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Growth, water use efficiency, and adaptive features of 
the tree legume tagasaste (Chamaecytisus proliferus 

Link.) on deep sands in south-western Australia

E. C. LefroyAD, J. S. PateAB, and R. J. StirzakerC

ACSIRO Sustainable Ecosystems, Private Bag 5, PO Wembley, WA 6913, Australia.
BBotany Department, The University of Western Australia, Nedlands, WA 6907, Australia.

CCSIRO Land and Water, PO Box 1666, Canberra, ACT 2601, Australia.
DCorresponding author; email: Ted.Lefroy@per.dwe.csiro.au

Abstract. Four-year-old tagasaste trees in dense plantation and wide-spaced alley cropping layouts at Moora,
Western Australia, were cut back to 0.6 m high and their patterns of coppice regrowth and water use monitored over
3 years. Trees reached a permanent fresh watertable at 5 m depth by means of deeply penetrating sinker roots. Dry
matter (DM) accumulation and transpiration loss were closely similar at the 2 planting densities despite higher soil
water contents in alley plots. Yearly transpiration at plantation density amounted to 0.55 and 0.63 of
Penman-Montieth potential evapotranspiration (E0) in the second and third years, respectively. Mean water use
efficiency over the 3 years was 247 L/kg DM, compared with values in the range 186–320 L/kg for younger pot-
and column-grown trees. Using a combination of neutron moisture metre (NMM) assays of soil moisture and
deuterium:hydrogen ratios of groundwater and xylem water of tagasaste and annual weeds, it was shown that trees
became increasingly dependent on groundwater over time and had the capacity to switch rapidly between soil and
groundwater sources. Seasonal changes in carbon isotope composition of new shoot tip dry matter indicated that
plantation trees were less stressed than alley trees by the third summer as they adapted to heavy dependence on
groundwater. In the third season, when plantation trees were transpiring at rates equivalent to 2.3 times annual
rainfall, NMM profiles and time domain reflectometry (TDR) assays indicated that no free drainage occurred and
that trees were capable of hydraulically lifting groundwater to near surface soil in the dry season. Additional
adaptive features of importance to this environment included heat stress induced leaf shedding, development of
perennial root nodules on lower parts of tap roots, and an ability to respond in summer to artificial irrigation or a
seasonal rainfall by rapidly increasing transpiration 2–3-fold to values equalling E0.

Additional keywords: agroforestry, tree water use, revegetation.
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Introduction

The large scale introduction of trees into southern Australia’s
agricultural landscapes is recognised as the most effective
biological means of addressing the hydrologic imbalance
that followed the replacement of native vegetation with crops
and pastures (Government of Western Australian 1996;
Murray Darling Basin Ministerial Council 1999; Walker
et al. 1999). The lower annual transpiration of herbaceous
agricultural plants has resulted in increased rates of deep
drainage, rising watertables, and salinity (George et al.
1997). The area affected by dryland salinity in Australia is
expected to rise from 2.5 million to 15 million ha over the
next 50 years. Salinity and the increased risk of flooding also
have significant implications for water quality, built
infrastructure, and the survival of remnant native vegetation. 

In higher rainfall areas (>800 mm/year), forestry is
already proving to be a viable alternative to crop and pasture
production with 193000 ha of plantations established on
private land in the last 5 years (Bureau of Rural Sciences
1999), predominantly of Tasmanian bluegum (Eucalyptus
globulus). In medium to low rainfall areas (250–500 mm),
where the greatest area of land is at risk, there are few if any
commercial options. A major challenge for the future is to
identify well-adapted tree species that can compete
economically with grain and oilseed crops to the extent that
their adoption increases water use at the scale required. 

In the lower rainfall areas of south-western Australia,
emphasis is being placed on the selection of endemic species
for production of specialty timber, biomass fuels, and
essential oils (Bartle 1999). A few exotic species are also
being investigated, including olives (Olea europa) and



222 E. C. Lefroy et al.

maritime pine (Pinus maritima). One species which has
already found a commercial niche on well-drained sandy
soils in lower rainfall areas is the fodder tree tagasaste
(Chamaecytisus proliferus Link subsp. proliferus var.
palmensis A Hansen and Sunding). 

Tagasaste or tree lucerne is a multi-stemmed tree growing
to 5 m, introduced to Australia from the Canary Islands in
1879 where the foliage has been traditionally used as fodder
for livestock on a cut-and-carry basis (Francisco-Ortega et
al. 1991). The extensive nature of livestock production in
Australia meant that this method of utilisation was
inappropriate and significant adoption did not occur until
large scale direct seeding and pruning became mechanised
and in situ grazing was demonstrated to be profitable
(Mattinson and Oldham 1989; Oldham and Moore 1989). By
1995, some 50000 ha of tagasaste had been established in
southern Australia on well-drained sandy soils (Lefroy et al.
1997). Although the species has proven commercially
acceptable, questions still remain about its water use, the
trade-off between animal production and its impact on
hydrological balance, and its potential for long-term survival
in a region with a highly variable semi-arid climate. The
principal feature which distinguishes tagasaste from
virtually all trees and shrubs considered suitable for this
region is the mesophytic character of its foliage.

In this study we set out to identify the morphological,
phenological, and physiological characteristics that enable a
soft-leaved species such as tagasaste to adapt to the severe
semi-arid Mediterranean climate zone of south-western
Australia. To do this we studied a range of adaptive features
of trees established in plantations and in a wide-spaced alley
cropping format: (1) root architecture and nodulation; (2)
growth, transpiration, and water use efficiency; (3) relative
dependence on soil and groundwater; (4) water stress and
response to summer drought; and (5) response to episodic
recharge of the soil profile over summer. Companion papers
in this series discuss water balance and grain yield in sole
crop and alley crop (Lefroy and Stirzaker 1999; Lefroy et al.
2001, this volume), inputs of fixed N by alley and plantation
trees (Unkovich et al. 2000), and flows of renewable and
non-renewable energy in sole crop, alley crop, and plantation
systems (Lefroy et al. unpublished data).

Materials and methods

An 8-ha experimental site 150 km north of Perth, Western Australia
(lat. 30°45´, long. 116°40´), was used to compare the growth, water use,
and productivity of conventional cropping, alley cropping, and
plantation agroforestry systems. The 5 treatments were sole crop,
perennial pasture (the summer-active grass Chloris gayana var.
Pioneer), tagasaste plantation (single rows of trees 6 m apart), alley
crop (single rows of trees 30 m apart with cropping in between), and
alley fallow (single rows of trees 30 m apart with chemical fallow
between). Each treatment was replicated twice in 50 m by 160 m plots
(see Figs 1 and 2a). This paper is only concerned with the plantation
and alley treatments.

Trees in the plantation and alley plots were direct seeded in 1992 in
rows orientated north–south. The spacing between trees in a row
averaged 0.7 m, giving a density of 2300 trees/ha in plantation and 550
trees/ha in alleys. From 1992 to 1995, the trees were grazed by sheep
and cattle at high stocking rates each autumn as part of an animal
production experiment. In May 1996, when the present study began, the
previously uncut trees were mechanically pruned from 3 m to 0.6 m to
mimic the regime commonly used in commercially managed stands
(see Fig. 2b,g). Grain lupins (Lupinus angustifolius var. Gungurru)
were sown in alley crop plots on 20 June1996 followed by oats (Avena
sativa var. Toodyay) on 8 June 1997 and L. angustifolius var. Merrit on
6 May 1998.

The soil was a coarse, very infertile acid sand typical of much of this
region with pH (CaCl2) 5.2 at the surface and 4.8 between 1 and 3 m.
Annual applications of 13 kg/ha of phosphorus were made to all plots each
autumn. Water holding capacity was very low, with a drained upper limit
of 0.10 and a lower limit of 0.03 m3/m3. A permanent fresh (<1 dS/m)
perched watertable has developed over a clay layer approximately 10 m
below the surface following the clearing of the original Banksia dominated
woodland vegetation in 1964 (Grigg et al. 2000). Depth to the watertable
was monitored monthly at 11 wells distributed across the site. Annual
rainfall was 445, 431, and 376 mm in 1996, 1997, and 1998, respectively,
compared with the long-term average of 462 mm. Median deep drainage
under conventional cropping at a neighbouring site was estimated by
Asseng et al. (1998) to be 140 mm/year. 

Dry matter accumulation

Growth rate was measured by harvesting 16 trees (8 from plantation and
4 from each alley treatment) each month from August 1996 to July 1998
and then at 3-monthly intervals until April 1999. Shoot biomass above
the pruned height of 0.6 m (coppice biomass) was weighed fresh in the
field and a representative subsample from each tree weighed and then
oven dried to enable calculation of coppice dry matter production.
Shoot:root dry weight ratio was estimated by mechanical excavation of
4 trees in March 1997. Two trees cut the previous May and 2 left uncut
were harvested and the soil within a 0.5 by 2 m area of each stump
sieved exhaustively to a depth of 4 m to retrieve root biomass. To
account for secondary thickening in the above-ground stump, estimates
of coppice : stump dry weight ratios were made in March 1997 and
April 1999 by harvesting trees at ground level and comparing weights
above and below the cutting height of 0.6 m. Regular harvests of
coppice dry matter were then converted to total plant dry matter using
mean shoot : root and coppice:stump ratios. As no difference was
detected in the growth rates of alley crop and alley fallow trees, data
from these treatments were pooled and are referred to hereafter as
‘alley’ treatment.

Tree transpiration and potential evapotranspiration

Transpiration was measured using sapflow sensors (Hatton et al.
1990) fitted to selected tagasaste stems and moved to a fresh set of
stems on a 6-monthly rotation. Six stems of varying size were logged
between December 1996 and December 1998 using Greenspan SF300
sensors. An additional 24 stems were logged from March 1998 to
December 1998 with sensors using the heat ratio method (Burgess et
al. 1998). Flux per stem was scaled up to plot level transpiration using
data from 4-monthly surveys of stem size distribution (10 trees per
treatment) and measurements of conductive wood area made after
immersing freshly cut stems in a 0.05% solution of basic fuchsin for a
2-h period of transpiration. Rainfall, air temperature, wind speed, solar
radiation, and relative humidity were measured using an on-site
automatic weather station (Campbell Weather Watch 2000) and these
parameters were used to calculate Penman–Montieth potential
evapotranspiration (Campbell 1977; Monteith and Unsworth 1990),
referred to hereafter as E0.
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Transpiration ratio measurements in field and glasshouse

Young tagasaste trees were grown in either 10-L pots or 1.5-m-high,
200-L polyvinyl chloride columns of soil collected from the site to
compare their transpiration ratios (water use per unit dry matter
accumulated) with those of field-grown trees. Water use of 28
pot-grown 6-month-old trees was monitored over the period
August–October 1997 by daily weighing and addition of water to
compensate for transpiration loss. Pots were mulched with polyethylene
beads to limit evaporation losses. Water loss from 4 similarly mulched
control pots without trees was subtracted from mean cumulative water
use of the pots with trees at the end of each experiment. Dry matter
accumulation was calculated by subtracting the dry weight of 24
matched seedlings harvested at the commencement of the experiment
from the dry matter of experimental plants at the conclusion. 

Water use of 24 column-grown trees was monitored by recording
the volume of water which had to be progressively added to restore field
capacity. Four control columns without trees were used to correct for
evaporation losses. Rainfall received at the soil surface during
experiments conducted outdoors was measured with gauges in each
column and canopy runoff recorded using stem flow collectors. To
examine the effects on tree growth and water use efficiency of water
being freely available throughout the column as opposed to solely as
subsurface water, sets of 12 columns were randomly assigned to each of
2 treatments. One set was maintained at full soil water status by
watering from above and the other set watered via a slotted access tube
to maintain a watertable at constant height in the gravel fill at the base
of the column.

Soil water content in the field

Soil water content was measured at 20-cm intervals to a depth of 3.7 m
with neutron probes at 2-week intervals in winter and monthly over
summer from July 1996 to December1998. Five access tubes were
located in the centre of each plantation plot (0, 1.5, and 3 m either side
of a tree row) and 11 in the centre of each of the 2 alley crop and alley

fallow plots (along transects at 0, 1, 2, 4, 8, and 15 m either side of tree
rows) giving a total of 54 access tubes (Fig.1). The neutron probe data
were calibrated gravimetrically in the field and separate calibrations
used for 0–20, 20–80, 80–140 and >140 cm depth intervals. The r2

values for these equations were 0.72, 0.96, 0.97, and 0.95, respectively.
An assembly of time domain reflectometry (TDR) probes was

installed in one plantation plot on 27 April 1997. A 4-m well was
excavated midway between tree rows and lined with a 1.5-m-diameter
concrete pipe. Ports were cut through the concrete liner on the
undisturbed side of the well equidistant between tree rows. Probes were
then inserted horizontally at depths of 20, 65, 150, 225, 290, and 350
cm after excavating 60 cm of soil and pushing the 40-cm wave guides
into the undisturbed sand. Three additional probes were also installed
to measure rainfall interception. Two with 40-cm wave guides were
located midway between tree rows to measure through flow, one
vertically and one obliquely over the depth 0–20 cm, and one 40-cm
probe installed adjacent to a tree trunk to measure stem flow.
Measurement at hourly intervals commenced on 17 September 1997
and continued until December 1999. 

Dependence of trees on groundwater

Proportional dependence of trees on soil and groundwater was assessed
using a combination of a deuterium:hydrogen (D:H) mixing model and
water balance as described in Lefroy et al. (2001). Values for winter
1996 and 1997 were derived from the mixing model that used D:H
analysis of tagasaste xylem sap, groundwater, and xylem sap of annual
plants. Values for summer 1996–97 and 1997–98 were based on soil
water depletion over rain-free periods.

Carbon stable isotope (δ13C) analysis of new shoot growth

New shoot growth was harvested each month for δ13C analysis.
Actively growing 3–10-cm lengths of apical growth (Fig. 2c) were
selected from random positions in the canopy of 30 trees from each of
the 6 rows in the alley plots and from every sixth row of the 30 rows in
the plantation plots. By tagging newly expanded portions of shoots in
each interval of the study, it became evident that coppice branches grew
virtually continuously and that a new segment of shoot apical growth of
3–10 cm length was produced each month. In this manner it was
possible to follow seasonal changes in δ13C signals of the
photosynthetically fixed carbon which had been incorporated into new
shoot DM during each sampling interval, and thereby compare the
relative degree of water stress experienced by the trees in each treatment
at any one time. 

Results and discussion

Adaptive features of tagasaste evident in the field 

Coppice shoot characteristics

The 4-year-old trees in all plots resprouted rapidly and
prolifically from the stumps (Fig. 2b) after being cut back to
0.6 m above ground level in May 1996. Over the next 3 years
of the study, coppicing shoots exhibited an essentially open
ended pattern of shoot growth (Fig. 2c). Terminal flowering
on a few large branches of some trees occurred in the second
spring after cutting (1997) and virtually all trees set seed the
following spring. However, vegetative growth continued
throughout, due largely to outgrowth of axillary shoots.

Pronounced wilting of leaves was encountered during
early afternoons of unusually hot days from November
through to April. Restoration of turgidity normally

160 m

50
 m

Fig. 1. Layout of the experimental site showing the orientation and
spacing of tree rows (vertical lines in alley and plantation plots), the
location of neutron probe access tubes (……), TDR probe assemblies
(O), and weather station (X).
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occurred quickly the following evening, but several days of
relatively severe wilting triggered leaf shedding of older
foliage. General senescence and shedding of foliage first
occurred from lower regions of coppice shoots in autumn
1997 and premature abscission of still green foliage also
occurred during periods of heat stress over the next 2 years
(Fig. 2d). Death of emergent shoot tips on canopy faces

exposed to hot winds also occurred on days of exceptional
heat (>40°C) and low humidity (Fig. 2e). New axillary
shoots restored leaf area following onset of rain and colder
conditions. Leafiness of canopies was visibly more
pronounced in winter, spring, and early summer than during
peak water stress in late summer and early autumn. Rates of
shoot extension were greatest in spring and early summer.

Fig. 2. (a) Layout of alley (foreground) and plantation plots at Moora in September 1997. (b) Tagasaste tree showing coppice
regrowth in June 1997, 1 year after cutting. (c) Winter growth of coppice shoots. (d) Coppice shoots in summer showing leaf loss.
(e) Heat stress-induced death of shoot tips. (f) Annual nodules located on near-surface lateral roots. (g) Root system of a 4-year-old
tree showing dimorphic structure with multiple tap roots (recently cut alley trees in the background). (h) A cluster of lobed
perennial nodules from a depth of 1.5 m.
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Root morphology

Young trees quickly developed a distinctly dimorphic root
architecture consisting of radially extending superficial
laterals and deeply penetrating sinker roots (see Pate and
Dixon 1996; Pate et al. 1998; Pate and Bell 1999 for other
species sharing this habit). This rooting pattern was evident
in plants grown in large columns as well as those direct-sown
in the field. These features are illustrated in Fig. 2g for the
proximal regions of the root system of a 4-year-old tree
excavated at the site. 

Mechanical excavations extending to the watertable at
5 m showed that virtually all major sinker roots of trees 5–7
years old had already reached the watertable. Sinker roots
descended directly downward without major branching in
the final 2 m, then branched repeatedly on reaching the
capillary fringe above the watertable.

A number of lateral roots arose from the upper parts of the
root stock (Fig. 2g), extending rapidly outwards for at least
15 m in 5-year-old alley trees. Other laterals originated at
lower levels as horizontal outgrowths of descending tap
roots. Secondary tap roots were also found descending from
laterals within 1–2 m out from the main root stock. 

Seasonal investments of fine feeding roots formed on the
perennating portions of all superficial lateral roots following
wetting of the top 50 cm of the soil profile by autumn rain or
aseasonal rainfall in summer. These roots continue to grow
and branch through winter until late spring, senescing once
the upper soil dries out. Lateral roots are also present, albeit
in lesser amounts, in the moist soil zone at 0.5–1.5 m deep.
These deeper lateral roots apparently remain alive and
functionally active through summer.

Excavations to 60 cm depth along 1-m-wide transects
between alley and plantation tree rows in winter enabled
variations in lateral fine root biomass to be assessed with
distance out from tree rows. In alley plots, a thin veneer of
roots ramified across the 30-m distance between tree rows,
indicating the capacity of a tree to extend its sphere of
influence at least to the middle of an alley. In the closely
spaced plantation, trees made a much greater investment of
roots per metre across the 6-m space between tree rows. As
a result, similar amounts of total root biomass were retrieved
when sieving soil from five 0.3-m3 pits spaced evenly along
the 2 transects (viz. 89.6 g in the alley and 78.2 g in the
plantation)

Nodulation of root systems

Small unbranched nodules developed on the clusters of fine
roots that were produced each autumn on shallow lateral
roots (Fig. 2f). These nodules only persisted for the winter
and spring following the autumn of their inception. Sinker
roots excavated in winter and summer bore closely grouped
elongated branched nodules (Fig. 2h), typically concentrated
in the 2.5–3.5 m depth zone of the soil profile. The lobed
appearance and haemoglobin pigmentation of these nodules

strongly suggested that they were perennial as has been
reported for other woody legumes (Pate 1961, 1977; Pate and
Unkovich 1999) and therefore probably active in N fixation
throughout the year (Unkovich et al. 2000). 

Proportional growth of roots and shoots

Dry weight shoot:root ratios were estimated for trees grown
in pots, soil columns, and coppiced and uncut trees excavated
at the field site 1 year after cutting. Ratios for young trees
grown in pots lay within the range from 1.1 to 1.3, whereas
those of 1–1.5-year-old trees grown in tall columns, from 1.2
to 2.7. The close similarity in shoot:root ratios of cut and
uncut trees in the field (2.5 and 2.9, respectively) indicated
rapid restoration of the balance between above- and
below-ground biomass following coppicing.

Dry matter accumulation and transpiration

Tree growth and transpiration were assessed for the period
April 1997–April 1999, i.e. from 11 to 35 months after the
trees were cut. Data for dry matter gain are shown in Fig. 3a,
with lines of best fit drawn to depict growth curves for alley
and plantation plots. Similar patterns of growth were evident
for all trees at the site, with slightly slower growth of alley
trees during the cropping season of 1997. 

Plantation plots showed small variation in transpiration
per tree per day throughout the study (Fig. 3b). Rates fell
slightly from April to mid winter of 1997, consistent with
onset of cool conditions, and then rose progressively during
spring until December. Rates then declined sharply over the
period January–May 1998, possibly reflecting heat stress and
reduction in soil water reserves. Leaf shedding was minimal
during this period since most foliage was less than 12 months
old. Greenspan heat pulse units gave consistently lower
transpiration rates than gauges using the heat ratio method
(see April 1998 onwards; Fig. 3b). However, both techniques
indicated only slight differences between alley and
plantation trees, with transpiration increasing progressively
from mid winter 1998 through to the end of the year. 

Water loss per tree per day during 1998 was not
appreciably greater month by month than in 1997 (Fig. 3b),
despite total tree dry matter being 2-fold higher. More
conservative stomatal control would be expected in 1998
when canopies contained high proportions of second season
leaves and were experiencing progressively increased
shading of foliage within and between trees. In addition there
was increased leaf loss over the course of the study, with
shedding of older foliage in late summer of 1998 in both
alley and plantation trees amounting to 14% of above-ground
biomass (Unkovich et al. 2000). 

By converting transpiration loss per plantation tree
(L/day) to a plot area basis (mm/day) it was possible to
compare transpiration to E0 calculated from data recorded
by the on-site weather station. The resulting data (Fig. 3c)
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showed that trees performed at near potential rates when
unstressed in the cooler months but cut back progressively
on water loss to levels of only 30% and 34% of potential,
respectively, in mid summers of 1998 and 1999. Plot level
transpiration based on scaled up sapflow data showed good
correlation with soil water depletion measured with neutron
probes over 2 rain-free periods in winter 1997 (when tree
water uptake was predominantly from the soil store and soil
evaporation would have been low), accounting for 79% and
88%, respectively, of soil water loss. Total transpiration by
trees in the plantation plot over the period April 1997 to
March 1998 was 849 mm (0.55 of E0) and 870 mm between
April 1998 and March 1998 (0.63 of E0).

The site experienced a 138 mm cyclonic rainfall event
between 19 and 21 March 1999, the highest rainfall for that
month in 100 years of recording. The response of E0 and tree
transpiration to this event can be seen in Fig. 3b and c.

Rainfall interception by tree canopies

Interception by tree canopies plus leaf litter was estimated in
one of the plantation plots over 1998 from the difference
between the change in water content immediately before and
after each rainfall event (measured with TDR probes) and the
daily rainfall recorded by the weather station. Data from 2
vertical 40-cm probes, one between rows measuring through
flow only and one adjacent to a trunk measuring through
flow plus stem flow, gave estimates of 72% and 75%,
respectively, of rainfall interception by tree canopies plus
litter over the entire season. These were considered to be
overestimates as the probe heads would have shielded the
probes, particularly during small events. The oblique probe
situated between the tree rows and measuring to 20 cm depth
was therefore used to calculate interception (Table 1) on the
assumption that it would have been more sensitive to smaller
rainfall events and its mid-row position would be
representative of the plantation plot as a whole. As TDR
readings were made hourly, the maximum water content
from each event could be recorded in virtually all cases
before re-distribution took the wetting front below the depth
of the probes. However, this method could not be used for
large rainfall events (>20 mm) as water moved below the
probes before the end of the rainfall event. Consequently, for
the 4 events where rainfall was >20 mm out of a total of 111
for the year, interception was assumed to be 2.9 mm, the
average recorded for events between 10 and 20 mm. 

The resulting estimate of 38% of annual rainfall
evaporating directly from tree canopies and leaf litter
(Table 1) exceeds reported annual interception rates of
10–20% for eucalypt forest (Feller 1981; Dunin et al. 1988).
However, higher canopy storage capacity has been reported
for other exotic species (conifers) than for eucalypts in
Australia (Ashton 1980). Interception rates of this order have
also been reported from studies of conifers in Britain (Gash et
al. 1980) and beech (Nothofagus sp.) in New Zealand (Rowe
1983), and a short-term study of jarrah (Eucalyptus
marginata) in south-western Australia (Sharma 1984). The
large proportion of small rainfall events in 1998 is likely to
have contributed to the high figure in this study, as would the
higher E0 experienced at Moora than in the studies cited
above. 

Whole plant transpiration ratios of containerised and 
field-grown trees

Table 2 records dry matter increments and transpiration loss
for containerised and field-grown trees. Despite differences
in tree ages, locations, and seasons of study, the transpiration
ratios recorded lay within a relatively narrow range
(186–366 L/kg). Pot- and column-grown trees studied in the
glass-house, subject to lower wind speed and higher
humidities than outdoors, showed lower ratios season-
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Fig. 3. Growth and transpiration of tagasaste trees at Moora,
Western Australia, from April 1997 to April 1999. (a) Total dry matter
in plantation (�, ___) and alley (�, ---) trees. (b) Rainfall and tree
transpiration, measured with heat pulse sapflow gauges in plantation
(�) and alley crop (�) and heat ratio sapflow gauges in plantation
(�) and alley crop (�). (c) Transpiration of tagasaste trees in
plantation on a whole plot basis (___) and E0 (---).



Growth of tagasaste on deep sands 227

for-season (186–293 L/kg) than did trees grown outside
(314–366 L/kg). Trees grown outdoors in columns from
spring 1997 to autumn 1998 showed no difference in water
use efficiency when watered to field capacity from above
than when watered from below via an artificial watertable
(see Table 2). The mean value for trees at the field site over
2 years (247 L/kg) was close to the middle of the range
shown by container-grown trees across all ages and growing
conditions (276 L/kg).

Relationship between soil water status and dependence of 
trees on groundwater

Soil water content from the transects of neutron probe access
tubes in alley fallow, alley crop, and plantation treatments
was integrated across by converting the data to mean
volumetric water content (in litres), summing these, and
dividing by the transect length (30 m) to give total
plant-available water in the top 370 cm of the soil profile.
Plant-available soil water was defined as total soil water

content minus the lowest mean water content recorded
during the study in the driest profiles at the site (centre of
tree rows in April 1998, n = 6). The analysis (Fig. 4a) showed
that all treatments were equally close to full water storage by
mid-August 1996 after winter rains had recharged the profile
following cutting of the trees in May. By harvest of the lupin
crop in early December 1996, soil water had been reduced to
36% of its winter maximum in alley crop plots compared
with 44% in sole crop (data not shown), and 54% in alley
fallow. The greatest reduction in soil water occurred in
plantation plots where the December value was 20% of peak
winter storage.

The winter rains of 1997 recharged all plots but to a lower
extent in plantation (~120 mm) than in alleys (~180 mm)
(Fig. 4a). By harvest of the oat crop in December 1997,
available soil water was virtually zero in plantation plots
compared with approximately 100 mm in alley plots and 137
mm in sole crop plots (not shown).

The winter rains of 1998 rapidly refilled the soil profile to
maxima in August of 200 mm in the alley plots compared
with 90 mm in the plantation. By harvest of the lupins in
December 1998, these reserves had fallen to zero in the
plantation, 53 mm in the alley crop, 90 mm in alley fallow,
and to 74 mm in sole crop. 

Seasonal changes in dependence of alley and plantation
trees on groundwater are shown in Fig. 4b. Winter values
(1996 and 1997) were based on D:H analysis of tagasaste
xylem sap, groundwater, and annual reference plants (solid
lines, Fig. 4b), whereas summer values (1996–97 and
1997–98) were derived from soil water depletion over
rain-free periods (dotted lines, Fig. 4b). From April to
December 1998 when xylem sap samples were not available,
relative dependence of trees on soil and groundwater was
inferred from water balance as follows:

Table  1. Rainfall interception by tree canopies and leaf litter in a 
tagasaste (Chamaecytisus proliferus) plantation at Moora, Western 

Australia
Numbers in parentheses indicate events outside the range of
measurement possible when using TDR probes to 20 cm, and were

assumed to be 2.9 mm each

Rainfall event 
class (mm)

No. of
events

Amount 
(mm) 

Interception 
(mm)

Interception
(% of rainfall)

0–2.0 61 42.0 36.0 86
2.1–5.0 19 65.4 50.8 78

5.1–10.0 10 65.2 30.6 47
10.1–20.0 7 92.8 11.0 12

>20.1 4 105.6 (11.6) (11)
Total 101 371 140.0 38

Table  2. Transpiration ratios (L water transpired/kg total dry matter produced) for ta-
gasaste trees growing under glasshouse and field conditions, containerised plants grown at 

Perth, and field plants at Moora, Western Australia

Growing
conditions

Period 
(days)

DM
increment 

Water use Transpiration 
ratio

In glasshouse
 10-L pots 
     Aug.–Oct. 1997 50 5.02 g 933 mL 186
     Oct.–Nov. 1997 43 4.85 g 1423 mL 293
 250-L columns (1.5 by 0.4 m)
     Feb. 1997–May 1998 85 108 g 24.6 L 228

Outside in 250-L columns
Aug.–Nov. 1997 90 122 g 44.6 L 366
Aug. 1997–Apr. 1998 133 739 g 232 L 314

Aug. 1997–Apr. 1998A 133 144 g 46.1 L 320

In situ (Moora)
Apr. 1997–Apr. 1999 760 31.9 Kg 7895 L 247

A  Watered from below via artificial watertable.
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Tsoil + E = ∆S + P – I

where Tsoil is tree transpiration from the unsaturated zone, E
is soil evaporation, ∆S is change in stored soil water, P is
rainfall, and I is interception. Given that TDR data indicated
that recharge did not penetrate below 70 cm (i.e. there was no
free drainage), loss from the soil store over this period would
have been primarily through transpiration. As soil
evaporation was not measured in this study, the values for
Tsoil derived in this way would include a small amount of soil
evaporation that occurred despite the thick (6 cm) mulch.

Overall trends apparent from Fig. 4b were (a) greater
dependence on soil water in winter than summer, (b) rapid

switching to groundwater in early summer and to soil water
with the break of season rains, and (c) greater dependence on
groundwater in all treatments over time. Comparisons
between plantation and alley treatments were not possible
beyond April 1998 due to absence of D:H data and a lack of
soil evaporation measurements in alley treatments.

Carbon isotope discrimination values as indices of water 
stress 

Data for δ13C of newly formed shoot tip dry matter collected
progressively from the 3 treatments (Fig. 3c) showed seasonal
fluctuations of the order of 3–5‰ between least stressed mid
winter values (–28.5‰ up to –27.3‰) and peak stress late
summer–autumn values (–25.5 to –23). According to the
generally accepted interpretation of δ13C data implicit in the
studies of Farquhar and colleagues (Farquhar and Richards
1984; Farquhar et al. 1989), the more negative values in
winter indicate relatively high ratios of CO2 concentration
from inside to outside of leaves, reflecting relatively open
stomates, low instantaneous water use efficiency, and
transpiration close to potential rates (see Fig. 2c). Conversely,
the less negative δ13C values for dry matter laid down in
summer and autumn indicate tight stomatal control, high
water use efficiency, and, as shown in Fig. 2c, tree water
losses well below potential evaporation rates.

A number of subtle differences between treatments over
the course of the study emerge from the data shown in
Fig. 3a–c. 

(i) June–December 1996. Over this period, coppiced trees
were small but growing rapidly. Higher soil water
reserves in alley fallow plots led to more negative (less
stressed) δ13C values in alley fallow trees than in alley
crop or plantation.

(ii) December 1996–April 1997. Available soil water in alley
fallow remained higher than in alley crop and higher
again than in plantation, but trees in all treatments
switched to equally heavy dependence on groundwater.
This suggested that much of the remaining soil water in
the alley treatments was beyond the lateral range of tree
rows. Similar peak δ13C values in trees of all treatments
just before the onset of autumn rains indicated
uniformly high levels of water stress.

(iii) April–December 1997. Soil water was rapidly
recharged in May and alley fallow and alley crop
treatments retained higher soil water reserves through
to September. Rates of decline in soil water were
slower in alleys than in the denser plantation (Fig. 4a).
These differences were accompanied by heavier
dependence on groundwater (Fig. 4b) and more
negative (less stressed) δ13C values (Fig. 4c) in
plantation trees.

(iv) December 1997–April 1998. The plantation plots
continued to show significantly more negative (less
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Fig. 4. Change in soil water content, dependence of tagasaste trees
on groundwater, and δ13C of shoot tip dry matter in plantation, alley
crop, and alley fallow treatments at Moora, Western Australia. (a)
Soil water content measured every 14 days during the crop growing
season and monthly over summer from July 1996 to July 1998 and at
anthesis and harvest in 1998. (b) Proportional dependence on
groundwater derived from deuterium:hydrogen analysis of tagasaste
xylem sap, groundwater, and annual reference plants in winter (___)
and soil water depletion over rain-free periods in summer (---). (c)
Monthly δ13C of shoot tip dry matter.
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stressed) δ13C values throughout this period despite
their soil water resource being virtually depleted.
Plantation trees were clearly being forced into
proportionally greater dependence on groundwater
throughout the previous 6 months, and appeared to have
responded by improving their access to groundwater
through increased root development. 

(v) April–December 1998. The δ13C values indicated less
stress in plantation trees than in alley trees, implying
better general access to water in plantation trees. This
difference was quickly reduced with the onset of warmer
weather when δ13C values for all treatments became
closely similar. 

Response of trees to irrigation and summer rainfall

As a general rule, tagasaste trees did not respond to small
rain-fall events in summer. For example, following a
16.6-mm rainfall event on 12 November 1998, soil water
extraction increased from 0.2 mm/day before the rain to
1.7 mm/day immediately afterwards, but had a negligible
effect on transpiration (Fig. 5). This suggests that the trees
were facultative in their use of soil and groundwater,
switching to greater reliance on soil water but not breaking
out of their conservative water use mode, as indicated by the
low Et/E0 ratio.

On 9 March 1999, 200 mm of flood irrigation was applied
to 4 plantation trees logged with sapflow gauges in order to
examine the effect of large scale change in soil water status
on tree transpiration rate. Time courses of transpiration and
E0 before, during, and after the irrigation event are shown in
Fig. 6a. Before irrigation, available soil water to 360 cm was
essentially zero and tree transpiration was occurring at 3
mm/day. Trees then responded immediately to the irrigation
by elevating their transpiration to 7 mm/day, representing the
only time outside midwinter when tree transpiration reached
potential rates. A second irrigation, also of 200 mm, was
applied on 16 March and this again prompted an immediate
response in transpiration, which thereafter closely tracked E0. 

Five days after the irrigation experiment, a decaying
tropical cyclone resulted in 138 mm of rainfall at the site over
days (21–24 March). Sapflow gauges installed in trees away
from the irrigated area recorded transpiration rates below
33 mm/day prior to the rain, equivalent to 60% of E0 (Fig.
6b). Transpiration fell to 1 mm/day during the actual rainfall
event, rose slowly over the next 10 days, and continued at
high levels for the next month with daily peaks of up to 7
mm/day, remaining close to E0 for the remainder of March
and April. 

Following the 2 irrigations and the cyclonic rainfall event,
the tagasaste rapidly dried down the soil profile, with
extraction fastest at 20 cm and 65 cm and then fairly
uniformly to a depth of 350 cm. By 30 April, 39 days after
the rain, water content at all depths had been reduced to

4.5%, indicating that either new roots had developed over the
entire depth or pre-existing live roots had resumed activity.
The latter seemed unlikely given that the profile between 1
and 4 m deep had been dry for the previous 15 months.
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Fig. 5. Change in soil water content (�), tree transpiration (�), and
E0 (�) before and after a late spring rainfall, showing facultative use
of soil water by tagasaste trees at Moora, Western Australia.
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Taken together with earlier comparisons of potential
evaporation and transpiration (Fig. 3c), the data of Fig. 6
strongly suggest that availability of soil water is the principal
regulatory agent limiting tree transpiration during summer
and early autumn, despite access to a fresh watertable. When
soil water status is restored by irrigation or stochastic large

rainfall events, previously tight stomatal regulation of tree
water loss is immediately relaxed, resulting in near maximum
possible evaporative losses from transpiring foliage. This
capacity to respond opportunistically may be viewed as an
important element in adaptation of tagasaste to the highly
variable Mediterranean climate of south-western Australia. 
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recorded with neutron probes across 2 replicated transects (3, 1.5, 1.5, and 3 m either side of tree
rows (T)) at 19 depth intervals per hole (20 cm intervals from 10 to 370 cm).
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Evidence for hydraulic lift by tagasaste roots

The first indication of possible hydraulic lift in tagasaste
came during early morning excavations in February and
March 1997 when moist zones were observed at 30–60 cm
depth at the base of both alley and plantation trees. These
moist zones, containing apparently healthy feeding roots,
extended up to 75 cm out from the trees and were surrounded
on all sides by powder dry soil typical of the upper profile at
that time of year. Runoff from shoots was discounted since
observations were made during long rain-free periods
preceded by dew-free nights. Roots within the moist zones
bore turgid haemoglobin-pigmented nodules, whereas fine
roots and nodules in the adjacent dry soil had long since
senesced and desiccated. 

Further evidence of hydraulic lift came from
measurements of soil water status in plantation plots using
both NMM and TDR. The time series of contour maps of soil
water content derived from NMM data shown in Fig. 7 depict
a typical sequence of events from wetting of the profile in
winter 1997 through to the next major recharge in autumn

1998. By early summer the profile between the 6-m-spaced
tree rows was very dry except for a distinct band of soil in the
zone 50–80 cm below the surface. This zone remained moist
and well demarcated from drier zones above and below
throughout the ensuing 4 months (December 1997–April
1998). Such prolonged and significant retention of moisture
in such a specific zone was most likely to result from
hydraulic lift, or at least from continuous recharge of lateral
roots with tap-root derived water, as described for Banksia
prionotes in a similar deep sand environment (Dawson and
Pate 1996).

TDR measurements of soil water content under plantation
trees over the summer of 1997–98 and 1998–99 further
substantiated hydraulic lift (Fig. 8). Large diurnal
fluctuations in soil water content were detected by probes
located horizontally at 65 and 150 cm depth, whereas lesser,
random variations with no diurnal periodicity were detected
by the probe at 225 cm (Fig. 8). The possibility that the
diurnal change in water content was an artefact of the diurnal
temperature pattern in upper soil layers was discounted
following comparison with probes at the same depths in the
crop treatment. 

The maximum water content was found to occur between
0600 and 0900 hours, whereas the minimum was close to
1700 hours (Fig. 8a). This is consistent with the patterns of
diurnally reversing xylem flow obtained using sapflow
gauges and dye injection in a study of Banksia prionotes in
remnant vegetation adjacent to this site (Burgess et al. 2000).

Yet further evidence for hydraulic lift came from
excavation of roots to a depth of 1 m mid-row in the
plantation in December 1999 (Fig. 9). Although the amount
of root dry matter retrieved decreased rapidly with depth,
root water content indicated that roots below about 60 cm
were alive, whereas those near the surface were dead. Given
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the low soil water content at this time, hydraulic lift was
considered the most likely means by which these roots had
remained alive. 

Summary and conclusion

The structural, morphological, and physiological features of
tagasaste were studied in order to understand how this
mesophytic tree adapts to the harsh Mediterranean climate of
south-western Australia. Such understanding might assist in
the identification and selection of further exotic tree species
well adapted to meet the environmental goal of increasing
water use and managing salinity in medium to low rainfall
agricultural landscapes.

Distinctive features of tagasaste that emerged from this
study were: (i) a strongly dimorphic root system; (ii) an open
ended pattern of growth, with the associated characteristics
of heat stress-induced leaf shedding and rapid response to
aseasonal rainfall; (iii) ability to use large amounts of
groundwater; and (iv) possible hydraulic lift of groundwater
to upper soil layers to maintain roots alive and ready to
respond to rainfall. 

The dimorphic root system enables the plant to access soil
and groundwater at depth with its clusters of deep sinker
roots while also foraging at least 15 m laterally for water and
nutrients with its shallow surface roots. This root
architecture is a feature shared with summer-active woody
species from this region (Pate and Dixon 1996; Pate et al.
1998; Pate and Bell 1999) and other parts of Australia (Zohar
1985). 

The fact that no difference was detected between growth
rates and water use of trees at alley and plantation densities
was surprising given that available soil water was
consistently higher in alley plots. One possible explanation is
that the root architecture of the tree is insufficiently plastic to
make use of soil water stored below 60 cm at distances of
more than a few metres laterally from trees while also
investing heavily in root biomass at the capillary fringe of the
watertable. To resolve this question it would be necessary to
compare the patterns of soil water extraction of trees with
and without access to a watertable at wide and narrow
spacings. 

The use of δ13C as an indicator of water stress suggested
that trees in all treatments, regardless of plant density or
competition with annual crops, experienced progressively
less water stress each summer over a 3-year period of
coppice regrowth. The finding that trees in plantation plots
displayed significantly less stress (more negative δ13C) over
the last summer than trees in the 2 alley treatments implied
that trees forced by depleted soil water reserves to invest
more root biomass at the capillary fringe eventually became
better protected against summer water stress than those more
reliant on water from the unsaturated zone.

The essentially open-ended pattern of shoot growth
typical of tagasaste distinguishes it from most indigenous

woody species which initiate resting buds and enter a period
of dormancy when soil water reserves are depleted in late
summer or early autumn (Bell and Stephens 1984; Pate and
Bell 1999). By contrast, tagasaste responded to severe
conditions of water and heat stress by dramatically reducing
its leaf area through shedding along with much tighter
stomatal control than evident under less stressed conditions.

Water use per tree in the third year of the study was only
marginally greater than in the second, despite a 2-fold
increase in plant biomass. This was most likely due to a
combination of factors, including the higher proportion of
wood to foliage with age, more conservative stomatal control
exerted by canopies containing a higher proportion of older,
shaded leaves (with consequently less effective rates of gas
exchange), and an increasing propensity for leaf shedding
with age during times of heat and water stress. In addition,
measurements of transpiration ratios of container- and
field-grown trees indicated that tagasaste has a marked
capacity to fine tune its use of water to suit circumstances
across a wide range of ages and growing conditions. The
range of water use efficiencies observed (186–320 L/kg) fell
within the range measured for other tree species studied in
this environment (Pate and Dawson 1999).

The response of trees to irrigation in summer, involving
an instantaneous relaxation of stomatal control and elevation
of transpiration rates up to and exceeding Penman-Montieth
potential rates, strongly suggested that low availability of soil
water rather than high temperatures and vapour pressure
deficits in summer was the primary limitation to tree
transpiration. This was also supported by the experiment
with column-grown trees, where dry matter increment and
water use of trees growing in dry soil above an artificial
watertable at 1 m were one-fifth of those watered from
above. The ability of tagasaste to take up water from the
capillary fringe therefore appears not to be limited by depth
to groundwater, summer dormancy, or atmospheric
conditions, but by very low water content in near surface
soil.

Our observations of hydraulic lift (or at least hydraulic
recharge of upper lateral roots with water derived from tap
roots) suggests that it is an adaptation that tagasaste appears
to share with some deep-rooted endemic trees such as
Banksia prionotes growing in similar environments (see
Dawson and Pate 1996). Although the evidence presented
here for hydraulic lift in tagasaste is not fully conclusive, if it
occurred widely and consistently it would offer this species
the means to maintain the functional integrity of fine roots
and N2-fixing root nodules for several months each year
when soil is critically dry.

Two aspects of this study are relevant to the challenge of
revegetation in the drier cropping areas. Firstly, the courses
of tree transpiration and Penman-Montieth potential
evapotranspiration over the study period illustrate that water
use in this environment is energy-limited in winter and
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water-limited in summer. As a result, tagasaste exhibited a
relatively small annual variation in transpiration compared
with potential rates, ranging from 1 mm/day in winter to 3
mm/day in summer with an annual average 0.6 of potential.
This value is at the upper end of the range reported by Raper
(1998) in a review of tree water use in Mediterranean
environments of southern Australia. In terms of groundwater
use in summer, the 3 mm/day recorded for tagasaste in
summer was twice as high as those reported by Thorburn
(1996) in a review of water use by trees on shallow
watertables. The climatic constraint to tree water use
suggests that the strategy of preferentially locating trees in
parts of the landscape with high water availability in summer
(e.g. Farrington and Salama 1996; Clarke et al. 1998; Hatton
and Nulsen 1999) has more relevance to catchment-scale
water management than the search for so-called high water
use tree species. Secondly, it is apparent that some exotic
mesophytes are well adapted to this environment, although it
must be noted that resistance to fire, insects, and disease also
needs to be considered in addition to growth, water use, and
drought tolerance as adaptive features.
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