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Abstract. Effects of soil water availability on transpiration efficiency (WUET), instantaneous water use efficiency
(WUEi) and carbon isotope composition (δ13C) were investigated in 7-month-old plants of humid coastal (Gympie)
and dry inland (Hungry Hills) provenances of Eucalyptus cloeziana F.Muell. and in a dry inland provenance of
E. argophloia Blakely (Chinchilla), supplied with 100 (W100), 70 (W70) and 50% (W50) of their water requirements.
At W100, WUEΤ of the three provenances were not significantly different but as available soil moisture decreased,
E. argophloia produced greater biomass and demonstrated significantly higher WUET than either E. cloeziana
provenance. Midday WUEi was not significantly affected by watering regime within each provenance but was
lowest in E. argophloia. A decrease in soil water availability caused a consistent increase in δ13C values in all three
provenances; however, δ13C values of E. argophloia in all three water regimes were significantly lower than those
of E. cloeziana provenances, which did not differ significantly from each other. For all three provenances, δ13C was
not correlated with WUEi but height and root collar diameter were negatively correlated to δ13C. There was little
evidence of differences in δ13C, WUET and WUEi between E. cloeziana provenances but clear differences between
E. cloeziana and E. argophloia. The high WUET, low WUEi and low δ13C for E. argophloia may have implications
in the selection of Eucalyptus provenances for commercial forestry in low-rainfall regions.
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Introduction

Plantation forestry in Queensland, Australia, is currently
limited to the coastal south-east region where annual rainfall
is greater than 1000 mm. However, owing to limited
availability of land for further expansion, there is a need to
explore the potential for cultivation of native hardwood
species in the low-rainfall zone with annual rainfall between
700 and 1000 mm (Loxton and Forster 2000). Most eucalypt
species from lower rainfall areas can tolerate intermittent
drought (Boland et al. 1984), but the main emphasis in
planted forests is on wood production rather than survival,
which may be appropriate in a natural growth environment
(Olbrich et al. 1993). Generally, when water supply is
limited, plants that use water more efficiently and have the
ability to grow rapidly when soil moisture is not limiting
should have greater productivity than plants with low water
use efficiency (Jones 1993; Zhang et al. 1997).
Consequently, knowledge of water use efficiency is required
for the selection of species for plantings in low-rainfall
regions. 

Several measures of water use efficiency include
transpiration efficiency (WUET), defined as the ratio of
biomass produced by a plant to the amount of water lost
through transpiration (Calder 1992; Osório and Pereira 1994;
Zhang and Marshall 1994; Turner 1997; Li 2000; Li et al.
2000); instantaneous water use efficiency (WUEi), defined
as the ratio of net photosynthesis (A) to stomatal
conductance (gs) (A/gs) (Ni and Pallardy 1991; Ehleringer
et al. 1993; Osório et al. 1998a; Pinkard et al. 1998); and
carbon isotope composition (δ13C) (and carbon isotope
discrimination (�), the ratio of 13C to 12C in plant material
(Farquhar et al. 1982; Farquhar and Richards 1984; Osório
and Pereira 1994; Osório et al. 1998a; Xu et al. 2000). Both
WUET and carbon isotope ratios integrate physiological and
environmental properties that influence photosynthetic and
transpirational gas exchange over the period of growth
(Jones 1993; Zhang and Marshall 1994; Turner 1997). In
particular, the use of δ13C may provide a rapid and practical
technique for the screening of large numbers of genotypes
for water use efficiency (Farquhar and Richards 1984;
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Donovan and Ehleringer 1994), which could be especially
useful for early screening of long-lived forestry species
(Farquhar and Richards 1984; Bond and Stock 1990; Olbrich
et al. 1993; Donovan and Ehleringer 1994; Osório et al.
1998b; Xu et al. 2000).

Mäkelä et al. (1996) predicted that plants originating
from a wet environment would have an aggressive water use
behaviour, with low water use efficiency, while plants from a
dry environment would have high water use efficiency.
Similarly, Li et al. (2000) reported that the WUET of
E. microtheca F.Muell. plants increased with increase in
drought. However, a comparison between δ13C of desert
shrubs and montane trees by DeLucia and Schlesinger
(1991) suggested that drought-tolerant shrubs had lower
water use efficiency than montane trees. Jones (1993) has
argued that under conditions of limited water, selecting for
high water use efficiency may mean selecting for low
productivity, because water conserved by such a species in a
competitive environment would increase moisture
availability for evaporation and for potential competitors
(DeLucia and Heckathorn 1989; DeLucia and Schlesinger
1991; Korol et al. 1999). 

Eucalyptus cloeziana and E. argophloia have been
identified as two priority species for hardwood forest
plantings in the subtropical region of Queensland and New
South Wales (Keenan et al. 1998). E. cloeziana has a wide
natural distribution in humid and subhumid eastern
Queensland (annual rainfall varies greatly between 550 and
2300 mm), occurring in four disjunct geographical regions:
southern coastal, southern inland, northern coastal and
northern inland (Turnbull 1979; Boland et al. 1984). This
suggests that the species may have a high level of genetic
variability. Satisfactory growth of planted trees of Gympie
(coastal), Hungry Hills and Coominglah (inland) provenances
has been obtained on sites having an annual rainfall greater
than 1200 mm within Australia, Brazil, Congolese People’s
Republic, Zambia and Zimbabwe (Lee et al. 1997; Eerikainen
et al. 1999). E. argophloia is a potential commercial timber
species with a narrow natural distribution north-east of
Chinchilla in southern inland Queensland, where it occurs
under warm subhumid conditions (700 mm mean annual
rainfall) (Boland et al. 1984). There is a dearth of knowledge
about the water use of these two species.

This study reports an investigation on the relationships
between water use efficiency and soil water availability of
three provenances of two Eucalyptus species: E. argophloia
and inland (dry) and coastal (humid) provenances of
E. cloeziana. It was hypothesised that (1) dry inland
provenances (E. argophloia and a Hungry Hills provenance
of E. cloeziana) would have a higher water use efficiency
under low water conditions than the humid (less
drought-tolerant) coastal provenance of E. cloeziana from
Gympie; and (2) that the amount of biomass produced per
unit of water used in transpiration would depend on the
amount of available water. Accordingly, the objectives of the
investigation were to determine for each of the three
provenances whether (1) transpiration efficiency,
instantaneous water use efficiency and carbon isotope
composition vary among the three provenances; (2) a
decrease in soil moisture availability would lead to higher
water use efficiency and (3) δ13C was related to measures of
water use efficiency (WUET and WUEi).

Materials and methods

Seedling and growth conditions

Seedlings of E. argophloia and a dry and a humid provenance of
E. cloeziana (seed collection details given in Table 1) were raised in
pots containing a 50:50 mixture of peat and vermiculite at the
Queensland Forestry Research Institute (QFRI), Gympie. In June 2000,
the 6-month-old seedlings were moved to the University of Queensland
glasshouse facility (Brisbane) and transferred into plastic pots (175 mm
diameter × 175 mm deep) lined with polythene and containing nursery
top soil (loam-textured) mixed with vermiculite and perlite in the ratio
of 4:1:1. Slow-release fertiliser (Omocote Plus (3–4 months)
containing micronutrients) was mixed with the potting medium at a rate
of 2 kg m–3. The pots were maintained in a naturally illuminated
glasshouse with temperature control provided by evaporative coolers
and electric fan heaters. Over the 96-day experimental period
(August–November 2000), daytime temperatures in the glasshouse
ranged from 21 to 37°C.

Watering regimes

Sixty healthy seedlings of uniform height were chosen from each
provenance, and white plastic beads were spread on the soil surface of
each pot to minimise evaporation (Myers and Landsberg 1989). The
experiment comprised three provenances and three watering regimes
(field capacity, 70 and 50% of field capacity) with 20 seedlings per
treatment combination. The pots were arranged in a completely
randomised design on benches which were rotated every 2 days to

Table 1. Seedlot information on the three Eucalyptus taxa used in the experiments (seed provided by The Queensland 
Department of Primary Industries—Forestry)

Provenance Seedlot No. of Origin
number parent

trees
Locality Latitude, longitude Altitude 

(m)
Mean annual 
rainfall (mm)

E. cloeziana (humid) 04363 11 SF 949 Goomboorian 
(Downsfield LA)

26°03′S, 152°42′E 110 1210

E. cloeziana (dry) 10823 20 SF 57 Mungy (Hungry 
Hills)

25°18′S, 151°22′E 310 0780

E. argophloia 05520 18 SF 302 Ballon 26°20′S, 150°20′E 300 0650
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minimise the effect of environmental heterogeneity, and the seedlings
were well spaced to avoid shading one another. 

A 2-day watering schedule was applied throughout the experiment.
Plants in the control treatment (100% of field capacity, W100) were
rewatered every 2 days with an amount of water equivalent to that lost
through evapotranspiration. The loss was estimated by determining the
mean weight change of five pots of the W100 regime of each
provenance. Water-stressed plants received 70 (W70) and 50% (W50) of
water supplied to control plants according to the methods of Myers and
Landsberg (1989) and Nativ et al. (1999). Evaporative water loss from
the soil surface was estimated from five pots having white plastic beads
spread on the surface and watered to field capacity every 2 days and
having a dead Eucalyptus twig inserted at the centre (Li et al. 2000).
Every 2 weeks, the mean fresh weight of three plants from each
treatment was used to adjust for pot weight changes resulting from plant
growth, while the weights of pots in the W70 and W50 regimes were
adjusted by watering to return soil water levels to 70 and 50% of field
capacity (Osório et al. 1998b). The experiment ran for 96 days. 

Transpiration efficiency

Plant biomass was determined at the beginning of the experiment by
harvesting five plants from each entity and 96 days later at the end of
the experiment by harvesting the five plants from each treatment. Plant
components (leaves, stem and roots) were oven-dried to constant weight
at 80°C. Transpiration efficiency (WUET) (Osório and Pereira 1994;
Zhang and Marshall 1994; Turner 1997) was determined by dividing
total dry matter production of each plant by the total amount of water
transpired throughout the growing period. Stem water use efficiency
(WUEs) (Le Roux et al. 1996) was determined by dividing total dry
matter of the stem of each plant by the total amount of water transpired
by the plant throughout the growing period. 

Gas exchange 

Gas exchange was measured at ambient CO2 concentration (350–370
µmol m–2 s–1) in the glasshouse. Measurements were taken at about
midday by using a portable photosynthesis system (model LI-6200,
Li-Cor Inc., Lincoln, NE, USA) equipped with a 250-mL cuvette. Gas
exchange was measured on a young, fully expanded leaf under bright
sunlight when photosynthetic photon flux density (PPFD) was greater
than 700 µmol m–2 s–1. Since leaf-to-air vapour pressure deficit did not
vary substantially during midday (Donovan and Ehleringer 1994), the
instantaneous water use efficiency (WUEi) was determined by dividing
net photosynthetic rate (A) by stomatal conductance (gs) (Ehleringer
et al. 1993; Osório et al. 1998a; Pinkard et al. 1998). 

Carbon isotope composition

More than 95% of the leaves present at the end of the experiment had
formed during the experiment. All leaves of each plant were oven-dried
and finely ground by using a ball mill. Subsamples were taken for the
determination of relative abundance of 13C and 12C by using the isotope
ratio mass spectrometer facilities at the University of Queensland and
Griffith University, Brisbane. The 13C/12C ratios were calculated
against PeeDee Belemnite standard (13C) and the precision of the
analyses was ± 0.3o/oo. Carbon isotope composition (δ13C) was used
rather than discrimination (�) because δ13C of the air was not measured
and CO2 recycling could have occurred in the glasshouse, thus altering
the δ13C of the air (Osório and Pereira 1994). 

Data analysis 

Two- and one-way analyses of variance were used to determine the
effects of water availability and provenances on WUET, WUEi and
δ13C. Relationships between variables were analysed by linear
regression methods and Pearson’s correlation coefficients (SAS
Institute Inc. 1985). Means were compared by Duncan’s multiple range
test (SAS Institute Inc. 1985). Differences were considered significant
at P ≤ 0.05. 

Results

Over the 96-day test period, water consumption of the humid
provenance of E. cloeziana was reduced by 59% in the W70
regime and 75% in the W50 regime, and for the dry
provenance by 56% in the W70 regime and 84% in the W50
regime relative to the W100 regime. In E. argophloia, water
consumption was reduced by 40% in the W70 regime and by
62% in the W50 regime relative to the control regime (W100)
(Table 2). Water consumption was reduced more in the
E. cloeziana provenances than in E. argophloia. Reduced
biomass production in the W50 and W70 regimes of
E. cloeziana corresponded with the decrease in water
consumption, while in E. argophloia dry matter production
was relatively less affected by decreased soil moisture
availability. 

Total biomass production and total water consumption
were both positively correlated with total leaf area
production per plant in all three provenances (Fig. 1).

Table 2. Effects of three watering regimes on total dry matter production, quantity of water lost through transpiration, water use 
efficiency and carbon isotope composition of Eucalyptus cloeziana and E. argophloia

Water regimes were 100 (W100), 70 (W70) and 50% (W50) of field capacity. Each value is the mean of five plants ± standard error of mean. 
Within each provenance and for each attribute, means with the same letter (a–c) were not significantly different (P = 0.05). Among 

provenances, water regime and for each attribute, means followed by the same letter (x–z) were not significantly different (P = 0.05); 
DM, dry matter;  WUET, water use efficiency; δ13C, carbon isotope composition

Provenance Water 
regime

Total DM (g) Water loss (kg) WUET (g DM kg–1 H2O) δ13C (o/oo)

E. cloeziana (humid) W100 27.80 ± 2.36ay 06.23 ± 0.30ay 4.44 ± 0.20x –23.88 ± 0.27y
W70 10.64 ± 1.40by 02.55 ± 0.02bz 4.16 ± 0.51y –23.70 ± 0.30y
W50 07.01 ± 0.66by 01.56 ± 0.01cy 4.49 ± 0.42y –23.32 ± 0.28y

E. cloeziana (dry) W100 28.80 ± 1.70ay 06.31 ± 1.02ay 4.73 ± 0.58x –24.16 ± 0.30y
W70 13.42 ± 1.12by 02.78 ± 0.02by 4.81 ± 0.38xy –23.58 ± 0.28y
W50 05.01 ± 0.33cy 01.03 ± 0.02cz 4.90 ± 0.36y –23.07 ± 0.33y

E. argophloia W100 58.03 ± 1.55ax 10.82 ± 0.42ax 5.38 ± 0.14x –26.43 ± 0.33bx
W70 38.33 ± 2.30bx 06.51 ± 0.08bx 5.88 ± 0.31x –25.77 ± 0.28abx
W50 25.64 ± 1.92cx 04.08 ± 0.01cx 6.29 ± 0.47x –25.24 ± 0.30ax
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Although the biomass produced per unit leaf area in
E. cloeziana was half that produced by E. argophloia,
E. argophloia used twice as much water per unit of leaf area
(Table 2). There were large differences in the amount of
water used between treatments within a provenance, but
WUET values within each provenance did not differ
significantly (P > 0.05, Table 2), indicating that biomass
production was proportional to the available water. Under
W100 regimes, the WUEΤ values of the three provenances
were significantly (P = 0.08) different, whereas at W70, the
WUET of E. argophloia (5.88 ± 0.31 g DM kg–1 H2O) and
that of the dry provenance (4.81 ± 0.38 g DM kg–1 H2O) of
E. cloeziana were not significantly different, but the WUET
of E. argophloia was significantly higher than that of the
humid provenance (4.16 ± 0.51 g DM kg–1 H2O) (Table 2).
In the W50 regime, E. argophloia (6.29 ± 0.47 g DM kg–1

H2O) demonstrated a significantly higher WUET than either
of the E. cloeziana provenances (Table 2). 

There were no significant differences in carbon isotope
composition among watering regimes in either of the
E. cloeziana provenances (Table 2). However, the δ13C
composition of E. argophloia plants in the W50 regime was
significantly greater than in the control regime. The δ13C
values of E. argophloia in all three water regimes were

significantly smaller than those of E. cloeziana provenances,
which did not differ significantly from each other (Table 2). 

Within each provenance, net photosynthesis, stomatal
conductance and transpiration rates were significantly higher
in the W100 treatments than in the W70 and W50 treatments,
which did not differ from each other (Table 3). In all three
water treatments, the rates of transpiration for E. argophloia
were 63% higher than those of the humid and dry
provenances of E. cloeziana (Table 3). Although both A and
gs decreased in plants subjected to soil water deficit, they
were higher in E. argophloia than in E. cloeziana
provenances. Midday WUEi was not significantly affected
by watering regime within each provenance (Table 3).
However, in the W100 regime, WUEi of E. argophloia was
significantly lower than that of the E. cloeziana provenances,
which did not differ significantly (Table 3). No significant
differences in WUEi among provenances were observed at
W70 and W50. The WUEi of E. argophloia on each
measurement occasion was consistently lower than that of
E. cloeziana provenances, but for all three provenances it
decreased with increase in plant age (Table 3). 

There were positive but weak correlations between WUET
and 13C in the humid and dry provenances of E. cloeziana but
a strong positive correlation was observed in E. argophloia

E. argophloia
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Fig. 1. Relationships between total leaf area production per plant, total water use and biomass production of
Eucalyptus argophloia and E. cloeziana provenances grown under three watering regimes. �, W100; �, W70;
�, W50).
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(Table 4). For each provenance δ13C was not correlated to
WUEi. There was a weak positive correlation between stem
water use efficiency (ratio of stem dry matter to water used
in evapotranspiration, WUEs) and δ13C in E. argophloia but
a strong positive correlation for the humid and dry
provenances of E. cloeziana (Table 4). In E. argophloia and
the dry provenance of E. cloeziana, height was negatively
and weakly correlated to δ13C, whereas root collar diameter
in the three provenances was negatively correlated to δ13C
(Table 4).

Discussion

Differences in WUEi, WUET and δ13C among provenances
were identified, indicating differences in plant performance
under water deficits. The two inland provenances,
E. argophloia and the dry provenance of E. cloeziana, were
hypothesised to exhibit higher water use efficiency under
water deficit treatments than the humid coastal provenance
of E. cloeziana. Only the WUET results for E. argophloia

supported this hypothesis, while the δ13C results of
E. argophloia and the dry provenance of E. cloeziana
showed the contrary relationships. Water use parameters for
E. cloeziana provenances did not support the hypothesis that
water use efficiency increased with decrease in soil moisture
availability but the δ13C values for E. argophloia showed
significantly greater water use efficiency under water deficit
conditions. Conversely, there were no significant differences
in WUET among watering regimes within each entity
(Table 2). There was little evidence of genetic differences in
δ13C, WUET and WUEi between E. cloeziana provenances in
the W100, W70 and W50 watering regimes, but clear evidence
of genetic differences between E. cloeziana and
E. argophloia, as reflected by the large differences in
absolute values of the three measures of water use efficiency
(Tables 2 and 3). 

Drought-induced reduction in water consumption was
larger in E. cloeziana provenances than in E. argophloia and
corresponded with a decrease in biomass production.

Table 4. Pearson’s correlation coefficients and probability levels between transpiration efficiency, stem 
water use efficiency (ratio of stem dry weight to water used in evapotranspiration), root collar diameter and 
plant height and carbon isotope composition obtained from pooled data for each provenance of Eucalyptus 

species
r, Pearson’s correlation coefficients; P probability levels; WUET, transpiration efficiency; WUEs, stem water use 

efficiency; δ13C, carbon isotope composition

Dependent variable Independent 
variable

Parameter E. cloeziana dry E. cloeziana
humid

E. argophloia

WUET δ13C r 0.310 0.01 0.60
P <0.410 <0.98 <0.09

WUEs δ13C r 0.860 0.72 0.33
P <0.003 <0.04 <0.39

Root collar diameter δ13C r –0.550 –0.35 –0.74
P <0.130 <0.39 <0.02

Plant height δ13C r –0.360 0.32 –0.24
P <0.340 <0.45 <0.53

Table 3. Effects of three watering regimes on net photosynthetic rate, stomatal conductance (gs) the rate of transpiration and 
instantaneous water use efficiency of the humid and dry provenances of Eucalyptus cloeziana and E. argophloia

Water regimes were 100 (W100), 70 (W70) and 50% (W50) of field capacity. Each value is the mean of five plants ± standard error of mean. 
Within each provenance and for each attribute, means with the same letter (a–c) were not significantly different (P = 0.05). Among 

provenances, water regime and for each attribute, means followed by the same letter (x–z) were not significantly different (P = 0.05). A, net 
photosynthetic rate; gs, stomatal conductance; E, rate of transpiration; WUEi, instantaneous water use efficiency 

Provenance Water 
regime 

A (µmol m–2 s–1) gs (mmol m–2 s–1) E (mmol m–2 s–1) WUEi (A/gs)
(µmol mmol–1)

E. cloeziana (humid) W100 07.83 ± 0.81ay 070.50 ± 9.77ay 2.25 ± 0.20ay 0.121 ± 0.007x 
W70 04.09 ± 1.21by 036.98 ± 5.04by 1.63 ± 0.17aby 0.114 ± 0.012x
W50 02.86 ± 1.03ay 036.21 ± 4.23by 1.43 ± 0.23by 0.098 ± 0.012x

E. cloeziana (dry) W100 08.06 ± 0.41ay 067.25 ± 9.06ay 2.63 ± 0.17ay 0.126 ± 0.008x
W70 04.15 ± 1.22by 038.54 ± 8.36by 1.97 ± 0.09by 0.121 ± 0.016x
W50 02.34 ± 1.67by 023.34 ± 7.22bz 1.44 ± 0.30by 0.109 ± 0.020x

E. argophloia W100 13.45 ± 0.59ax 194.26 ± 16.03ax 6.69 ± 0.57ax 0.076 ± 0.006y
W70 09.47 ± 0.93bx 148.01 ± 19.01abx 4.90 ± 0.67abx 0.078 ± 0.013x
W50 08.67 ± 1.03bx 106.15 ± 15.9bx 3.85 ± 0.19bx 0.086 ± 0.010x
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E. argophloia used the most water and produced the greatest
biomass under conditions of low water availability, resulting
in increased WUET. Under all three water regimes,
E. cloeziana provenances had lower WUET than
E. argophloia. Conversely, δ13C values showed that
E. cloeziana provenances had significantly (P < 0.05) higher
water use efficiency (less negative values) than
E. argophloia (Table 2). Similarly, the WUEi values for
E. argophloia were consistently smaller than those of
E. cloeziana in all watering regimes (Table 3), implying that
the provenance had lower water use efficiency than
E. cloeziana. 

When water was not limiting and all three provenances
had similar WUET, the biomass production in E. argophloia
was about twice, whereas WUEi was about half, that of the
E. cloeziana. This was associated with higher rates of net
photosynthesis, stomatal conductance and transpiration for
E. argophloia (Table 3). A decrease in water availability in
all three provenances was accompanied by a decrease in
biomass and a consistent decrease in δ13C values, although
the decrease was only statistically significant for
E. argophloia. This change in δ13C during water stress can
be related to an increase in hydraulic resistance, an increase
in soil resistance or a decrease in leaf conductance (Nilsen
and Orcutt 1996). 

The greater biomass produced by E. argophloia when
water supply was limited is related to the ability of the
species to maintain greater leaf area (Fig. 1) and higher rates
of photosynthesis (Table 3), and implies that the species is
able to use limited water supplies more efficiently and hence
has a greater ability to grow under such conditions (Zhang
et al. 1997) than E. cloeziana plants. The low WUET of
E. cloeziana is consistent with that reported for wet climate
populations of E. microtheca and is consistent with the
notion of optimal plant functioning being represented by a
pattern of more aggressive water use in plants from wet
climates than those from dry areas (Mäkelä et al. 1996).
Consequently, the high values of δ13C obtained for
E. cloeziana (>–24.16) may be subject to misinterpretation
when being compared with those for E. argophloia
(<–25.24). This pattern may reflect either differences in
WUE or systematic differences in plant fractionation of
reduced carbon into lipids, lignin, protein and cellulose
which have different δ13C values (Nilsen and Orcutt 1996).
Another factor contributing to the greater δ13C value in
E. cloeziana relative to E. argophloia may have been the
rapid decrease of midday stomatal conductance in
proportion to photosynthesis (Cowan 1982; Osório and
Pereira 1994), relative to those of E. argophloia plants, as has
been reported for Pinus ponderosa Laws. (montane tree) and
Artemisia tridentata Nutt. (desert shrub) (DeLucia and
Heckathorn 1989). 

The correlation between WUET and δ13C in this study
was very poor (Table 4), unlike the strong positive

correlation reported for E. globulus Labill. clones (Osório
and Pereira 1994; Osório et al. 1998a), for western larch
(Larix occidentalis Nutt.) (Zhang and Marshall 1994) and
for E. microtheca (Li 2000). This was unexpected because
the two variables WUET and δ13C are related through their
independent links to the ratio of intercellular to atmospheric
CO2 concentration (Ci/Ca) (Farquhar and Richards 1984).
However, Le Roux et al. (1996) also found no significant
correlation between the two variables in 16-month-old
clones of E. grandis (Hill ex Maiden). In this study, it is
likely that this relationship was complicated by differences in
carbon allocation, internal gas exchange characteristics and
environmental factors such as average vapour pressure
difference and water availability, or their interaction
(Farquhar et al. 1982; Olbrich et al. 1993; Osório et al.
1998a; Li 2000). Similarly, since both δ13C and WUEi are
independently related to Ci/Ca, a positive association is
expected between them (Farquhar et al. 1982). A positive
correlation was reported for E. globulus clones when WUEi
data were measured in late morning hours, during the time
that maximum daily leaf conductance occurred (Osório et al.
1998a). The midday gas exchange data set used in this study
did not indicate a significant correlation between WUEi and
δ13C, consistent with the results reported for E. grandis,
E. grandis × camaldulensis and E. grandis × nitens clones in
a field site (Le Roux et al. 1996). Similarly, rising
temperature, vapour pressure deficit and high photon flux
density in the glasshouse at midday may have inhibited rates
of gas exchange relative to mid-morning rates, thereby
affecting WUEi values. 

Although an increase in plant height as δ13C value
becomes more positive has been reported for western larch
families (Zhang et al. 1996), for F1 hybrids between slash
pine and Caribbean pine (Xu et al. 2000) and for 8-year-old
Araucaria cunninghamii Ait. ex D. Don. families (Prasolova
et al. 2000), an increase in tree height as δ13C value becomes
more negative has also been reported in 13-month-old clones
of Eucalyptus grandis (Bond and Stock 1990), suggesting
that trees less efficient at water use were more productive. Le
Roux et al. (1996) found no correlation between the water
use of harvestable stem and δ13C of E. grandis hybrids. In
this study, both height and root collar diameter were
negatively correlated to δ13C and when water use was
calculated as the ratio of shoot biomass (excluding leaf
biomass) to the amount of water transpired, there was a
strong positive correlation for both E. cloeziana provenances
but a poor correlation for E. argophloia. 

Eucalyptus argophloia exhibited greater drought
tolerance than E. cloeziana, as shown by higher net
photosynthetic rates and greater biomass production under
conditions of water deficit (Table 3). However, E. cloeziana
had higher δ13C values than E. argophloia, implying greater
water use efficiency. In irrigated and fertilised E. grandis
grown in different climates in Australia, trees grown at a wet
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site at Gympie had a higher δ13C value than trees growing at
sites with higher vapour pressure deficit (Korol et al. 2000).
Similarly, the increase in water use efficiency as water
deficit stress increased in this study was attributed to the
greater decrease in stomatal conductance in E. cloeziana
than in E. argophloia. The low water use efficiency of
E. argophloia, indicated by relatively smaller δ13C values in
this study, was consistent with that reported for Great Basin
desert shrubs compared with Sierran montane tree species
(DeLucia and Schlesinger 1991) and supports the contention
that in a competitive environment there is likely to be no
advantage from a reduction in water use by an individual
plant if that water becomes available to neighbouring plants
(Jones 1993; Hunt et al. 1999; Korol et al. 1999). 

The combination of attributes for E. argophloia in this
study supports the suggestion of DeLucia and Heckathorn
(1989) that the combination of low water use efficiency
(‘profligate’ use of water) and high degree of drought
tolerance as exemplified by Artemisia tridentata when
compared with Pinus ponderosa, may be a more ecologically
successful combination of physiological characteristics in
most water-limited habitats. Moreover, Donovan and
Ehleringer (1994) have also suggested that low water use
efficiency may be advantageous for young or small
establishing plants if it is associated with greater biomass
accumulation. This study demonstrates the complexity of
using different water use efficiency indices in the selection
of planting material for low rainfall environments. Relatively
high biomass production in E. argophloia was associated with
high WUET values and low water use efficiency implied by
low δ13C and WUEi values, while small biomass production
in E. cloeziana was associated with low WUET and high δ13C
and WUEi. These results imply that E. argophloia has the
potential for wood production in both the subhumid and
humid environments, whereas the dry and the humid
provenances of E. cloeziana have higher wood production
potential on humid than on subhumid environments. 
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