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Summary Thereisaneed to generalize water use behavior
of eucalypts to facilitate bioengineering and landscape reme-
diation programs in awide range of Australian environments.
A critical question can be stated asanull hypothesis: treewater
use per unit leaf area (leaf efficiency) isindependent of euca
lypt species. Thisisimplicitly equivalent to the hydrological
equilibrium hypothesisthat statesthat leaf areaisafunction of
climate, at least in cases where transpiration and growth are
limited by soil water. Failure to reject this null hypothesis
simplifies (a) the selection of tree species for water balance
management, (b) the generation of regional-scale expectations
of leaf areaindex, and (c) the estimation (monitoring) of the
effectiveness of plantations in controlling site water balance.
The hypothesiswas tested with tree water use data collected in
natural multi-species stands across Australia, including sitesin
the wet—dry season tropical woodlands of the Northern Terri-
tory, the Mediterranean climate forests of Western Australia,
and awoodland system in southern New South Walesreceiving
an even distribution of rainfall throughout the year. We aso
tested the hypothesisin amulti-speciestree plantation growing
on asaline gradient.

In each case, we could not reject the hypothesis of constant
leaf efficiency among eucalypts. In every case there was a
common, strong, linear relationship among tree leaf area and
mean daily water use by all tree species in a sample. Single
factor (species) anaysis of variance did not detect significant
differences between leaf water efficiencies of species. For the
jarrah forest (Eucalyptus marginata J. Donn ex Sm., E. calo-
phyllaR. Br. ex Lindl.), the null hypothesis held in both spring
(wet) and autumn (dry) conditions. The null hypothesisheldin
the mixed species woodland of New South Wales
(E. macrorhynca F.J. Muell. ex Benth., E. blakelyi Maiden.,
E. polyanthemos Schauer.) under summer and autumn condi-
tions, and acrossfive speciesin the wet—dry tropical woodland
(E. miniata A. Cunn. ex Schauer, E. tetrodonta F.J. Muell.,
E. porecta S.T. Blake, Erythrophleum chlorostachys F.J.
Muell., and Terminalia ferdinandiana Exell.). The null hy-
pothesis aso held for a plantation of E. occidentalis Endl. and
provenances of E. camaldulensis Dehnh. growing on ashallow
sdline gradient; i.e., leaf water efficiency remained constant

across species and varieties despite obvious effects of salinity
on the size of individual canopies. We conclude that there is
little evidence for regjecting the hypothesis that |eaf efficiency
does not vary significantly among sympatric eucalypt species
inrainfall-limited (soil-water-limited) systems. These findings
open the way for useful bioengineering generalities about the
hydrological role of treesin the Australian landscape.

Keywords. bioengineering, Eucalyptus, hydrological equilib-
riumtheory, landscape remediation, leaf efficiency, Mediterra-
nean climate, salinity, tropical forest.

Introduction

A knowledge of how vegetation, in particular treesin the genus
Eucalyptus, affects local and regional water balances in Aus-
tralia is necessary to provide a basis for selecting species for
revegetation and for specifying the location and extent of
plantations to achieve a stated hydrological aim (Morris and
Thompson 1983). Many studies on the water relations of
Australian evergreen plants have been undertaken to obtain
this information. However, these studies have been made at a
range of scales and with diverse experimental approaches, and
consequently have produced a confusing picture of how tran-
spiration varies among species and sites.

At the leaf scale, porometric studies of eucalypt transpira-
tion often show differencesin leaf conductance among species.
In the most ambitious of these studies (Hookey et al. 1987),
significant differences were found among eucalypt species
growing over ashallow saline groundwater system, with some
species estimated to transpire (based on scaled stomatal con-
ductances) at three to four times the rate of other species at the
end of summer. However, itisdifficult to extrapolate leaf-level
data to the long-term behavior of tree canopies in established
stands, because of the variability of leaf-scale conductance
measurements in both time (Turner 1991) and space (Jarvis et
al. 1981) and the inappropriate translation of measured con-
ductances into transpiration (Denmead 1984, Meinzer 1993).
Nevertheless, these leaf scale studies have led to the paradigm
of adominant role for stomatain regulating transpiration, and
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the existence of large differencesin stomatal conductance (and
hence transpiration rates) among eucalypts and other tree spe-
cies.

At the stand scale, a different paradigm has emerged based
on micrometeorological, climatological and hydrological in-
vestigations. When different forest systems within the same
region are compared on the basis of their annual evapotranspi-
ration, differences are often small (Aussenac 1972, Dunin and
Mackay 1982, Roberts 1983, Pomeroy et a. 1988). Further-
more, ecohydrological studiesat theregional scale suggest that
there are broad consistencies in the rainfall-leaf area index
(LAI) relationship across plant communities. Specht (1972)
hypothesized that the structure of canopies was influenced by
the availability of soil water, and demonstrated that the LAls
of diverse Australian evergreen plant communities were
strongly and similarly related to aclimatic index of evaporative
demand and rainfall (Specht and Specht 1989). Hatton et al.
(1997a) cited this work as evidence in support of Eagleson’s
optimality hypothesis of an ecohydrological equilibrium
(Eagleson 1982, Eagleson and Tellers 1982, Eagleson and
Segarra 1985). Other authors have established an empirical
relationship between site LAl and available soil water for
evergreen vegetation at regiona scales (Grier and Running
1977, Gholz 1982, Nemani and Running 1989, Pierce et a.
1993). These observations imply that leaf efficiency (amount
of water transpired per unit area of leaf; cf. Greenwood et al.
1985, Hatton and Wu 1995) is constant across evergreen spe-
cies assemblages in water-limited environments.

To reconcile differences in plant water relations (conduc-
tance) among eucalypt species at the leaf scale, with strong
similarities in leaf efficiency at the regional scale, Meinzer
(1993) explained differences in transpiration across these
scales in terms of the varying role of boundary layer conduc-
tance (cf. Jarvis and McNaughton 1986, McNaughton and
Jarvis 1991), but also recognized adjustmentsin leaf areathat
may compensate for plant water stress.

Techniques exist at an intermediate scale that can help re-
solve the question of differences in leaf efficiency among
species. A variety of thermoel ectric and tracer techniques have
been developed that can measure transpiration of individual
trees(Marshall 1958, Cohen et al. 1981, Edwardsand Warwick
1984, Granier 1985, Calder et al. 1986, Baker and van Bavel
1987, Eermék and K ugera 1987, Hatton et a. 1995), allowing
the integration of stomatal and boundary layer conductance
behaviorsin space and time. Such studiesindicate that transpi-
ration scales linearly and strongly with tree leaf area (Green-
wood et al. 1985, Eermék and K uéera 1987, Werk et al. 1988,
Vertessy et al. 1994, Hatton et al. 1995), athough under very
dry conditions this relationship may become curvilinear
(Greenwood et al. 1982, Hatton and Wu 1995). A corollary of
this linearity between tree leaf area and transpiration within a
stand is the constancy of leaf efficiency among trees of differ-
ent sizeswithin aspecies, including Eucalyptus spp. However,
it is not known if leaf efficiency remains constant among
eucalypt species growing together in the same stand. That is,
do individua trees of sympatric species have similar |eaf
efficiencies when subjected to periodic water stress, or do
different Eucalyptus species, when faced with the same supply

of water and demand by the atmosphere, come to unique
solutions to optimize the balance between stomatal conduc-
tance and leaf area. To distinguish between these possibilities,
we tested the hypothesis that leaf efficiency does not vary
among eucalypt species growing together under similar condi-
tions at sites with seasonal water limitations.

We examined the constancy of leaf efficiency with datasets
of tree water use and leaf area collected in multi-species
eucalypt stands growing in (a) a partially cleared temperate
woodland sitewith an even distribution of monthly rainfall, (b)
anatural forest subject to along summer dry season, and (c) a
natural woodland in the wet—dry tropics. We aso examined
leaf efficiencies of eucalypts growing in an experimental plan-
tation on alocal saline gradient in a semi-arid climate.

M ethods

Treewater use

Tree water use was measured by the heat pulse method with
Greenspan Technology Sapflow Sensors (Warwick, Australia).
The sampling and numerical techniques associated with this
application have been described by Hatton et a. (1995). In
each case, sap flow was logged simultaneoudly for all treesin
the sample on a 20--30 min basis, throughout the sampling
period. Determination of sampling depthsin the sapwood and
the integration of point estimates of velocity were carried out
as described by Hatton et a. (1990). Wound effects were
corrected for by Swanson and Whitfield's (1981) numerical
approach. Wound diameters were estimated by inspection of
the region surrounding the probes. Previous studies of wound
development in eucalypts (Moore 1993, Hatton et al. 1995)
showed good correspondence between the extent of discolora-
tion of the probe region and tylose formation as estimated from
light and scanning electron microscopy. Wound diametersvar-
ied between 2.2 and 2.8 mm (cf. Olbrich 1991, Dunn and
Connor 1993, Barrett et a. 1995). Wood and water contents
were obtained as described by Hatton and Vertessy (1990). The
inner boundary of sapwood (conducting wood) was deter-
mined by incremental measurement of sap flow with depth
(Hatton et al. 1995). Although sensitivity analyses of the heat
pulse technique show that the potential error can be as high as
38% (Hatton et al. 1995), tests of the heat pulse method against
known transpiration rate generally show an accuracy of 7-15%
(Olbrich 1991, Dunn and Connor 1993, Barrett et a. 1995,
Hatton et al. 1995). Results were expressed as mean water use
per day for each tree over the monitored period.

Leaf area estimation

In every case, leaf area was measured by the Adelaide (mod-
ule) technique described by Andrew et al. (1979). Two inde-
pendent observers estimated the number of eucalypt modules
for each monitored tree; the mean of these two estimates was
converted to tree leaf area on the basis of the leaf area of a
standard module for each species as measured by electronic
planimetry (Hatton et al. 1995). This approach is effectively
the same as applied by Carbon et al. (1979) to the same jarrah
forest reported herein. Hatton et al. (1995) tested this method
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against four trees of varying sizes and of known leaf area
(determined by destructive sampling of whole-tree canopies);
linear regression (forced through the origin) of the mean esti-
mated values against known leaf areasyielded aslope of 1.13
(r? = 0.96). In this study, bias between the observers was less
than 10% in all cases at al sites. All of the tree leaf areas
reported were estimated by the same pair of observers.

Stes and sampling

Mixed specieswoodland The grazed and partidly cleared
mixed eucalypt woodland site near Goulburn, New South
Wales (34°41¢S, 149°56¢E) has been described in detail by
Kama and Jupp (1990). The climate at this site is temperate,
with amean annual rainfall of 679 mm with no distinct season-
ality. Potential evaporation exceedsrainfall for over half of the
year. Tree LAI at the landscape scale is less than one, and
individual tree canopies are quite open. Over the period De-
cember 8-18, 1992, when the soil was near field capacity, two
trees of Eucalyptus polyanthemos Schauer. and one tree of E.
blakelyi Maiden. were monitored for transpiration. Over the
period March 12-25, 1993, when soil water wasrelatively high,
one E. macrorhynca F.J. Muell. ex Benth. tree was added to the
set of trees monitored. These data were originally reported in
Hatton and Wu (1995).

Jarrahforest The jarrah forest of southwestern Australia
grows where rainfall exceeds 650 mm per year, but develops
into a relatively tall (3040 m) forest despite a prolonged
summer drought resulting from aM editerranean rainfall distri-
bution. This is a result of the maintenance of relatively high
rates of transpiration through much of the dry season by
extraction of water from deep (> 20 m) in the soil profile
(Carbon et a. 1980, 1981a, 1981b, Colquhoun et a. 1984).
Tree water use was studied at a site (32°20¢S, 116°05¢E) in
the Gordon Catchment, in a high rainfall zone (1050 mm) of
the forest. This site is in a 50-year-old stand with an LAI
varying between 1.0and 1.5, and ismaintained by ALCOA Pty.
L td. aspart of aresearch program on jarrah forest management.
Tree water use was monitored over the period October 6--16,
1993 in four jarrah (E. marginata J. Donn ex Smith) and three
marri (E. calophylla R.Br. ex Lindl.) trees; at thistime surface
soil water was high following winter rains. Water use was | ater
monitored in four jarrah and four marri trees over the period
March 10-17, 1994, when soil water wasrelatively low after a
dry summer.

Tropical woodland The tropical woodland site is near the
Howard River east of Darwin in the Northern Territory
(12°30¢S, 131°06¢E). The climate is wet—dry tropical, with
mean annual rainfall of 1600 mm, almost exclusively between
October and March (summer). Tree LAI rarely exceeds 1.5.
There is evidence that the woodland persists through the long
dry season through access to groundwater in a shallow, uncon-
fined agquifer system, but water stress nevertheless develops
toward September (Pidsley et a. 1994). At the end of the wet
season, tree water use was monitored over the period April
15-20, 1994, in five E. miniata A. Cunn. ex Schauer, four
E. tetrodonta F.J. Muell., one E. porecta S.T. Blake, two
Erythrophleum chlorostachys (F.J. Muell.) Baillon and two

Terminalia ferdinandiana Exell. trees; the latter speciesisof a
dry season deciduous nature. Toward the end of the dry season
(September 3-9, 1994), four E. miniata, four E. tetrodonta, two
E. porecta, and two Erythrophleum chlorostachys were moni-
tored.

Salineplantationsite A small (30 © 100 m) experimental
plantation was established in 1986 on asloping edge of asaline
lake on the Yorke Peninsula (34°45¢S, 137°40¢E) by Primary
IndustriesSouth Australia. Annual rainfall at thesiteisapproxi-
mately 450 mm, mostly in winter. Groundwater at this siteis
shallow (0.5-2 m below ground level) and quite saline (over
60 dS m’ 1). The trees included E. occidentalis Endl.,
E. camaldulensis Dehnh.  (loca  provenance) and
E. camaldulensis (provenance: Lake Albacutya). The latter
variety has been touted as superior for plantations on shallow
sdline watertables (e.g., Moreshet 1981). The plantation was
laid out to assess performance of tree varieties with distance
from the saline lake, equivalent to a gradient in depth to the
salinewater table. Although most treesestablished andinitially
grew, after eight yearstheimpact of proximity to saline ground-
water was obvious. There is a clear gradient in size with
distancefrom thelake (Figure 1), and the canopies of treesnear
the lake are now dying back (or dead) as salt accumulates in
their (shallow) root zone. Over the period October 17--24,
1996, we monitored water use of three E. occidentalis, four E.
camaldulensis (local provenance) and six E. camaldulensis
(provenance: Lake Albacutya) trees. This measurement was
selected so that soil matric potentialswould below against the
background of the osmotic gradient, and atmospheric demand
would be significant following winter.

For each case, tree water use was regressed on tree leaf area,
using a first-order regression model and assuming the inde-
pendent variable was measured without error. In addition, a
one-way analysis of variance was performed where the treat-
ment was the species or provenance and replication was at the
tree level. No attempt was made to block out other (spatial)
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Figure 1. Tree leaf area with distance from the edge of a saline lake,
and depth to asaline groundwater table, for an experimental plantation
of eucalypts on the Yorke peninsula, South Australia. Note the general
trend for larger canopies with deeper water tables and distance from
the lake edge, particularly for the two varieties of E. camaldulensis.
Treesof E. occidentalis grew relatively largein relation to the salinity
gradient.
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sources of variation because of resource limitations.

Results

There waslittle observation bias on leaf area between the two
observers. For the jarrah forest in October 1994, the linear
regression between the estimates of leaf area by the two ob-
servers had a nonsignificant intercept (- 0.31 m? P > 0.2) and
aslopeof 1.06 (r2=0.97, df = 6). For the tropical woodland in
April 1994, the linear regression between the observers' esti-
mates had a nonsignificant intercept (0.02 m? P > 0.2) and a
slope of 1.00 (r2 = 0.94, df = 12). In the case of the saline
plantation, the linear regression between the two observers
estimates for the entire plantation (n = 101 trees) had a statis-
tically nonsignificant y-intercept of - 0.05 (P > 0.2) and aslope
of 1.035 (r2=0.99) over aleaf arearanging from 0.05to 74 m.

Large seasonal variation existed in the slopes of the leaf
area—tree water use relationship at a given site. At the mixed
woodland site, the values for December and March were 1.08
and 1.59, respectively; soil water was relatively high at both
times, but vapor pressure deficits for December were unchar-
acteristicaly low (Guerra 1995). The slopes of this relation-
ship for the jarrah forest in spring and summer were 3.80 and
3.26, respectively. Vapor pressure deficits were much higher
during the summer measurementsthan during the spring meas-
urements (Silberstein 1996), but soil water was limiting in
summer. The eucalypt leaf area—tree water use relationships
for thewet and dry seasonsin the tropical woodland had slopes
of 2.45 and 0.86, respectively. Although vapor pressure deficits
werehigher inthedry season, evapotranspiration declined over
this period from 0.91 of equilibrium evaporation to 0.35 of
equilibrium as a result of limited soil water (Hatton et al.
1997h).

There was no significant difference in leaf efficiency among
the eucalypt species examined at any site for any sampling
period (Table 1). In the case of the tropical woodland, there was
asignificant differencein leaf efficiency (P < 0.05) between the
eucalypts and non-eucalypts, including Terminalia, in the wet
season. There was no significant difference in leaf efficiency
between the eucalypts and Erythrophleum chlorostachysin the
dry season (P > 0.20). None of the y-intercepts of the regres-
sionsof |eaf efficiency and mean daily transpiration wassignifi-
cantly different from zero (P > 0.05) (Figures 2-8). The dopes
of these regressions ranged between 0.86 and 3.80.

Table 1. Results of ANOVA for the null hypothesisthat leaf efficiency
does not vary among Eucal yptus species. Note that there were too few
observations on the mixed woodland for this analysis. The P-vaueis
is probability of Typel error.

Site Date F-statistic P-value
Jarrah forest October 1993 6.61 0.20
Jarrah forest March 1994 5.99 0.20
Tropica woodland April 1994 371 0.20
Tropica woodland September 1994 4.07 0.20
Saline plantation October 1996 4.10 0.20
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Figure 2. Tree leaf area versus mean daily transpiration for a mixed
species woodland in New South Wales measured December 8-18,
1992.
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Figure 3. Tree leaf area versus mean daily transpiration for a mixed
species woodland in New South Wales measured March 12--25, 1993.
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Regressions with and without non-eucalypt species.
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cussion

We could not reject the null hypothesisthat leaf efficiency does
not vary among eucalypts in environments subjected to sea-
sonal water limitations. We note, however, that the resultsfrom
the mixed specieswoodland (Figures 2 and 3) are based on few
data. The measurement errors, on the order of 10% for both
leaf area and transpiration, are large enough to mask ecologi-
cally and physiologically significant differences. Further, we
recognize the lack of spatial replication in this set of studies of
diverse Australian forests, although we have repeated the
measurements over time in most cases. The strength of our
inference about eucalypt leaf efficienciesliesin the similarity
of results for different sets of species across widely varying
climates and landscapes.

L eaf-scale studies in the jarrah forest (Carbon et al. 1981a)
indicated little difference in leaf efficiency (or plant water
potential) between native E. marginata and a 6-8-year-old
plantation E. microcorys F.J. Muell. growing nearby in the wet
season (winter), but found dlightly higher values of leaf effi-
ciency for the native forest in summer than for the plantation
trees. However, they did not scale these results to the whole
canopy, and the plantation had a higher LAI than the natural
forest. Carbon et al. (1981b) found little difference between the
transpiration responses of E. marginata and E. calophylla
growing at the same site. Colquhoun et a. (1984) compared
|eaf-scal e conductance and xylem water potential of these two
species and found similar transpiration reponses.

Few comparative studies of eucalypt leaf efficiency have
been made at the stand or plantation scale, and most of these
relied on either ventilated chambers or site water balances, and
in many cases were done on young plantations that may not
have come into hydrologic equilibrium with rainfall. The re-
sults of some studies employing whole-tree ventilated cham-
bers tend to corroborate our null hypothesis (e.g., Greenwood
et al. 1985). However, using this same technique, Greenwood
and Beresford (1979) found speciesdifferencesin | eaf efficien-
ciesamong young (1-2 years old) plantation trees, but pointed
out that some of these trees may have gained accessto alocal
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groundwater table.

Honeysett et al. (1992) examined the water balance of fertil-
ized 4-5-year-old plantations of E. delegatensis and E. nitens
at a site naturally supporting wet sclerophyll forest (annual
rainfall 916-1132 mm during study). Soil water content was
monitored to a depth of 1.2 m. These authors found evidence
that, at least during the measurement period, deep drainage had
ceased, but they did not quantify soil evaporation or runoff.
Althoughthe LAI of E. nitens was approximately twice that of
E. delegatensis, the species used only 7% more water. This
result would seem to contradict our null hypothesis, unless (a)
thesitewasnot water stressed (potential evaporation at thissite
is probably not much more than 1100 mm year™%), (b) the
experimental approach could not accurately isolate the transpi-
ration component of the water balances of these plantations, or
(c) the leaf areas were not yet in equilibrium with rainfall.

The hypothesisthat evergreen vegetation will adjust its LA
inresponseto long-term water availability (Specht 1972, Grier
and Running 1977, Eagleson 1982, Eagleson and Tellers 1982,
Gholz 1982, Eagleson and Segarra 1985, Nemani and Running
1989, Pierce et a. 1993, Hatton and Wu 1995) seems compel-
ling. Young plantations may violate this condition if they do
not yet fully occupy the sitein ahydrological sense, or if they
initially use soil water stored in the profile prior to their
establishment; however, thisis not a consideration in the natu-
ral standswe studied. There was evidence that the productivity
of the saline plantation had reached its limit because of os-
motic constraints on the availability of water.

The saline plantation data were significant in two respects.
First, although the effects of salinity on tree growth differed
among the species, leaf efficiencies were similar (Figure 8).
Thus, despite the observed differencesin the growth responses
of speciesto asalinity gradient, tree water use scaled similarly
with canopy leaf area across species and provenances within
species. Second, the species and provenances included in the
saline plantation trial do not occur naturally together. There-
fore, in contrast to the other cases examined in this paper, the
possibility of equivalent leaf efficiency arising from either
recent co-evolution or local co-adaptation is eliminated.
Adams (1995) has challenged the dominant paradigm, traced
back to Beadle (1954), that nutrients delimit vegetation types
and plant development in Australia. Adams argued that water
availability is the dominant control on vegetation in geologi-
cally old landscapes, because nutrient recycling supplies most
of the nitrogen and phosphorus (and other nutrients) required
for treegrowthin Australian forest and woodlands. If eucalypts
have adapted such that nutrients generally do not limit the
extent of their canopy development or function to the same
degree as does water, then this explanation could account in
part for the uniformity of leaf efficiencies among allopatric
Species.

Cowan (1977, 1978, 1982) linked photosynthesis and sto-
matal conductance in water-limited environments by hypothe-
sizing an optimal behavior defined by the availability of soil
water. He asserted that the mean rate of CO, assimilation (A)
could not be increased without increasing transpiration (T)
over the same period, and that there isanonlinear relationship
between A and T that definesthe increasing cost to the plant in

terms of water |oss as the benefits from assimilation increase,
the slope of which is equivaent to the unit marginal cost.
Optimization requires that the plant maintains the unit mar-
gina cost uniforminall leaves and constant in time. Although
thistheory is expressed at the leaf level, Cowan (1982) antici-
pated its application to the whole plant. If there is a well-de-
fined optimum in photosynthetic capacity and stomatal
conductance, then perhaps various species of eucalypts have
evolved similar leaf water efficiencies close to that optimum.

Based on the simple model of canopy conductance proposed
by Sziecz and Long (1969):

_ T
e =LAl

wherer is canopy conductance and r is mean stomatal resis-
tance, there are two variables controlling transpiration in
plants. In water-limited environments, evergreen plants em-
ploy both strategies to regulate water use, but adjusting the
numerator comes at a price: higher leaf—air vapor pressure
gradients, lower net carbon assimilation per unit leaf area, and
potentially fatal leaf temperatures (e.g., Pook 1986). Adjust-
ment of LAI can help maintain conductances of the remaining
leaves during stressful periods, as has been observed in ever-
green plant communities in Australia. Our study provides
evidence that sympatric eucalypts maintain a similar balance
between leaf area and stomatal conductance.

If our hypothesis of similar leaf efficiencies among euca-
lypts holds, then the process of selecting species for revegeta-
tion work can be simplified. For example, revegetation aimed
at water balance control in a seasonally water-limited environ-
ment, may be achieved with a fully stocked plantation of any
eucalypt species provided that it survives. Further, the possi-
bility that the extent of canopy development can be used asan
indicator of hydrological behavior, regardless of eucalypt spe-
cies, could offer an efficient way of assessing the effectiveness
of tree plantations and natural stands in maintaining the land-
scape water balance.
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