than mature trees.

Although g,, E and leaf water potential differed slightly between the clones,
the lower g, in GU210 did not appear to limit CO, assimilation. Despite this lack of
difference in photosynthetic rates, TAG14 produced higher above ground biomass
than GU210. Similar results have been reported for field grown E. globulus in two
watering treatments (Pereira et al., 1989, 1992). It has also been reported that in
potted seedlings of E. pauciflora, water stress has initially caused partial stomatal
closure without any decline in the net CO, assimilation rate or intercelluar CO, partial
pressure but later had affected these under severe water stress (Kirschbaum, 1987).
This apparent lack of stomatal limitation of CO, assimilation is supported by the
observation of Clearwater & Meinzer (2001). They have reported that in a fertilizer
treatment the leaf nitrogen concentration and photosynthetic capacity in field grown
E. grandis have increased although there was no change in stomatal behaviour.
Pereira ef al. (1992) have reported that an increase in foliar nitrogen concentration
has increased the photosynthetic capacity of field grown E. globules. Howevr, this
aspect was not examined in this present study.

According to Osorio ef al. (1998), water deficits rather than leaf nitrogen
levels are more important in delaying growth. According to Sheriff (1992), very small
differences in the rates of A have the potential to produce large differences in biomass
over time. It is possible that the slightly higher midday net CO, assimilation rate of
TAG14 was adequate to accumulate more carbon than in GU210. The clone TAG14
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showed greater above-ground biomass with highest g, and GU210 had lower g; and
presumably used less water. It was not possible to measure total water utilization by
the plants in the present study and therefore, it was not possible to measure water
utilizing efficiency (WUE).

The root hydraulic resistances normalised by leaf area (R,+1.» absolute root
hydraulic resistance multiplied by total leaf area) were higher than shoot resistances
normalised by leaf area (R 4 absolute shoot hydraulic resistance multiplied by total
leaf area), comprising 59% of total plant resistance in TAG14 and 81% in GU210.
Commonly, root and shoot resistances are approximately equal, or root resistances are
somewhat lower than shoot resistances (Nardini & Tyree, 1999; Brodribb & Hill,
2000). However, there are few reported occurrences of R, constituting a large
proportion of Rpj,y (Nardini & Pitt, 1999; Brodribb & Hill, 2000). The value for Rpju
recorded for GU210 in this study appears to be the highest reported. In a preliminary
field study at a different mesic site, 3 month old samples of a different Eucalyptus
grandis X urophylla clone (GU21) had also shown high proportion of whole plant
resistance (82%) contributed by the roots (Unpublished data of the author). This
suggests that high root resistances may be a genetic characteristic in E. grandis x
urophylla hybrids.

The values of R« obtained in this study are very similar to the values
reported for Eucalyptus regnans by Brodribb & Hill (2000). The values reported here
for the GU210 and TAG14 tend to be at the low end of the range reported for other
species (Nardini & Tyree, 1999; Tsuda & Tyree, 1997; Brodribb & Hill, 2000),
suggesting that the roots of these clones are able to conduct water efficiently.

Scaling of shoot hydraulic conductances to leaf area (Kgsq4) and to total shoot
dry mass (Ksusaw) gave the same trend for both clones. The fact that GU210 had the
higher normalised shoot hydraulic conductance (Ksusqw) suggests that this clone
spends less carbon to provide an efficient pathway than does TAG14, which is in
accordance with their different shoot dry masses. A high shoot conductance should
ensure rapid equilibration of the shoot with soil water at night, which would promote
rapid growth by maintaining high values of meristem water potential (Nardini &
Salleo, 2000). In the present study, the higher shoot conductances recorded in GU210
were in fact associated with lower leaf water potential, stomatal conductances and
above ground growth when compared to TAG14. The higher shoot conductances of
GU210 than that of TAG14 is possibly a trait associated with strong apical control as
it is thought to hydraulically favour the faster growing leader (Tyree & Ewers, 1996).
However, a high shoot conductance alone will not ensure rapid equilibration with the
soil if root conductance is low and the water cannot get into the stem quickly. This
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was evident from the results that the higher K,y o of TAG14 permitted sufficient water
uptake from the soil to maintain lower leaf level water stress with higher g, than in
GU210. Tyree et al. (1993) also suggested that low water potentials can cause
reduced cell expansion, wall synthesis, protein synthesis, g, and photosynthesis and
an increase xylem dysfunction by cavitation events.

Whole plant hydraulic conductances will depend to some extent on xylem v ,
and when xylem y falls below the cavitation threshold, whole plant hydraulic
conductances will decrease as a consequence of the xylem embolism (Tyree and
Sperry, 1989). Although the difference in maximum whole plant hydraulic
conductances between the two clones measured using the HPFM (Kppa = 1/ (1/Ks
+1/K,)) was not significant (P=0.089; Fig. 4, C), leaf physiology and above ground
biomass production appear to have a correlation with this difference. Similarly, the
whole plant hydraulic conductances estimated from the relationship between E and
y. were not significantly different in the two clones (Fig. 2). However, both
methods indicated a higher conductance in TAG14 than in GU210. In keeping with
this, midday y, g, and E were higher in TAG14 than in GU210 (Fig.1), and therefore
total above-ground biomass of TAG14 was higher than that of GU210 (Table 1).
These results are in accordance with those of Vander Willigen & Pammenter (1998),
who showed that 7 years old trees on mesic sites had higher biomass and branch leaf
specific conductivity than those growing on xeric sites. The relationship between E
and y; for TAG14 was not linear particularly at high transpiration rates. This
suggests the possible involvement of an hydraulic capacitance somewhere in the
water transport system from soil to leaf that releases stored water at low water
potentials, giving rise to an apparent increase in hydraulic conductance at high values
of E. Similarly, Koide (1985) and Tsuda & Tyree (2000) observed that hydraulic
conductances, estimated by the evaporative flux (EF) method (slope of the
relationship between ;. and E), increased with increase of E in sunflower plant. In
this method, transpiration and leaf water potential were measured almost
instantaneously on the same leaf, and therefore, a 1:1 relationship between these two
values had been obtained. However, this method cannot give a complete measure of
whole plant conductance as the values of both E and y vary from leaf to leaf.

The vulnerability of the xylem to cavitation, in terms of ;. triggering xylem
cavitation, was estimated by two methods; firstly, using the mean of the water
potentials corresponding to acoustic emissions between 5% and 10% of the total
(Wcav, CUAE,%) (Nardini & Salleo, 2000; Salleo er al., 2000 and Nardini et al.,
2001) and secondly, using the intersection of lines fitted to data at low and high
cumulative emissions (Fig. 3.B). Both methods showed that y; triggering xylem
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cavitation was higher in TAG14 than in GU210. Also, EPH,,,, occurred at a higher ;.
for TAG14 than for GU210, although these values were not significantly different.
The values calculated using the intersection method (-1.32 MPa for TAG14 and -1.42
MPa for GU210) were similar to the values of \y corresponding to 50% loss of
conductivity measured hydraulically on branches of seven year old field grown trees
of related clones (-1.31 MPa for TAGS and -1.50 MPa for GU21) by Vander Willigen
& Pammenter (1998). The patterns between clonal families were consistent in the
two studies, indicating the importance of genotype in determining the vulnerability to
cavitation. Twelve month old potted saplings of the clone GU210 were more
susceptible to xylem cavitation (-0.73 MPa) (unpublished data of the author) than 3
months old field grown saplings (-1.38 MPa). This suggests that vulnerability to
cavitation varies among potted and field saplings. Ray & Sinclair (1998) have
shown differences of growth and physiological parameters due to variation in pot
size.

The concept of safety versus efficiency of the hydraulic supply system has
been discussed by many authors. The general hypothesis is that the more efficient
wide conduits are more vulnerable to cavitiation (Zimmermann, 1983; Tyree et al.,
1994a; Lo Gullo et al., 1995), and are more difficult to refill (Jaquish & Ewers,
2001). However, according to the ‘air-seeding’ hypothesis, the size of the pit
membrane pore determines the vulnerability to cavitation, In the Eucalyptus clones
investigated here, the hydraulic conductivity of the stem was lower and the
vulnerability to cavitation was higher in TAG14, compared to GU210. Similar
negative correlations have been reported in some Quercus species (Cochard et al.,
1992a) and in seedlings of Douglas fir grown with different water availabilities
(Kavanagh ef al., 1999). This was attributed to the different proportions of early and
late wood in the seedlings; however, such an effect is unlikely in the Eucalyptus
clones used in the present study, as Eucalyptus spp. are diffuse porous, and the plants
studied were only three months old. TAG14 showed more profuse branching than
GU210 and therefore, the junction constrictions could have reduced shoot
conductivity. It has been suggested that vessel vulnerability is coupled to the
prevailing vessel \, and the results of the present study indicate that GU210 operates
at lower y (Fig. 1A) and is less vulnerable to cavitation (Fig. 3) than TAG14.

A function of stomata is to reduce E to levels that prevent y; being reduced

to the extent so that massive cavitation and runaway xylem embolism cycles do not
occur (Jones & Sutherland, 1991; Alder et al., 1996; Sparks & Black, 1999; Salleo er
al., 2000). For both clones studied here, maximal stomatal conductance (g; yay) and
maximal rate of cavitation (EPH,,,) occurred at the same time (mid morning), but at
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different levels of leaf water potential (Fig. 3C). Thereafter, g decreased as did the
rate of cavitation, although leaf water potential continued to decline. The y values
corresponding to the initiation of stomatal closure were in fact lower than those
corresponding to the initiation of cavitation events (Fig. 3). Thus, stomatal control
was not adequate to prevent substantial cavitations. This indicates considerable
redundancy in the hydraulic supply system in the main stem where cavitations were
measured. Interestingly, TAG14 had lower shoot hydraulic conductivity than GU210,
and the decrease in g, in TAG14 following EPH,,,, was 20%, compared to only 7%
in GU210. This perhaps indicates that redundancy in the stem was less in TAG14
than in GU210 and consequently TAG14 is more sensitive to mild changes in yy,
and therefore, may be more drought sensitive than GU210.

Stomata have been reported to maintain \y; above the value of the y
triggering xylem cavitation in a number of species (Saliendra et al., 1995; Hacke &
Sauter, 1996; Irvine et al., 1998; Bond & Kavanagh, 1999; Brodribb & Hill, 2000). In
contrast, the midday y; measured in this study was lower than the y triggering
cavitations (WcavcUAE, %), and considerable cavitation events did occur (Fig. 3).
Similarly, there are other reports of ;. being lower than those triggering cavitations
(Jackson et al., 1995a, 1995 b; Hacke & Sauter, 1995; Sparks & Black, 1999). Low g,
would prevent high tensions in the xylem water column and reduces cavitations as
documented by Jones & Sutherland (1991), Alder er al. (1996), Sparks & Black
(1999) and Salleo et al. (2000). In fact, the higher g, in TAG14 than in GU210 was
associated with higher vulnerability, which is in contrast to the predictions. However,
cavitation events will release water into the transpiration stream, and if refilling can
occur overnight, this effect could avoid low ;. during times of high E. In accordance
with this, the relationship between E and y; in TAGI4 was not linear (Fig. 2)
suggesting a possible capacitance effect. According to Salleo et al. (2000), conduits
of plants growing in wet soil and undergoing diurnal embolisms, can completely
recover at night so that shoot cavitation remains as a transient and completely
reversible phenomenon.

Positive P, is a mechanism by which embolized xylem conduits of small
plants can be refilled (Lopez-Portillo et al., 2000). Positive P, values in woody
species were reported to range from 3 kPa (Sperry, 1993) to 225 kPa (Lopez-Portillo
et al., 2000). Van Der Meer et al. (1999) reported positive P, in Eucalyptus regnans.
Both Eucalyptus clones used n this study exhibited positive P,, both during night and
at midday. Positive P, values in midday were also reported by Sperry (1993).
Theoretically, a pressure of 10 kPa is required to raise a water column by 1 m and
therefore, the pressures developed by the two clones used in this study (41 to 62 kPa)
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were more than adequate to lift a water column to the height of the plants (0.7 m) and
this could be the processes by which embolisms are refilled. It has been
conventionally accepted that refilling of embolized vessels by P, occurs during the
night, when E is virtually absent. However, Canny (1997), McCully et al. (1998),
and McCully (1999), using cryo-scanning electron microscopy, observed embolism
repair in vessels, concurrently with maximum transpiration rate. Thus, the xylem
recovery in any part of the plant concurrently with maximum E rate may not be ruled
out. Although significant only with night values, GU210 tended to have higher P,
than TAG14, perhaps indicating that GU210 could refill embolized vessels more
efficiently than TAG14. Coupled with the lower vulnerability of GU210, this could
contribute to a greater water stress tolerance by GU210, as opposed to the possibility
of TAG14 avoiding low leaf water potentials by releasing capacitance water through
cavitation events.
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