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ABSTRACT

Allosyncarpia ternata S.T. Blake is a large tree endemic to a small area
(25 000 km2) in the "Top End" of the Northern Territory, Australia. Within this area,
A. ternata dominates the canopy in a variety of topographic settings and vegetation types,
from closed-canopy rainforest in ravines to low woodland on cliffs and hilltops.

This study examines some of the differences in A. ternata plants at micro-climatically
contrasting sites in the Baroalba Springs Koongarra Saddle area in Kakadu National Park.
-

At cliff and hilltop sites, trees were generally shorter and more frequently multi-stemmed than
trees on the ravine floor. These differences were associated with site differences in dry-season
water availability, and were accompanied by differences in stomatal conductance, leaf xylem
potential and leaf solute potential. Site differences in leaf characteristics and leaf assimilation
rates were typical of sun vs shade leaves and were probably related to the average irradiance
experienced during growth.

Allosyncarpia ternata's ability to occupy such a variety of habitats is probably due largely to
its plasticity in leaf characteristics and tree physiognomy, which maintain photosynthetic
activity under variable light conditions and throughout seasonal drought. This wide ecological
amplitude, together with the plant's evident success in urban plantings, suggests that A.
ternata adults and "established" seedlings have the physiological capacity to occupy a larger
part of the continent than they do at present.

Dispersal and germination of A. ternata seeds, and the establishment, growth and survival of
seedlings, were monitored in Allosyncarpia forest over a five-year period. Field and
shadehouse trials demonstrated that "young" seedlings (i.e. those without a substantial
lignotuber) are extremely vulnerable to drought and fire. It is speculated that, although
habitats suitable for A. ternata might exist elsewhere in the Top End, the species is unable to
disperse to them.
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CHAPTER 1 INTRODUCTION

1.1

Why Allosyncarpia ternata?
Allosyncarpia ternata S.T. Blake is a large evergreen tree endemic to the western

Arnhem Land Plateau in the wet-dry tropics of northern Australia. Despite being only
recently described (Blake 1977), the tree is locally abundant and conspicuous. It dominates
the canopy in a variety of plateau and escarpment situations, including ravine floors,
sandsheets, scree slopes, cliffs, bare rock pavements and open hilltops. At some localities,
A. ternata forms a distinctive mono-dominant monsoon rainforest (part of Russell-Smith's
(1991) Groups 7 and 8), often with an understorey of rainforest plants (Wilson et al. 1990).

The distribution of Allosyncarpia ternata presents an enigma; although different individuals
occupy sites that vary greatly in the availability of light, nutrients and water, the species is
nevertheless confined to a very small part of the continent. Apparently suitable sites
(geologically and topographically) occur on the Litchfield Plateau of the Tabletop Range, Mt
Douglas in the Mary River catchment, rocky plateaux in the headwaters of the Katherine
River and numerous sites in central and eastern Arnhem Land.

This coincidence of wide ecological amplitude with narrow endemicity is counter-intuitive and
provokes the questions:
What attributes of A. ternata allow the species to occupy such diverse habitats?
Given A. ternata's evident success on the western Arnhem Land Plateau (in terms of
local distribution and canopy dominance), why is the species absent from sandstone
plateaux elsewhere in northern Australia?

The present study addresses the first of these questions by examining physiological differences
in A. ternata at micro-climatically contrasting sites. I do not specifically address the second
question, but describe studies of germination, population dynamics and fire-tolerance, the
results of which suggest possible reasons for the confinement of A. ternata to the western
Arnhem Land Plateau.

1.2

The Species

1.2.1. Description
Allosyncarpia ternata is an evergreen tree, usually between 10 in and 25 in tall
(occasionally to 45 m). Habit varies according to topographic situation. On ravine floors and
on lower slopes, A. ternata is typically a tall, single-stemmed tree with a trunk up to 150 cm
in diameter and no branches arising from the lower half. On sandsheets and screeslopes, there
are often two or more "main' stems. Branching starts low on the trunk so that the lowest
branches often arch down to ground level, and trees have a spreading, igloo-like appearance.
On open hilltops, cliffs and bare rock pavements, A. ternata can grow as a sparse, multistemmed shrub only a few metres tall. The bark is rough, with a fissured or flaky surface,
medium grey to medium brown, often with an orange hue. Most trees have simple boles, but
the base of some large trees is slightly buttressed. The wood is hard, varies in colour from
pale yellow to dark reddish brown, and takes a high polish.

Foliage is typically dense and dark green, clearly distinguishing A. ternata at a distance from
most eucalypts. Leaves are coriaceous, ovate to lanceolate, mostly 5-12 cm long and 1.5-4
cm wide, glossy dark green on top and somewhat paler underneath, with a prominent
yellowish green mid-rib and a thickened margin. The leaf tip is pointed, the base of the blade
is rounded and the petioles are short (1-10mm). The crushed leaf has a faint odour of
turpentine, which derives from its high content of a and P pinenes (Brophy and Boland 1992).
Characteristically, the leaves are arranged in whorls of three, although opposite leaf-pairs are
not uncommon, especially on young shoots.

The inflorescence is a showy, white, down-covered, much-branched, terminal (occasionally
axillary) panicle or raceme, 10-20cm long. Flowers are small (3-4 mm wide at the top of the
calyx), white, scented, sessile, and arranged in groups of three, with a simple style and
numerous free stamens. The calyx tube consists of five sepals and five tomentose petals; it
circumcisses (dehisces circumferentially) at the level of the top of the ovary after anthesis
(Blake 1977). The fruiting head is a brown, woody capsule, approximately 10 mm in
diameter, two to three-lobed or irregularly globose, each globe or lobe of which derives from a
successful flower and contains a single seed. The pale to medium brown seed is a slightly
flattened ovoid approximately 7x6x5 mm, somewhat pointed at one end and swollen at the
other. On ripening, the fruit dehisces and the seed falls to the ground, leaving the partly united
bases of the calyx tubes persistent on the tree.
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Distinguishing features of A. ternata are its spreading habit, dark and slightly glossy foliage,
pointed leaves arranged in ternate whorls, long, branched panicles with uniquely branched and
septate hairs (Johnson and Briggs 1984), and crowded, scented, white flowers (Brock 1988).
Fig. 1.1 shows a flowering and fruiting branch.

Large A. ternata trees (>50 cm trunk diameter) are invariably piped by termites (probably
Coptotermes sp.; A. Andersen, CSIRO, pers. comm.) (D. Bowman, Parks and Wildlife
Commission of the Northern Territory, pers. comm.; pers. obs.). On most trees, adobe trails
are visible on the trunk and larger branches. Termite mounds are sometimes visible at the
base of the tree, occasionally even surrounding the butt; in most trees however, the termite
nest is entirely enclosed within the trunk.

1.2.2 Taxonomy
Although the name "Allosyncarpia" had already been used colloquially for many years
(e.g. Story 1976), the couplet Allosyncarpia ternata was coined by Blake (1977) in his formal
description of both the species and the genus. Blake placed the genus Allosyncarpia in the
Leptospermoideae sub-family of the Myrtaceae family and noted similarities in floral structure
to the genera Eucalyptopsis of Papua New Guinea and Irian Jaya, Pleurocalyptus of New
Caledonia and Syncarpia of eastern Australia.

In taxonomic reviews, Pryor and Johnson (1981) and Johnson and Briggs (1981, 1983)
included Allosyncarpia with an undescribed, monotypic Northeast Queensland genus
("Stockwellia" gen. nov.) in a Eucalyptopsis alliance, whereby the construct "alliance" can be
treated as an informal equivalent of tribe. Later phylogenetic analysis by Johnson and Briggs
(1984) reinforced the close afimities between the Eucalyptus and Eucalyptopsis alliances;
however, in that paper, the New Caledonian genus Arillastrum was included with
Allosyncarpia and Eucalyptopsis in an even less formal Arillastrum "group".

The taxonomic relationship between Arillastrum (as well as Allosyncarpia) and Eucalyptus is
believed to be a close one. Johnson and Briggs (1984) considered floral morphology in the
Arillastrum group to be a primitive form of that developed in Eucalyptus. In a recent cladistic
analysis, Ladiges et al. (1995) used the four Arillastrum group taxa (Arillastrum
gummiferum (Brongriart & Gris) Pancher ex Baillon, Allosyncarpia ternata, Eucalyptopsis
papuana. C.T. White, and "Stockwellia"
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Fig. 1.1 Sketch of A. ternata (natural size). a branch in flower bud; b open flower;
c dehisced seed capsules; d seed.
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(Myrtaceae sp. RFKI25 19)) as an outgroup to cluster Eucalyptus (sensu law) with its sister
taxon Angophora. Russell-Smith et al. (1993) speculated that the Arillastrum group might
once have been more diverse and more widespread in Australia, and that its demise may have
accompanied the rise to prominence of Eucalyptus.

1.2.3 Distribution and Community Composition
With the exception of a large, isolated patch near the head of the South Alligator
valley, which is underlain by sandstones of the Lower Proterozoic Mundogie Formation and
by Cainozoic sand, Allosyncarpia forest is entirely restricted to outcrop or weathering
products of the Middle Proterozoic Kombolgie Formation (Needham 1988). The Kombolgie
Formation is composed largely of coarse, quartz sandstone, but includes units of mafic to
intermediate volcanics and volcaniclastic sediments. It is characterised by extensive jointing,
and erosion has produced a distinctive maze-like, extremely rugged landscape (the Bedford
land system of Galloway et al. (1976)). The ecological significance of this consistent
association between Allosyncarpia forest and geological substrate will be discussed in Section
4.4.6.

Allosyncarpia. ternata has become a popular tree for street and park plantings in Darwin (12°
20' S; 1300 50' E). Natural populations, however, are confined to an area of approximately
25 000 km2 between latitudes 12° and 14° S and longitudes 132° and 1340 E on the western
Arnhem Land Plateau and some of its outliers (Fig. 1.2). Within this area, Allosyncarpia
forest occurs as disjunct patches, some smaller than 0.1 ha, surrounded by eucalyptdominated savanna woodland and sandstone heath. Wilson et al. (1990) estimated that
closed-canopy, Allosyncarpia forest patches occupy a total area of 781 km2. A revised
estimate, based on recent mapping by the Parks and Wildlife Commission of the Northern
Territory (Russell-Smith et at. 1993), suggests a total area of 1138 km2. Russell-Smith et al.
(1993) recognised a "core area" (in terms of the density of Allosyncarpia forest patches and
the diversity of associated understorey flora) in western Arnhem Land. The total area
occupied by all vegetation of which A. ternata is a component, including open forest and
woodland (sensu Specht et al. 1974), can not be accurately determined at present but may be
as large as several thousand square kilometres.

ri

Fig. 1.2 Distribution of Allosyncarpia forest (after Russell-Smith et al. 1993).
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Low-diversity rainforests, in which the canopy is dominated by a single species, have been
reported from both the seasonal and aseasonal tropics, in South America (Richards 1952),
Central America (Holdridge et al. 1971), Africa (Richards 1952), India (Kadambi 1942, cited
in Hart et al. (1989, Table 9)), Australia (Connell and Lowman 1989) and New Guinea
(Paijmans 1976). They occur on a variety of substrates and in a range of physiographic
situations. They vary in extent from isolated stands of a few individuals to tracts covering
several thousand square kilometres. The dominant trees themselves are from a number of
families, including Caesalpiniaceae, Clusiaceae, Dipterocarpaceae and Lauraceae.

Possible mechanisms to establish and maintain single-species dominance have been discussed
by Hart et al. (1989) in their study of Gilbertiodendron dewevrei (De Wild.) Leonard forest
in central Africa. In that study, the authors were able to directly compare a number of
demographic features in mono-dominant forest patches with those in surrounding mixed
forest. Janzen (1970) proposed that high diversity in tropical rainforest is promoted by the
activity of host-specific herbivores, granivores and pathogens, with high mortality of seeds
and/or juvenile plants close to conspecific adults. This model has been partially supported by
the findings of Augspurger (1983) and Clark and Clark (1984), but was rejected by Hart et al.
(1989), who found no evidence of enhanced seedling mortality close to conspecific adults in
Gilbertiodendron forest.

From observations of coral reefs and tropical rainforests, Connell (1978) suggested that high
species diversity results from intermediate levels of disturbance (e.g. windthrow), producing a
mosaic of successional states in which no single species can become dominant. According to
this disequilibrium hypothesis, one might expect that low-diversity forests would be associated
with either very frequent or very infrequent disturbance (see review by Hart 1990). Some
mono-dominant tropical forests are indeed frequently disturbed and appear to be locked into
an early stage of secondary succession, e.g. the "fire climax' Eucalyptus deglupta Bl. forests
of Papua and New Britain (Paijmans 1976), where seedlings of the dominant tree are unable
to grow in shade. A. ternata seedlings, however, are able to grow (or at least survive) on the
forest floor beneath a shady canopy (Fordyce 1992). Although Allosyncarpia forests suffer
periodic disturbance by rock falls, sand slides, destructive winds and lightning strikes, they
are, in general, much less frequently burned than adjacent eucalypt forest (Fordyce et al.
1997b).

Connell and Lowman (1989) presented evidence that at least some low-diversity rainforests
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are dominated by trees with ectomycorrhizal (EM), rather than vesicular-arbuscular
mycorrhizal (YAM) root associations. They suggested that the superiority of EM over VAM
fungi (larger biomass and greater soil volume exploited, better protection offered to the host
root from biotic and physical stresses, and the ability to extract both organic and inorganic
nitrogen directly from soil and litter) give EM-possessing trees a competitive advantage, which
allows them to invade a disturbed area or to replace existing yAM-possessing trees. In view
of this "mycorrhizal hypothesis, it is interesting to note that EM, but not YAM, fungi have
been observed in A. ternata roots (P. McGee, Sydney University, pers. comm).

1.2.4 Biogeography
The concurrence of narrow endemicity with wide ecological amplitude in a single species
appears conceptually problematic. Wide ecological amplitude implies a high level of plasticity,
commonly associated with plants in changeable environments (e.g. post-glacial Northern Europe
(Flannery 1995), subalpine grasslands in southeastern Australia (Hope and Kirkpatrick 1989), and
light gaps in tropical rainforests (Bongers et al. 1988)). Narrow endemicity, on the other hand, is
typical of stable (or very gently changing) environments with long periods of geographic isolation
(e.g. the "kwongan" of southwestern Western Australia (Hopper 1979) and rainforest massifs in
sub-coastal eastern Australia (Webb and Tracey 1981). However, the conflict is at least partly
resolved if it is recognised that these features of A. ternatas distribution developed during different
episodes of geological history and under different environmental conditions.

Allosyncarpia ternata probably evolved in Tertiary rainforest as an inhabitant of rocky hilltops and
ridges, where gap-forming disturbances (such as lightning strikes and strong winds) were more
frequent than on the lowland. In this relatively variable environment, A. ternata developed
physiological responses to high-light conditions (e.g. high A, low apparent quantum yield, high
stomatal density and low SLA), while at the same time retaining the ability of its rainforest
ancestors to spend at least part of its life in deep shade. Other characteristics that might have been
advantageous to the early A. ternata in this environment were its capacity for regrowth after
occasional fires and its ability to grow in relatively dry conditions not by cellular adaptations to
-

survive desiccation, but by developing deep roots to avoid the effects of local drought.

As climate became more and and rainfall more seasonal from mid to late Miocene times (Nix 1982;
Martin 1994), the once-widespread rainforest disintegrated. The broad, oligotrophic, lowland
expanses (a legacy of tropical laterisation of northern Australia, of protracted tectonic stability, and
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of the almost total erosion and deflation of the Mesozoic sedimentary cover) were colonised by
drought-tolerant taxa, such as Eucalyptus, woody legumes and members of the Proteaceae family.
Allosyncarpia ternata, still dependent on regular water, was confined to well-jointed (or otherwisepermeable) rocks, where its penetrating root system could tap deep groundwater resources.
Graminoids and herbs evolved to occupy openings between canopy trees in the lowland woodland,
while the more successful woody plants developed mechanisms that allowed them to tolerate the
frequent fires promoted by this grassy vegetation (Gill 1981 a). The resulting savanna had now
become inimical to A. ternata, which was trapped on relatively fire-protected, rocky hilltops. This
process of isolation continued through the Pleistocene Epoch, when present northern Australia
would have been considerably more and (Bowler 1982; Nanson et al. 1992) and the vegetation
more open (and more likely to carry fire), during glacial maxima (Nix and Kalma 1972; Hope
1994). Access to potential habitats in North Queensland and Papua was flooded with the Holocene
rise in sea level (Torgersen et al. 1985).

Thus, the current confmement of A. ternata to the western Arnhem Land Plateau is the result of a
process that began with Miocene fragmentation of the Palaeogene rainforest. The alternative
scenario that A. ternata evolved as a rainforest canopy tree on the Arnhem Land Plateau (and is
-

a relict of the Tertiary rainforest) is inconsistent with following evidence:
Almost all of the rainforest plant species that are currently associated with A. ternata in
Allosyncarpia forest are highly vagile (Russell-Smith and Lee 1992), with most species also
inhabiting other rainforest types in northern Australia and/or rainforest massifs in Southeast Asia,
Papua New Guinea or Queensland (Russell-Smith 1988).
There is no single suite of plant or animal species that consistently accompanies A.
ternata.
Although there are some rare or restricted species in Allosyncarpia forest patches, there
is a general paucity of endemic organisms, compared with the rich endemic biota of North
Queensland rainforest. Two ant species (both ascribed to the genus Aphaenogaster) have been
recorded only in Allosyncarpia forest (Reichel and Andersen 1996). However, ants of the genus
Aphaenogaster are not obligate rainforest inhabitants in other parts of Australia (H. Reichel,
University of Wurzburg, pers. comm.); the two species on the Arnhem Land Plateau might have
migrated only recently from savanna into Allosyncarpia forest. With the possible exception of a
mistletoe, the only plant species, apart from A. ternata itself, which is reported only from
Allosyncarpia forest habitats on the western Arnhem Land Plateau is the undescribed, rambling
plant Melodorum sp. (D. 2839 ("M. rupestre" Jessop m.s.); Annonaceae) (Brock 1988; K.
Brennan, Office of the Supervising Scientist, Jabiru, pers. comm.). However, Melodorum. sp. (D.
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2839) is not confmed to Allosyncarpia forest and can be found on rocky ledges under eucalypt
canopy at Nourlangie Rock (pers. obs.).

Although A. ternata itself might be an ancient (Johnson and Briggs 1984) and relictual (RussellSmith et al. 1993) species, confined to rocky, fire-protected refugia on Kombolgie Formation
sandstone, there is no unequivocal evidence that the western Arnhem Land Plateau has a long and
continuous history of occupation by closed-canopy Allosyncarpia forest.

The absence of A. ternata from rainforest thickets in the West Kimberley region may be due to the
high frequency of fire in that area (Clayton-Greene and Beard 1985). Alternatively, patches there
might be too small (the largest rainforest patch on the Mitchell Plateau covers only 22 ha
(Kenneally and Beard 1987)) to maintain self-sustaining A. ternata populations.

1.2.5 Reproductive Phenology
A feature of A. ternata is that most trees do not flower and produce seed every year;
rather, there are mast seedfalls at irregular intervals of a few years, when the majority of
mature individuals throughout A. ternata's entire range synchronously produce large quantities
of seed. In intervening years, "rogue" trees can be found seeding somewhere on the western
Arnhem Land Plateau, but total seed production at the community level is very low. As far as
I can ascertain from local accounts and from my own observations, there have been mast
seedfalls in 1987, 1990, 1992 and 1996, with a minor event in 1994 (involving less than 5%
of the Escarpment population of adult trees, and those few plants being confmed to ravine
floors and lower slopes). There are uncertain memories of flowering at Baroalba Springs in
1984, but there are no substantiating records from other localities to indicate how widespread
the event might have been; nor is it known whether flowering was succeeded by seed
production.

In all years, mast or non-mast, flower buds are initiated in August (mid-dry season; see
Section 1.3.2 on regional climate). It is only in certain years, however, that the buds develop.
In these years, flowers open in October and flowering continues until late December, with a
spectacular floral display and a strong nectar scent in Allosyncarpia forests over the entire
region. Seedfall takes place at the end of January and the beginning of February, at the height
of the wet season, when creeks are flowing and rainstorms are an almost daily event. There is
no specialised means of dispersal; most seeds simply germinate where they land, directly
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beneath the parent canopy. Some seeds roll down rock-faces or are carried downslope by
sheetwash to lodge in crevices and hollows. At Baroalba Springs, where a seedfall event was
observed in 1994 (see Sections 5.2.1 and 5.3.1), seeds were carried by the flooded creek and
accumulated in overbank deposits up to 100 in downstream from the monsoon forest.

Germination is rapid and, within a week of seedfall, most seedlings are at least 3 cm tall with
a pair of true leaves. Both ungerminated seeds and newly emerged (cotyledonous) seedlings
are extremely susceptible to fungal damage, and mortality of 100% has been recorded over
areas of several square metres. Viability is exhausted within six weeks (see Section 5.3.2),
but any seeds lying ungerminated on the ground for more than a few days will almost certainly
be attacked by fungus.

The adaptive significance of mass flowering and mast fruiting is unclear for A. ternata.
Masting forest trees in temperate biomes are predominantly wind-pollinated (Janzen 1974;
Allen and Platt 1990; Smith et al. 1990; Kelly 1994). In tropical vegetation, masting species
are usually canopy-dominant trees growing in nutrient-poor soils and have large, edible,
gravity-dispersed fruits (Janzen 1974; Silvertown 1980; Wailer 1993). The numerous
mechanisms which have been proposed to explain the evolution of masting in plants can be
summarised as belonging to two distinct (but not necessarily mutually exclusive) hypotheses:
(a) economies of scale and (b) resource limitation. Economies of scale include Janzen's
(1971) frequently cited "predator-satiation hypothesis", whereby seed-predators are alternately
starved and overwhelmed, thus allowing a larger proportion of seeds to survive in mast years
than in non-mast years (see discussion by Toy 1991). Other economies of scale include the
cloud of pollen produced iii some mono-dominant forests (which, as long as wind stirs the
cloud, increases a participating plant's opportunities for successful outcrossing (Nilsson and
Wastljung 1987; Norton and Kelly 1988; Smith et al. 1990; Kelly 1994)), and attracting
pollinators to an area (Appanah 1981; Ashton et al. 1988) or seed-dispersers to a group of
masting plants (Darley-Hill and Johnson 1981).

Resource limitation has been proposed in numerous, less-spectacular situations (e.g. acorn
production in British oaks (Crawley and Long 1995)). True 'resource-matching", where mast
fruiting is restricted to environmentally favourable years and the flowering cue anticipates
those conditions most likely to support successful flowering, seed production and seedling
establishment, is possibly an ideal that does not actually exist in nature (Norton and Kelly
1988). There is, however, evidence that many plants devote resources to reproduction only
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when they have accumulated some threshold level of reserves (Ashton 1975a; Janzen 1978;
Sork et al. 1993).

1.3

The Study Area

1.3.1 Location and Access
Field research was undertaken in Allosyncarpia forest in the Baroalba Springs

-

Koongarra Saddle area in Kakadu National Park, approximately 20 km south of the town of
Jabiru and 220 km east-southeast of Darwin (Fig. 1.3). Fire experiments described in Chapter
7 were conducted at the CSIRO (Tropical Ecosystems Research Centre) Kapalga Research
Station, between the South Alligator and West Alligator rivers, approximately 180 km east of
Darwin. Shadehouse studies described in Chapters 3, 5, 6 and 7 were carried out at the
Myilly Point campus of Northern Territory University in Darwin. (Chapters 2 and 4 describe
field and laboratory studies only.)

Four field sites were selected subjectively in the vicinity of Baroalba Springs (12° 49.5'S; 132°
52.5'E; altitude approximately 50 m), known as "Gubara Rockholes" in recent national park
literature (Anon. 1995a), to represent the range of light and water regimes in A. ternatadominated vegetation. Site B 1 was located in closed-canopy, monsoon rainforest on stony
alluvium inside the narrow, ravine section near the mouth of the Baroalba gorge. Site B2,
with sandy, skeletal soils, was situated in woodland on a rocky spur about 60 in above the
ravine floor. Site B3 was located on deep alluvial sand in a riparian thicket on the bank of
Baroalba Creek, about 100 in downstream from Site B 1 and 50 in outside the monsoon
rainforest. Site B4 was also located downstream from the Baroalba gorge, in Allosyncarpia
open forest on scree and rock ledges near the base of a sandstone cliff.

At a locality near Koongarra Saddle (120 5 1'S; 1320 52E; "Kurri Birrangdoy" on current park
signs), approximately 4 km southwest of Baroalba Springs, three sites were selected
subjectively in Allosyncarpia open forest at a range of topographic levels on the southsoutheast-facing scarp. Site K3 was located on a rocky part of the ridge itself, approximately
100 in above the plain. Site K2 was a group of ledges and ramps on a cliff about midway up
the slope. Site KO was located on the sand apron at the base of the scarp, at the boundary
between Allosyncarpia forest and Acacia torulosa Benth. ex F. Muell. woodland. Because
Site KO was accessible to the public and likely to be disturbed, an alternative site (Ki) was
selected at the scarp base, about 600 m further east.

IIPJ

Fig. 1.3 Location of the study area. Baroalba Springs (not shown) is located 4 km northeast
of Koongarra
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A single 9 m x 9 m quadrat (subjectively selected) was marked out for seedling studies at each
of the Koongarra sites (Ki, K2 and K3). A major consideration in the site-selection process
was accessibility in this extremely rugged terrain.

Each site covered an area of approximately 500 m2 and included at least five adult A. ternata
trees with diameter at breast height (dbh) > 30 cm (except Site B3, on the creekbank at
Baroalba Springs, which contained only three large adult trees along with numerous saplings
with dbh between 5 cm and 10 cm). Structural features of the vegetation at each site are
summarised in Table 1.1. Site locations are shown in Fig. 1.3; relative topographic positions
are shown in Fig.1.4.

These eight sites at Baroalba Springs and Koongarra became the focus for most of the detailed
field work in this study. Transects mentioned in other sections of this report (e.g. Section
2.3.4) were made in the vicinity of these sites. After pilot experiments in late 1990 and early
1991, physiological work was confined largely to the Baroalba sites, while seedling growth
was monitored on the Koongarra scarp only.

An overriding consideration in selecting the field area was the availability of wet-season
access. It might be argued that vegetation at Baroalba Springs can not be considered
representative of Allosyncarpia forest throughout the entire region, including many remote
and inaccessible parts of the Arnhem Land Plateau, because of periodic disturbance by
tourists and because of artificial fire-protection. Furthermore, the forest at Koongarra Saddle
is close to a regularly burned woodland and near the western limit of Allosyncarpia forest on
the Mt Brockman Massif. In countering these arguments, it is pointed out that Allosyncarpia
forest, throughout its entire range, is nearly always close to regularly burned woodland, and
that the western limit of Allosyncarpia forest on the Mt Brockman Massif does not appear to
be related either to currently operating environmental features or to intrinsic physiological
constraints. At Baroalba Springs, any disturbance or "artificiality" in the local environment is
unlikely to affect the water relations and gas-exchange characteristics of A. ternata.
Nevertheless, although Allosyncarpia forest was examined briefly in other areas during the
course of this study, one major habitat has escaped attention altogether

sandsheets on the

-

plateau surface (see Russell-Smith and Dunlop 1987; Bowman 1991b, 1994). It is
acknowledged that Allosyncarpia stands in those situations may be growing under extreme
fire-pressure and that their ecological responses may not be represented by the present
Escarpment-based studies.
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Table 1.1 Field sites in the Baroalba Springs-Koongarra Saddle area. CF = closed forest, OF = open forest, W = woodland,
OW = open woodland (Specht et al. 1974).

Site name

Bi

B2

B3

B4

KU

Ki

K2

K3

Location

Baroalba

Baroalba

Baroalba

Baroalba

Koongarra

Koongarra

Koongarra

Koongarra

ravine floor

hilltop

creekbank

lower cliff

sandsheet

sandsheet

cliff

ridge

Aspect

n/a

n/a

n/a

north

south

south

southeast

southeast

Slope

flat

irregular

flat

gentle

very gentle

very gentle

steep

irregular

alluvium

sand & rock

sand

sand & rock

sand

sand

rock

sand & rock

CF

W-OW

CF

OF

OF

OF

OF

OF

permanently

very dry

moist for

dry

dry

moist for

very dry

very dry

Landscape

Substrate
Vegetation
Water
availability
Irradiance
Fire frequency

very low
>

10

½ year

3/4 year

moist
very high

medium

medium

medium

medium

medium

medium

2-5

1-3

1-3

1-2

1-2

2-10

2-5

(years)
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Fig. 1.4 Relative topographic position of the study sites. Vertical exaggeration
approximately 20 x.
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1.3.2 Regional Climate
Regional climate is monsoonal, with a distinct wet season (December March)
-

alternating with an almost rainless dry season (May October). The months of November and
-

April are transitional, with unsettled weather and inegular storms. In most years, the dry
season includes a 2-3 month period of zero rainfall. Mean annual rainfall at Jabiru airport
(approximately 20 km from the study area) is 1 437 mm.

There is little variation in air temperature throughout the year. Monthly mean maximum
temperature varies from 31.5 to 36.5 °C, with the hottest month being November and the
coolest month being July. Extremes of 8.8 °C and 42.0 °C have been recorded at Jabiru
during the period 1971 1997; however, for most of the year, both night and day temperatures
-

are within 10 °C of the annual daily mean of 28.2 T. Frosts are unknown in the area.

Atmospheric humidity reaches a peak in February (mean monthly relative humidity at 3 pm:
64%) and drops markedly through the early dry season to a trough in the period August

-

September (mean monthly relative humidity at 3 pm: 25.5 %). Rising humidity in the late dry
season and the transitional "build-up" period is accompanied by widespread leaf-flushing in
trees and shrubs. A number of dry-season-deciduous plants produce new foliage before the
onset of drought-breaking rains, although there is considerable variation between years and
within species in the actual timing of leaf-flush (R. J. Williams et at. 1997c; pers. obs.).
Early-morning mist is a common phenomenon on the Escarpment during the dry season.
Monthly pan evaporation (annual mean: approximately 2 500 mm) usually exceeds rainfall,
except during some wet-season days, when cloud cover is high.

Dry, southeasterly trade winds predominate in the dry season. During the late dry season and
the transitional "build-up', wind directions are highly variable. There is generally a gradual
change during this period from predominantly southeasterly to predominantly westerly to
northwesterly winds. By contrast, the swing back to southeast winds at the beginning of the
dry season or during the transitional "build-down" period is relatively abrupt.

Traditional aboriginal chronology in the Top End recognises six seasons of unequal length
(Anon. 1995a), each season being defined by the availability of particular resources.
Braithwaite and Estbergs (1988) and R. J. Williams et at. (1997c) also divided the Top End
year into six ecological seasons. For the purposes of the present study, the calendar year has
been divided into three broad intervals, viz, wet season (December March), early dry season
-
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((April) May July) and late dry season (August October (November)), similar to Prior et
-

-

al. (1997). Taylor and Tulloch (1985) reported very large variation between years in the
onset and duration of the wet season as well as in annual rainfall. Records of the Bureau of
Meteorology show wide variation between even nearby sites in the timing and intensity of
climatic events.

1.3.3 Physiography, Geology and Soils
The field sites were located on the Mt Brockman Massif, an outlier of the Arnhem
Land Plateau. The Mt Brockman Massif rises abruptly from the surrounding plain and is
bounded by steep cliffs and talus slopes.

Like the Arnhem Land Plateau, the Mt Brockman Massif is composed of Middle Proterozoic
Kombolgie Formation rock, a sub-horizontal, medium- to coarse-grained quartz sandstone,
with occasional thin layers of quartz-granule and pebble conglomerate (Needham 1988).
Preferential erosion along a network of tensional joints has produced an extremely rugged
landscape and a distinctive criss-crossed air-photo pattern (Galloway et al. 1976).

The plateau surface of the Mt Brockman Massif is highly dissected with occasional flattish
areas of bare rock pavement. Maximum relief in the Baroalba Koongarra area is around
-

150 m, rising towards Mt Brockman (altitude approximately 280 m) in the north. Drainage
alter rain is rapid and, during the wet season, there are numerous streams and waterfalls.
Some spring-fed pools retain water through the entire dry season.

More detailed accounts of the geology of the region can be found in Needham (1988) and in a
series of geological maps (with explanatory notes) produced by the Northern Territory
Geological Survey.

Soils, where present at all, are sandy and skeletal. The floors of some ravines (such as at
Baroalba Springs) contain abundant organic material and soils may be coarsely layered.
However, on most parts of the Arnhem Land Escarpment, soil is confmed to shallow pockets.
More detailed soil descriptions can be found in Aidrick (1976) and, for the Koongarra area
only, White et al. (1982).
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1.3.4 Fire History
At the time the sites were selected (mid-1990), there was widespread evidence of
recent fire (e.g. blackened stumps, burnt logs and large charcoal fragments). Bowman
(1991 a) reported that a late-dry-season fire penetrated the monsoon rainforest at Baroalba
Springs in 1987 and this is corroborated by rangers' recollections of a particularly intense
wildfire on the Mt Brockman Massif in that year. Much of the Koongarra scarp had burned
earlier in the 1990 dry season, as there was still ash on the ground and some of the foliage was
scorched.

During the study period (1990 1995), there were no fires at Baroalba Springs, either in the
-

gorge itself (Site Bl) or on the northern slopes (including Site B2). However, a fire in midSeptember 1994 burned much of the flat area adjacent to the downstream margin of the
monsoon rainforest (including Site B3), as well as most of the scree slopes along the southern
edge of the gorge. Parts of the Koongarra scarp burned in most years, but not necessarily the
same parts. There were fires at Sites Ki and K3 in mid-1993. Site 1(3 burned again in 1994,
as did most of Site K2 (but not the quadrat where A. ternata seedlings were being monitored).
Site KO, at the forest-savanna boundary, burned annually (except in 1992). There were three
fires at this site in 1994.

The behaviour of fire on the Koongarra scarp and its impact on A. ternata seedlings are
described in Chapter 7. The possible role of past and present fire regimes in determining the
distribution of Allosyncarpia forest patches is discussed in Sections 8.2 and 8.3. Current
protocols for prescribed burning in the region are outlined in Section 8.4.

1.4

The Scope and Purpose of this Study

1.4.1 Questions and Hypotheses
Testable hypotheses examined in the present thesis to answer aspects of the questions
posed in Section 1.1 include:
(1) For A. ternata, there is substantial variation in tree physiognomy (stem diameter, canopy
height, canopy width and the number of stems), leaf characteristics (area, specific leaf area,
dry weight, chlorophyll content, nitrogen content and stomatal density), vegetation atthbutes
(canopy cover, size-class distribution and floristic composition), light-mediated gas exchange
(assimilation rate and apparent quantum yield), leaf water relations (leaf water potential,
stomatal conductance) and tissue water relations (solute potential, turgor potential and turgid
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weight: dry weight ratio). These variations in A. ternata are associated with site differences in
irradiance and in water content (in both soil and atmosphere).
Assimilation rate, apparent quantum yield, pre-dawn leaf water potential, tissue water
relations and diurnal patterns in leaf water potential and stomatal conductance of A ternata
differ seasonally between micro-climatically contrasting sites..
The production, dispersal and germination of A. ternata seeds do not suit this species to
rapid colonisation (in this study, I report field observations of a single reproductive event and
describe a shadehouse germination trial).
A. ternata seedlings are able to survive low-light conditions on the forest floor, but growth
is greatly enhanced under high irradiance.
Seedling growth in A. ternata is slow and mortality is high.
A. ternata seedlings devote a large part of their early growth to below-ground
development of a large lignotuber and a deep root system.
Large lignotubers play an important role in survival by allowing A. ternata seedlings to
resprout after damage to (even the complete loss of) above-ground parts.
Young A. ternata plants undergo a period of more than a year in which they are highly
susceptible to fire.

Other questions addressed in this study are:
Why do Allosyncarpia forests occur as small, isolated patches, rather than as extensive
rainforest massifs?
How does A. ternata maintain canopy dominance despite being absent from or underrepresented in the mid-storey?
c) What is the relationship between seedling size/age and fire intensity, e.g. how large does a
seedling have to be to survive a particular fire regime and how long does it take to grow to
that size?

These questions are of considerable interest to land managers and conservation agencies, and
results of these studies will contribute to land-management protocols, as well as to an
understanding of the biogeographical development of northern Australia. The present study
focuses on a single species; however, the mechanisms of establishment and growth in
A. ternata may be widespread among other species in Australia's monsoon tropics.
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1.4.2 Methodology
Two complementary approaches have been adopted in this study. The first is
ecophysiological and examines differences in photosynthetic activity and water relations at
micro-climatically contrasting sites. It addresses Hypotheses 1 and 2 (Section 1.4.1). The
second approach examines seedling growth and survival under different environmental
conditions; it addresses Hypotheses 3-7. As a background for both approaches, field sites
were first described in terms of micro-climate (air temperature, atmospheric vapour pressure
deficit (VPD), photosynthetic photon flux density (PPFD) and soil moisture content),
topography (rockiness, aspect and slope), litter load and vegetation structure (percentage
canopy cover). This initial survey also documented variation in leaf characteristics (leaf area,
leaf thy weight, specific leaf area, stomatal density and foliar nitrogen concentration), and tree
physiognomy (stem diameter, tree height, number of stems, canopy width and width : height
ratio) of A. ternata plants growing in the Baroalba Springs Koongarra Saddle area. These
-

indices are commonly used in vegetation surveys (e.g. Mueller-Dombois and Ellenberg 1974;
Unwin 1980; Jones 1983a; Moore and Chapman 1986; McDonald et al. 1990).

Floristic composition was assessed by recording all woody species (presence-absence only) in
five contiguous, 10 m x 10 m quadrats at each of the sites. These floristic data were
presented as a presence-absence table (similar to those published by Hopkins and Robinson
1981; Bowman and Wightman 1985), while site differences were examined by ordination,
using detrended correspondence analysis (e.g. Bowman et al. 1991; Barrow et al. 1993;
Russell-Smith et al. 1993). The vector analysis module of the package DECODA (Minchin
1990) was used to examine relationships between floristic composition and a number of
environmental variables (e.g. Bowman 1991b; Russell-Smith 1991; Fensham 1995). Heightclass data, collected for the A. ternata population in these same quadrats, were used to
prepare a series of density plots (i.e. number of plants per unit area (e.g. Burrows 1985;
Bowman et al. 1990; Felfihi 1995)).

An earlier study (Fordyce 1992) had shown that many of the leaf characteristics of A. ternata
in the Baroalba Springs Koongarra Saddle area were typical of "sun" and "shade' leaves.
-

For example, Fordyce (1992) found that A. ternata leaves in monsoon rainforest on the ravine
floor (Site B 1) were on average larger, and had higher values of specific leaf area, higher
chlorophyll concentration (per unit dry weight) and lower stomatal density than leaves at
exposed sites (e.g. Site 132). Shade leaves of many species are also known to differ from sun
leaves in the rate of light-saturated assimilation, apparent quantum yield, light saturation point
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and light compensation point (Boardman 1977; Schuize and Hall 1982; Givnish 1988). Each
of these indices of photosynthetic activity can be derived from light-response (A-Q) curves
(Björkman 1981; Jarvis and Sandford 1986; Ceulemans and Saugier 1991; see recent
application of A-Q curves by Fordyce et al. 1995 and Prior et al. 1997). Thus, gas exchange
was measured in the field over a range of photosynthetic photon flux densities in order to
construct A-Q curves. I recognise that measures of instantaneous CO2 assimilation at the leaf
level are not necessarily indicative of carbon exchange at the whole plant level (see Section
3.1). In the current study, these measurements are not used to model whole-plant carbon
balance; rather, they are presented to illustrate leaf differences between micro-climatically
contrasting sites and between different times of day and times of year.

The balancing pressure of xylem fluid expressed from a leaf enclosed in a Scholander-type
pressure chamber (Scholander et al. 1965) is generally equated with the negative of leaf water
potential (Tyree and Hammel 1972; Cheung et al. 1975;). Although this is not true in all
cases, it is a close approximation (Ritchie and Hinkley 1975). Typically, leaf water potential
(1P) varies diurnally, which poses the methodological problem of selecting the most
appropriate expression of IF, to represent the daily variation. Many different indices of
have been used in studies of plant water status. Some authors have proposed expressions for
the shape of the diurnal curve (Jarvis 1976; Colombo 1987). Others have presented values for
midday 'I' (Davidson and Reid 1989; Groom et al. 1994; Singh and Thompson 1995), midafternoon IF, (Cole et al. 1994), daily minimum IF, (Goldstein and Sarmiento 1987; Dodd
and Bell 1993) or daily range in I'I (Halvorson and Patten 1974).

Numerous studies, including the present one, have selected the daily maximum IF, (i.e. the
least negative), obtained pre-dawn (Wpd ), as the index of plant water status best suited to
intra-species studies (Reich and Hinkley 1989). Because, in most situations, 1d is indicative
of soil water status (Slatyer 1967), not necessarily over the entire root zone, but at least for
the wettest soil with which roots are in contact (Jones 1983b), this index is of considerable
ecological interest for seasonal comparisons of plant water stress. Duff et al. (1997) have
advised caution in equating Ppd with soil water potential and have drawn attention to
circumstances that might prevent overnight hydraulic equilibrium being established between
soil and leaf, including hydraulic lift (see Section 8.5.5), nocturnal transpiration and large tree
capacitance. To this list might also be added the possible existence of a strong resistance to
hydraulic flow in the soil-leaf pathway (e.g. the lignotuber (Myers 1995)).
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The water potential of leaf cellular sap is generally regarded as the sum of solute (osmotic)
suction of the cell fluid and the turgor pressure exerted on cell walls (Tyree and Jarvis 1982;
Kramer 1983), as well as small matric and gravitational contributions, which are disregarded
in most field situations. Pressure-volume (P-V) analysis, which involves repeated
measurements of IF, during leaf dehydration, followed by graphical solution of relative water
content (RWC) vs -1/P (Type II plot) and Höffler diagrams, allows IF, to be partitioned into
its solute and turgor components (Kramer 1983; Beadle et al. 1988).

Some investigators have compared techniques of hydration (e.g. Parker and Pallardy 1987;
Eamus and Narrayan 1989; Evans et al. 1990; Kubiske and Abrams 1991); some have
confined leaves to the pressure chamber throughout the analysis, so that dehydration is
controlled (e.g. Anderson et al. 1988; Luo and Strain 1992; Myers et al. 1997). In the case of
A. ternata, pilot studies showed that the most suitable method of hydration was to stand leafy
branchlets (5-10 mm stem diameter) in water (with the base recut underwater) for between 18
and 24 hours; two-leaf, terminal twigs (0.5-1.0 mm stem diameter) were then selected from
these branchlets for immediate P-V analysis. Longer hydration periods or the technique of
floating leaves on water (as used by D. J. Anderson et al. 1988; Luo and Strain 1992) resulted
in severe distortions of the Höffler diagram, probably as a result of the saturation of cell walls
and inter-cellular air spaces (also see Abrams and Menges 1992). Full turgor was rarely
achieved by this procedure, but turgid weight (needed to calculate RWC) was estimated by
extrapolating back to zero the plot of balancing pressure vs shoot fresh weight.

Dehydration was best achieved by allowing the leaves to dry on a shaded bench-top over a
period of 10-12 hours. Attempts to speed dehydration (e.g. by drying in the sun or by forced
expulsion of sap in the pressure chamber) produced inconsistent results.

In A. ternata, as in most plants, leaves are the principal sites of photosynthesis and are the
productive units of the organism, just as individuals are the productive units in communities
(Osmond and Chow 1988). For some processes, observations at the leaf level may be scaled
down to give an understanding of ultrastructure (e.g. the attenuation in light through a leaf,
which produces a gradient in chloroplast properties, is mechanistically similar to the gradient
of light through a plant canopy (Terashima and Inoue 1985)). Leaf-level observations might
also be scaled up to the level of whole plants (e.g. Givnish 1988) or communities (e.g. Field
1988) to provide physiological insights into patterns of plant growth and distribution. Jarvis
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and Sandford (1986) suggested that assimilating canopy can be regarded as a functional unit,
analogous to a leaf, with sources and sinks for carbon distributed through the canopy volume.
As with a leaf, the net influx of carbon dioxide into the system, in relation to environmental
variables, can be described in terms of radiant energy and properties of the assimilating
system.

This analogy should not be carried too far. Plant growth is not merely a function of the
photosynthetic capacities of its component leaves, and (as discussed in Section 3.1)
interactions with co-occurring organisms, such as competition for limiting resources, can
impose constraints on a plant's ability to inhabit a particular environment, not apparent from
its photosynthetic capacity alone. For example, Kuppers (1985) found that the dominant
woody species in a European hedgerow was Fagus sylvatica L. Although this plant showed
the lowest rate of light-saturated CO2 assimilation of all species examined, its success (in
terms of ultimate biomass accumulation and species persistence) was attributed to features of
leaf positioning, internode length, branching angle and bud activity. Similarly, as discussed in
Section 4.1, there is no single pattern of water use shared by all plants in a particular
environment; nor is there a particular pattern of water use that dictates that any species
possessing it will necessarily become locally dominant (e.g. Ludlow 1989; Berger et al. 1996,
Myers et al. 1997). Furthermore, water relations at the level of cells, leaves or individual
plants can vary with age (Körner and Cochrane 1985; Jarvis and Sandford 1986; Richards et
al. 1995).

The first part of the present study is essentially descriptive. It applies an ecophysiological
approach to the question "What attributes of A. ternata allow this species to occupy such
diverse habitats?" As is apparent from the success of studies that have adopted such an
approach (e.g. Reich and Hinkley 1980; Collier and Boyer 1989), physiological measurements
of photosynthetic capacity and water relations can usefully define theoretical limits for the
ability of an isolated plant to grow under a particular set of environmental conditions (Körner
1991). However, without an understanding of the age of the plant, the age-structure of its
parts or the relative performance of co-occurring organisms (e.g. competitors), then
physiological measurements alone can not predict a species' success in a particular
environment.

In view of this point, namely that leaf-scale physiological considerations alone do not
determine plant growth and distribution, the second part of the present study examines
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survival and growth in A. ternata seedlings under conditions currently experienced by
A. ternata-dominated vegetation. Although not in itself a rigorous response to the question
"Why is A. ternata confined to the Arnhem Land Plateau? (i.e. why is it absent from other
Top End locations?)", this study nevertheless provides a basis for speculation.

Most vegetation communities include plants of many ages, including seedlings and juveniles at
various stages of development. Seedlings are less effective competitors for resources than are
conspecific adults (Harper 1977; Grime 1979), yet if the species is to maintain a local
presence, then seedlings must be able to survive and grow to reproductive maturity. The
importance of seedling establishment to the survival of plant communities has been
demonstrated in numerous studies (e.g. Harper 1977; Naylor 1985; Crawley 1990). Pifiero et
al. (1984) suggested that the growth and survival of juveniles were more important than adult
fecundity as determinants of growth rate of a tropical forest.

The study of seedling growth in this thesis has been subdivided into three chapters

above-

-

ground growth, below-ground growth and responses to fire. Each of these chapters, however,
emphasises temporal variation in the growth and survival of A. ternata seedlings. In these
chapters, I contend that seedling survival constitutes a "bottleneck" in the expansion of
Allosyncarpia forest, and that, for A. ternata, seedling establishment and seedling growth are
episodic events rather than continuous processes.
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CHAPTER 2 VEGETATION AT CONTRASTING SITES

2.1 Introduction
As in much of monsoonal northern Australia, the vegetation of the Top End of the
Northern Territory is predominantly open forest and woodland (sensu Specht et al. 1974),
with a more or less continuous groundlayer of grasses and herbs. These are the "tropical
savannas" of Sarmiento (1984) and Mott etal. (1985) or the savanna woodlands" of Cole
(1982) and Johnson and Tothill (1985). The canopy is usually dominated by species of the
genus Eucalyptus L'Her.; Acacia-dominance, widespread throughout inland Australia (Beard
1981; Bowman and Connors 1996), is uncommon in the Top End (Story 1976).

Allosyncarpia forest occurs as discrete patches of monsoon rainforest (sensu Webb and
Tracey 1981) within this expanse of eucalypt savanna (Russell-Smith and Dunlop 1987;
Wilson etal.1990; Russell-Smith 1991). Unlike other monsoon rainforests in northern
Australia, the canopy in these patches is dominated by a single species

-

the myrtaceous tree

Allosyncarpia ternata. Allosyncarpia ternata occurs in a variety of habitats, including
permanently watered ravine floors and seasonally and hilltops, where Allosyncarpia forest
forms a structural continuum from closed-canopy forest to woodland

This chapter documents some of the variation in sites occupied by A. ternata (micro-climate,
soil moisture, canopy cover, leaf litter) and in the structure and floristic composition of
A. ternata-dominated vegetation in the Baroalba Springs Koongarra Saddle area. It also
-

describes differences between sites in tree physiognomy (stem diameter, canopy width, height,
width: height ratio, number of stems) and leaf characteristics (leaf area, leaf dry weight,
specific leaf area, stomatal density). The significance of these plant attributes is discussed in
terms of adaptation to water availability, irradiance and fire.
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2.2 Methods
2.2.1 Field and Laboratory Procedure
During the wet season of 1992-93 and early in the 1993 dry season, five contiguous
10 in x 10 in quadrats were established along a 50 in transect at each of the four sites at
Baroalba Springs (B 1-4) and the three sites near Koongarra Saddle (K1-3). At each location,
the transect was aligned approximately east-west, in such a way that topographic differences
were kept to a minimum. All woody species in the quadrat were recorded (presence/absence
only); grasses, herbs and annual vines were not recorded as their presence is known to vary
seasonally (Fensham 1995). Within each 100 m2 quadrat, the diameter at breast height (dbh)
of each A. ternata plant ~! 2 in tall was recorded. In addition, all A. ternata seedlings (defmed
here as plants <2 in tall) were counted in a 3 in x 3 in sub-quadrat, located at the northeastern
comer of each 100 m2 quadrat. Seedling height from ground level was measured to the
nearest 5 mm. All A. ternata plants were assigned to one of five size-classes: class 1 = small
seedlings (<50cm tall); class 2 = large seedlings/saplings (50-199.5 cm tall); class 3 = poles
(sensu Ashton 1975b) or small trees (~! 2 in tall, but < 10 cm dbh); class 4 = medium trees
(10-50 cm dbh); class 5 = large trees (>50 cm dbh).

Samples of soil were collected from each 100 m2 quadrat during the wet season of 1992-93
and again during the early dry season and late dry season of 1993. Soil samples were
collected from the bottom of two 50 cm-deep pits, dug near the centre of each quadrat. The
soil was sieved on-site and the < 2 mm fraction retained in zip-lock plastic bags. Samples
were stored (for logistic reasons) for between one and four days in a cool environment, then
weighed, before and after oven-drying at 105 °C for 48 h, in order to determine moisture
content. Four litter samples (leaves, grass, twigs :~ 6 mm diameter) were collected from
randomly sited, 0.25 m2 sub-quadrats during the wet season and again during the early dry
season. The litter was oven-dried at 80 °C for 96 h, sorted to remove any inadvertently
included sand, then weighed.

Site rockiness was estimated from substrate intercepts (rock, sand, live wood) along a 10 m
transect passing through the approximate centre of each quadrat. Grass cover was estimated
in a similar manner.

For each site, wet-season and dry-season canopy cover was assessed from hemispherical
photographs (Turton and Duff 1992). Photography was carried out in August 1992 (dry
season) and again in January 1994 (wet season). On each occasion, six photographs were

27

taken on a grid at each site, and mean canopy cover was calculated.

At each of the Baroalba sites, air temperature and atmospheric water vapour pressure deficit
(VPD) were measured at 1-2 h intervals during wet-season, early dry-season and late dryseason days. Temperature was measured with a whirling hygrometer at a height of 1.5 m
above ground level. VPD was derived from wet-and-dry bulb temperatures, using
hygrometric tables. Photosynthetic photon flux density (PPFD) 1 m above ground level was
measured at the same time, using a sunfleck ceptometer (Decagon Devices, Pulman, U.S.A.).
Each measurement was averaged from 80 light sensors ananged horizontally along an 80 cm
wand. Percentage frequency histograms for 50 pmol m 2 s ' light-classes were constructed for
each site to examine the distribution of PPFD during wet- and dry-season days. Because of
the rough terrain and occasional floods, it was not always possible to reach each site before
0900 h. For this reason, the PPFD frequency analysis included only those measurements
made between 0900 h and 1530 h.

The dimensions of 20 adult A. ternata trees (> 30 cm dbh), growing either within or close to
each site, were measured (height, canopy width, dbh, number of stems). The dbh of multistemmed trees was calculated as the sum of dbh's of all living stems. At Site B3 (Baroalba
creekbank), only ten trees were measured; the sample included the entire creekbank A. ternata
population of ten individuals growing in this habitat. For a similar reason, only 15 trees were
sampled at the Koongarra ridge site (K3).

At each site, ten leaves were collected from each of five medium-sized trees (10-50 cm dbh)
for determination of leaf area, leaf dry weight and specific leaf area (SLA). Leaf area was
measured using an area meter (Mark 1, Delta-T Devices, Cambridge, U.K.). Leaf dry weight
was measured after oven-drying at 80 °C to constant weight (usually four or five days).
Stomatal density was determined for the four Baroalba sites (B 1-4). Stomata were counted on
the underside of fresh leaves, using transmitted-light microscopy on glue impressions; for each
of three leaves from each of five trees at each site, three thin strips of glue were examined at
400x magnification and the stomata counted within a graticule circle of 250 pm diameter.
Stomatal densities were then calculated as the number of stomata per mm2 of leaf. Adaxial
surfaces contained very few stomata and these were not included in density calculations.

For each of the leaf measurements, young but fully expanded leaves were selected from the
lower canopy. Immediately after excision, the leaves were wrapped individually in damp
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tissue paper and stored in sealed plastic bags in a cool, dark container for the 3-4 h drive to
laboratory facilities in Darwin.

2.2.2 Data Analysis
Relationships between A. ternata abundance and environmental variables were
explored initially with a correlation matrix, using Pearson's product moment for continuous
and interval data and Spearman's rank for category data (Zar 1984). Differences between
sites in tree dimensions and leaf characteristics were examined with a series of one-way
ANOVAs. Two-way ANOVAs were used to test for seasonal differences and site x season
interactions in canopy cover, litter cover and soil moisture. Percentages were converted to
ratios prior to analysis. Transformations by log (x+1), /(x+1) or arcsin (r) were carried
out as appropriate to meet requirements for normal distribution and homogeneity of group
variances. Tukey's post-hoc test was used to compare group means where ANOVA had
previously identified a significant relationship (Day and Quinn 1989). Statistical calculations
were performed with Statistica software (Version 5.0; Anon. 1995b).

Floristic data collected in the quadrat survey were used to construct a presence-absence table.
For each locality (Baroalba and Koongarra), sites were arranged on this table along a
topographic gradient. An ordination was carried out on floristic data of the 35, 10 in x 10 in
quadrats, using detrended correspondence analysis (Hill and Gauch 1980) with DECORANA
software (Hill 1979) in the DECODA package (Minchin 1990). A total of 25 species was
selected for the analysis; species occurring in < 4 quadrats were not included. No
transformations were carried out, rare species were not downweighted and there was no
rescaling of axes. A vector-fitting analysis was carried out on the resultant species matrix,
using DECODA software. Fifteen environmental variables were considered

number of

-

fires during the period 1990-1995, number of months since the most recent fire (on 10/12/92;
assessed from site inspections and rangers' reports), number of seedfall events during the
period 1990-1995, distance from the savanna margin, slope, aspect (eight categories), total
canopy cover, A. ternata canopy cover, canopy height, percentage rock cover, percentage
grass cover, weight of flammable litter (November 1992, dry season-wet season transition),
percentage soil moisture (October 1993, late dry season), light (five categories), and extent of
topographic shading (five categories).
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2.3 Results
2.3.1 Site Descriptions
2.3.1.1 Micro-climate
Air temperature and VPD data for the Baroalba sites are summarised in Tables 2.1
and 2.2 respectively. Site B 1 (ravine floor) differed substantially from the other sites in that it
was consistently cooler and more humid throughout the year. Furthermore, both temperature
and VPD showed marked afternoon peaks at Site B 1, whereas at the more open sites,
temperature and VPD were maintained at high levels over a substantial portion of the day,
from late morning until late afternoon. These between-site differences were especially
pronounced in the late dry season. Site B2 (hilltop) showed the highest maximum and largest
diurnal variation in both temperature and VPD, and maintained high levels for the longest
period. Sites B3 and B4 could not be clearly distinguished from each other on the basis of
temperature and VPD.

The light climate on the hilltop was clearly different from that at the other sites. PPFD
frequency histograms (Figs 2.1 and 2.2) show that, at Site B2, PPFD was fairly evenly
distributed up to maximum ambient levels of approximately 2 300 iimol m 2 s'. By contrast,
Site B 1 was dimly lit at ground level, with almost all PPFD measurements being < 150
pmol m 2 s and with only rare sunflecks to 1 600 pmol m 2 s'. Sites B3 and B4 were more
brightly lit than Site B 1, but were not clearly distinguishable from each other on the basis of
diurnal PPFD distribution.

Fig. 2.2 suggests that there was little difference in PPFD between wet and dry seasons.
However, the data in this figure are biased by the fact that, for logistic reasons, PPFD
measurements coincided with measurements of stomatal conductance or assimilation (for
which only clear, sunny days were selected). Because of the cloudy conditions which
prevailed on many wet-season days, an unbiased representation would be expected to show
lower mean levels of PPFD.
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Table 2.1

Diurnal variation in air temperature at the four Baroalba sites during early dry-, late dry- and wet-season days.

Max. = highest temperature recorded; Mi

= lowest temperature recorded; Period = number of hours with at least 80% of

maximum temperature.
Wet season

Late dry season

Early dry season

Site
Max.
(°C)

Mm.
(°C)

Period
(hours)

Max.
(°C)

Min.
(°C)

Period
(hours)

Max.
(°C)

Mm.
(°C)

Period
(hours)

BI

30

25

3.9

34

24

2.5

34

26

3.1

B2

34

26

6.7

38

26

6.0

36

28

6.2

B3

33

26

5.8

36

26

6.0

34

24

4.8

B4

34

27

3.9

35

26

5.0

35

27

3.5

Table 2.2 Diurnal variation in atmospheric vapour pressure deficit (VPD) at the four Baroalba sites during early dry-, late dryand wet-season days.
Max, = highest VPD recorded; Mm. = lowest VPD recorded; Period = number of hours with at least 80% of maximum VPD.
Wet season

Late dry season

Early dry season

Site
Max.
(kPa)

Mm.
(kPa)

Period
(hours)

Max.
(kPa)

Mm.
(kPa)

Period
(hours)

Max.
(kPa)

Mm.
(kPa)

Period
(hours)

B!

2.2

0.45

4.1

2.5

0.2

2.6

2.0

0.4

2.0

B2

3.0

0.6

6.0

4.9

1.0

6.3

3.4

0.6

4.6

B3

2.9

0.5

4.8

3.9

0.2

5.5

2.6

1.0

2.2

B4

3.7

1.2

4.9

3.1

0.8

5.8

2.7

0.2

2.9
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Fig. 2.1 Distribution of PPFD (summarised in 50 imo1 m 2 s 1 classes) at the four Baroalba sites (B 1-4) during dry-season days. Only those measurements
made between 0930 and 1500 h are included here (see text).
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Fig. 2.2 Distribution of PPFD (summarised in 50 imo1 m 2 s' classes) at the four Baroalba sites (B 1-4) during wet-season days. Only those measurements
made between 0930 and 1500 h are included here (see text).
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2.3.1.2 Soil moisture
Substrates in the Baroalba Koongarra area were poorly sorted (i.e. comprising a
-

wide particle-size range). For the most part, they were stony sands, derived from Kombolgie
Formation sandstone, with a variable proportion of organic matter (rarely exceeding 10%). At
Sites B3 and Ki, where there were deep alluvial and colluvial piles respectively, the sand was
moderately well-sorted. Apart from a few small pockets of sandy clay, the soils of the area
can be described as free-draining, with a low capacity for water-retention.

Soil water contents at the Baroalba and Koongarra sites are shown in Table 2.3 for three
times of year. In December, early in the wet season, soils throughout the area were wet, with
5-8% gravimetric moisture (expressed as a percentage of soil dry weight). Early in the
following dry season, the hilltop and scarp sites had dried out dramatically, while those beside
water bodies (Sites B 1 and 133) remained at close to wet-season levels. Late in the dry season,
open water in Baroalba Creek was confined to a few pools in the gorge itself (Site B 1 was
close to one of these pools; the channel adjacent to Site B3, outside the gorge, dried out during
the dry season in most years). Soils at the hilltop and scarp sites continued to dry through the
dry season, although there may have been some recharge from artesian sources (artesian seeps
were sometimes visible near Sites B4 and Ki).

2.3.1.3 Litter
Early in the wet season of 1992, there was little difference between sites in flammable
litter content (Table 2.4). Over the wet season, however, litter content increased dramatically
at open sites (e.g. B2 and K3), while it remained approximately constant or increased only
slightly at forest sites. Most of the increase between December 1992 and May 1993 was due
to wet-season grass growth.
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Table 2.3 Seasonal variation in mean gravimetric water content of soil ± standard error (expressed as percentage of soil dry weight;
30-50 cm depth) at Baroalba Springs and Koongarra sites.

Site

Location

Topography

Mean soil water content

(% of soil dry weight)

Wet season

Early dry season

Ravine floor

5.75 ± 0,66

6.28 ± 0.70

4.40 ± 0.62

Hilltop

4.72 ± 0.59

2.44 ± 0.30

0.32 ± 0.04

Creekbank

7.87 ± 0.60

7.67 ± 0.38

3.62 ± 0.51

Lower cliff

6.42 ± 1.34

2.87 ± 0.50

2.00 ± 0.17

Sandsheet

6.24±0.58

2.11 ± 0.53

1.83 ± 0.09

K2

Ciff

6.74 ± 0.63

0.75 ± 0.09

0.40 ± 0.03

K3

Ridge

5.38±0.37

1.97±0.29

0.88±0.10

B!

Baroalba

B2
B3

'

B4

K!

Koongarra
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Late dry season

Table 2.4 Seasonal variation in mean ± standard error (g m 2) litter (grass + leaf litter + twigs :!~ 6
mm diameter + live foliage to an above-ground height of 1 m) at sites in the Baroalba Koongarra
-

area. Litter was collected from twenty 0.25 m2 quadrats at each site in December 1992 (wet season)
and again in May 1993 (dry season). Numbers in the same row with the same superscript letter are
not significantly different.

Site

Location

Topography

Bi

Baroalba

Ravine floor

B2

'

B3
B4

'

Ki

Koongarra

K2

"

K3

'

Litter content
Wet season
Dry season
(g m 2)
(g m 2)
a
192 ± 20
74 ± 17 a

Hilltop

314 ± 67

1 604 ± 257

Creekbank

313 ±46

554 ±33

Lowercliff

241 ±44b

338±40b

Sandsheet

239 ± 17

427 ± 46

Cliff

88±15

163±37

Ridge

212±32

765±60

2.3.1.4 Canopy cover
Site differences in air temperature, VPD and PPFD distribution at Baroalba reflect
variation in canopy cover. As shown in Table 2.5, wet-season canopy cover was high on the
ravine floor (82%), low on the hilltop (22%), and intermediate in open forest at the creekbank
(63%) and lower cliff (59%) sites. Levels of canopy cover were similar to each other at Sites
B3 and B4.

At Sites Bi and B4, where the canopy consists almost entirely of A. ternata and other
evergreen species, there was little seasonal variation in canopy cover. By contrast, at Sites B2
and B3, the canopy includes a number of fully-, semi- and brevi-deciduous species (sensu
R. J. Williams et al. 1997c) and is substantially more sparse in the dry season than in the wet
season. The largest seasonal variation in micro-climate occurred at these latter sites, where
many of the canopy trees shed all or part of their foliage during the late dry season.
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Table 2.5 Seasonal variation in percentage canopy cover (determined by hemispherical
photography) at the four Baroalba and three Koongarra sites. Each percentage value is the mean
(± standard error) of six photographs.

Site

Topography

Canopy cover (%)
Late wet early dry season
-

Mid late dry season
-

Bi

Ravine floor

82 ± 1

79 ± 3

B2

Hilltop

22±5

11±9

B3

Creekbank

63 ± 3

51 ± 5

B4

Lower cliff

59 ±4

62 ± 7

K!

Sandsheet

68 ± 6

66 ± 4

K2

Cliff

71±5

48±8

K3

Ridge

65±3

53±5

2.3.2 Floristic Variation
Tables 2.6 and 2.7 show the distribution of trees, shrubs and woody vines at the four
Baroalba and three Koongarra sites. A total of 60 species from 29 families was recorded in
the 35 quadrats. There were 49 species (from 28 families) at Baroalba and 27 species (from
18 families) at Koongarra; 16 species (from 14 families) were common to both localities.
There were distinctive floras at Baroalba on the creekbank (11 unique species), hilltop (eight
unique species) and ravine floor (six unique species). By contrast, at Koongarra, almost all
species were present at more than one site. The lower cliff site at Baroalba (B4) shared
floristic elements with both the Baroalba creekbank and the Koongarra scarp.

The only species recorded at all seven sites was Allosyncarpia ternata. Obviously, there was
some bias here, since the sites had been selected in the first place because they included
A. ternata. However, the placement of quadrats within the sites was not based on such
subjective considerations, yet A. ternata was present as saplings andlor trees in 32 of the 35
quadrats. The next most widespread species in the present survey, Breynia cernua (Poiret)
Muell. Arg. (Euphorbiaceae) and Canarium australianum F. Muell. (Burseraceae), were
present at five and four sites respectively.
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Table 2.6 Woody species present in 10 m x 10 m quadrats (a-e) at Baroalba Springs sites (B1-4),
wet season 1992-93.

AliDsyncarpiaternata
Helicia australasica
Planchonella sp. aff. xerocarpa
Syzygium forte ssp. potamophilum

Rapanea bentharniana
Carpenraria acuminata
Diospyroscalycantha
Carallia brachiara
Lophopetalum arnhemicum
Xanthosremon eucalyproides
Calophyllu,n sil
Sniilax australis
Pandanus spiralis
Eryrhrophleum chiorosrachys
Boronia lanceolata
Acacia sp. aff tropica
Myristica insipida
Flagella na indica
Trema tomenrosa
Melaleuca leucadendra
Jacksonia sp.
Grevillea pteridifolia
Buchanania arborescens
Acacia latescens
Acacia plectocarpa
Pogonolobus rericulatus
Tabernaemonrana pandacaqui
Breynia cernua
Canarium australianum
Dryperes lasiogyna
Buchanania obovara
Alyxiaspicata
Alyxia ruscifolia
Gardenia sp.
Acacia aulacocarpa
Denhamia obscura
Diospyros sp.
Strychnos lucida
Ficus platvpoda
Acacia gonocarpa
Templeronia hookeri
Tephrosia sp.
Grevillea dryandri
Anridesma parvifolium
Capparis umbonara
Myrrella sp.
Olax aphylla
Livistona inermis

Ravine Floor
(Bi)

Creekbank
(B3)

Lower cliff
(B4)

Hilltop
(B2)

a b c d e
XXXXX

a b c d e
XXXX

a b c d e
XXXXX

a b c de
XXXXX

XXXXX
X X X X X
XXX
X

XX
XX
X
X
X
X
X

XX
XX
XXX
XXX
X
X
X
X
X

XX
XX

XX
X

XX
X
XX X
X
X X
XX
XX
X
X
X
X
X
X
X
X
X
X
X
X
X
XX
XX
X
X
X

X
X
XX
X
X
X X
X
X

XX

XX
X

X
X
X
X
X
X
X
X

XX
XXXXX
XXXX
XX
X

x

x
XX

X
X
X
X
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Table 2.7 Woody species present in 10 m x 10 m quadrats (a-e) at Koongarra sites (K1-3), wet season
1992-93.

Allosyncarpia tern ata

Sandsheet (KI)

Cliff(K2)

Ridge (K3)

a b c d e

a b c d e

a b c d e

x x x x

x x x x x

x

Ichnocarpus fructescens

x

Tarenna australis

x
x

Terminalia carpentariae

x

Persoonia falcata
Pandanus spiralis

x

Ficus scobina

x

Syzygium suborbiculare

x
x x x
x

Grewia sp.

x

Grevillea decurrens

x x x

x x x x x

x

x

x

xx

x x x

x

x

x

Pouteria sericea

Stychnos lucida

x

x

Denhamia obscura

Smilax australis

x x x x
x

Xanthostemon psidioides
Canarium australianum

xx

xx

Erythrophleum chlorostachys

Breynia cernua

x

xx

x

x
x

x
x

x x x
x

Lophopetalum arnhemicum
Diospyros sp.

x

Petalostigma pubescens

x

x

x

Carallia brachiata

x

Alyxia rusc(folia
Alyxia spicata

xx

x

x

x
x

Ficus platypoda

x
x

Eucalyptus kotnbolgiensis
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The four sites at Baroalba (B 1-4) and three sites at Koongarra (K1-3) were examined with the
same ordination, but are shown on separate diagrams here for clarity (Figs 2.3 and 2.4). At
Baroalba, ordination of the 25 most-frequently occurring, woody species clearly distinguished
between vegetation on the ravine floor (Site B 1) and vegetation on the hilltop (Site B2).
Vegetation at the creekbank (B3) and lower cliff (B4) sites occupied an intermediate position
in ordination space between B 1 and B2, and showed some overlap (Fig. 2.3). On the
Koongarra scarp, sites were dispersed along the DCA 2 axis (Fig. 2.4) but, with the exception
of a particularly rocky quadrat at the cliff site (K2), were not clearly separated from each
other.

Vector analysis on the same ordination (Fig. 2.5) showed that soil water content, canopy
cover, A. ternata canopy cover and canopy height were associated with the first axis (DCA 1),
while distance from the savanna margin and site rockiness were associated with the second
axis (DCA 2). Light and the number of seedfall events were associated with some interaction
between DCA 1 and DCA 2; their vectors lay on a diagonal between the two principal axes.
Vectors representing the number of fires, number of months since the most recent fire, and
aspect were aligned on another diagonal between the axes. The environmental variables slope,
grass cover, litter weight and topographic shading were not significantly correlated (P> 0.01)
with the floristic data along either ordination axis. Thus, most of the floristic variation in
A. ternata-dominated vegetation at Baroalba was correlated with soil water content, canopy
cover, canopy height, light and the number of seedfalls. By contrast, at Koongarra, most of
the variation was correlated with distance from the savanna margin (height on the Koongarra
scarp in this case) and site rockiness. Relationships between fire frequency and floristic
variation could not be resolved in this ordination. However, the variable "number of months
since the most recent fire" was correlated with both distance from savanna margin (P = 0.014)
and soil water content (P < 0.001). "Number of months since the most recent fire" was also
significantly correlated (P = 0.003) with the abundance of A. ternata seedlings (but not trees).
The correlation matrix is shown in Table 2.8.
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Fig 2.3 Detrended correspondence ordmation of the 25 most-frequently occurring, woody
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Fig. 2.4 Detrended correspondence ordination for the 25 most-frequently occurring, woody
species at Koongarra (Sites K1-3). 0 Ki, V K2, 0 1(3. See text for discussion of DCA axes.
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Fig. 2.5 Directions of statistically significant (P < 0.05) vectors of environmental and structural variables in the DCA space defined by the 25 most-frequently
occurring, woody species at Baroalba and Koongarra sites. Variable names as for Table 2.8. The length of arrows indicates the magnitude of maximum
correlation (r).
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Table 2.8 Correlation matrix for environmental and structural variables at Baroalba and
Koongarra sites.

r = Pearson's

correlation coefficient, for continuous and interval data, or

Spearman's rank correlation coefficient, for correlations with category variables. Only those
correlations significant at P < 0.05 are shown. * = P < 0.01; ** = P < 0.001;

'"

=P

< 0.0001.

Fire = number of fires during the period September 1990 Septenber 1995;
-

LastF = number of months since the most recent fire (recorded 10/12/92);
Sdfl = number of seedfalls during the period September 1990 September 1995 (0.5 = seed washed
-

downslope into quadrat area with no direct seed input from overhanging canopy; 1 = seed fallen from
overhanging A. ternata canopy);
Say = distance (m) from savanna margin;
Slop = slope (°);
Asp = aspect (eight categories: 1 = 0-44°; 2 = 3 15-359°; 3 = 45-89°; 4 = 270-314°; 5 = 90-134°;
6 = 225-2690 ; 7 = 135-179°; 8 = 180-224°);
Can = canopy cover (%);
Allo = cover (%) by A. ternata canopy;
CanHt = canopy height (m);
Rock = site rockiness (%);
Gras = grass cover (%);
Litt = litter weight (g) in early December 1992;
SoilW = dry-season, soil water content (% of soil dry weight);
Ligh = light (five categories: 1 = very dim [noon PPFD <50 imol m 2 s 1]; 2 = fairly dim [noon
PPFD 50-100 imo1 m 2 s']; 3 = moderate [noon PPFD 100-500 pmol m 2 s']; 4 = fairly bright [noon
PPFD 500-1500 imol m2 5 11; 5 = very bright [noon PPFD> 1500 jimol m 2 s']);
TopSh = topographic shading (five categories: I

= none

(site unshaded by rock throughout entire

day); 2 = site shaded for approximately 25% of day; 3 = site shaded for approximately 50% of day;
4 = site shaded for approximately 75% of day; 5 = site shaded for all or almost all of day).

Table 2.8 (cont.)

Variable

Fire

LasiF

Fire
LastF
Sdfl

1.00

-

Say
Sloe
Asp
Can
Alto

Sdfl

Say

Slop

Asp

-.37

-

Can

Allo

CanFit

Rock

Gras

.64*

1,00

-.41

Litt

SoiIW

Ligh

TopSh

.41
• 77**

1.00

44*

.33

73**

.80***

-.40

.42

55*
.51*

1.00

.56**

1.00

.66**

1.00
1.00

• 94**

.80***

1.00

.69**

CanHt

1.00

Rock

-.36
-.41
.46*
1.00

Gras

.41

.43
.46*

-.33

.36

.63**

-.42

.40

1.00

Litt

.40

.48*

-.38
1.00

Soi1W

1.00

Ligh

1.00

TopSh

1.00
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2.3.3 Size-class Distribution

Histograms of A. ternata size-class distribution at each site are shown in Figs 2.6 and
2.7, where density is expressed on a logarithmic scale as plants per 100 m2.

Sites B 1, B3 and B4 at Baroalba show what is probably a 'normal" pattern of size-class
distribution, with seedlings and saplings greatly outnumbering trees (Fig. 2.6a, c and d). By
contrast, Sites B2 and Ki show marked recruitment gaps (missing small seedlings and small
trees respectively; Figs 2.6b and 2.7a). Casual inspection at the base of the Koongarra scarp
showed that the Allosyncarpia forest there consisted almost entirely of medium and large
trees, and was depauperate in plants of smaller size classes; seedlings were confmed largely to
gullies and grassless patches under a few A. ternata adults.

At Sites K2 and K3 on the Koongarra scarp (Figs 2.7b and 2.7c), there were almost as many
trees as seedlings, reflecting the harshness of the seasonally dry, scarp environment for
A. ternata seedlings and the irregularity of seedfall. There are few microsites on the scarp
where a seedling can survive; once established however, seedlings progress to the next sizeclass with little mortality. Stated otherwise, if plants on the scarp are going to die, they tend
to do so as very small seedlings. This contrasts with the pattern observed at Site B 1 (Fig.
2.6a). In monsoon rainforest on the ravine floor, although there had been no recent seedfall at
the time of these measurements (March 1993), there was nevertheless a large number of small
seedlings (mostly < 10 cm tall). This pattern indicates that, while mortality of small seedlings
is not as high as on the Koongarra scarp, growth (i.e. advancement to the next size-class) is
slow. Death comes at a later stage and, at the coarse size-scaling shown here, first manifests
itself as a marked reduction in the density of> 50 cm seedlings. There were no large trees
(>50 cm dbh) at the hilltop site (Fig. 2.6b). Although I have observed some large individuals
on the plateau surface, most A. ternata trees in this habitat are short, with narrow stems (see
Section 1.2.1).

2.3.4 Tree Physiognomy
Characteristic heights, canopy widths and width: height ratios of A. ternata trees at
the Baroalba and Koongarra sites are shown in Table 2.9. Between-site differences were
especially pronounced when tree dimensions were normalised by dividing them by the product
of height and dbh of the thickest stem (a crude index of biomass). Without such
normalisation, the ratio canopy width: height failed to distinguish between small,

Fig. 2.6 Size-class distribution of A. ternata at Baroalba sites. 1 = small seedlings (height
<50 cm); 2 = large seedlings (height 50-200 cm); 3 = saplings/poles/small trees (height
> 2 in, but diameter at breast height (dbh) < 10 cm); medium trees (dbh 10-50 cm);

5 = large trees (dbh> 50 cm).
Site B 1 (ravine floor); n = 108
Site B2 (hilltop); n = 26
Site B3 (creekbank); n = 149
Site B4 (lower cliff); n =49
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Fig. 2.7

Size-class distribution of A. ternata at Koongarra sites. 1 = small seedlings (height

<50 cm); 2 = large seedlings (height 50-200 cm); 3 = poles/small trees (height
> 2 m, but diameter at breast height (dbh) < 10 cm); medium trees (dbh 10-50 cm);

5 = large trees (dbh> 50 cm).
Site Ki (sandsheet); n = 69
Site K2 (cliff); n = 20
Site K3 (ridge); n = 44
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5

Table 2.9 Mean dimensions (± standard error) of A.

ternata

trees at Baroalba and Koongarra sites, August 1992.

'Normalised' dimensions are divided by (the dbh (m) of the largest stem multiplied by that tree's height). The sample size
(i.e. the number of individual trees measured) at each site is shown in square brackets in column 1.
dbh = diameter at breast height; ht = height; width = canopy width; norm. = normalised

Mean

Mean

Mean

Mean

Mean

Mean

Mean

Mean

db/t

ht

norm,

width

norm,

width: ht

norm,

no. of

[n]

(cm)

(m)

ht

(m)

width

ratio

ratio

Stems

B1

44

23

2.8

12

1.3

0.5

0.06

1.0

±5.0

±0.3

±0.3

± 1.3

±0.1

±0.05

±0.004

±0.0

58

13

3.3

12

3.0

1.0

0.27

2.2

± 7.2

± 0.7

± 0.4

± 0.8

± 0.3

± 0.06

± 0.04

± 0.2

63

20

1.9

19

1.7

1.0

0.10

1.0

±8.0

± 1.0

±0.3

± 1.8

±0.2

±0.07

± 0.02

±0.0

77

15

1.8

18

2.1

1.2

0.15

1.3

±7.2

±0.6

±0.2

± 1.0

±0.3

±0.04

±0.02

±0.1

75

19

1.7

21

1.8

1.1

0.10

1.3

±7.1

±0.3

±0.1

± 1.3

±0.1

±0.06

±0.01

±0.2
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13

2.6

15

3.0

1.2

0.25

1.1

±4.8

±0.6

±0.3

± 1.3

±0.3

±0.10

±0.04

±0.1

69

15

2.2

16

2.5

1.1

0.17

2.1

± 10.2

±0.5

±0.1

±0.6

±0.2

± 0.05

± 0.02

±0,5

Site

[20]
B2
[20]
B3
[10]
B4
[20]

K!
[20]
K2
[20]
K3
[15]

multi-stemmed trees at the hilltop and ridge sites and large (both tall and broad) trees growing
on the Baroalba creekbank and the sandsheet at the base of the Koongarra scarp. Trees on the
ravine floor were tall and relatively narrow (Plate 2.1), with a single stem and a normalised
canopy width: height ratio <0.01. By contrast, hilltop trees tended to be multi-stemmed, low
and spreading (Plate 2.2), with a normalised canopy width: height ratio > 0.2. Trees growing
on the Baroalba creekbank had similar dimensions and normalised canopy width: height ratios
to trees on the Koongarra sandsheet (mean approximately 0.1). Koongarra ridge trees were
similar to those on the lower cliff at Baroalba, except that the ridge trees were more frequently
multi-stemmed.

The relationship between normalised tree dimensions at the seven sites is illustrated in Fig.
2.8. Trees at Sites B 1 and B2 clearly differ from those at other sites. Sandsheet and
creekbank trees plot close together in the lower centre of the diagram. Cliff, ridge and hilltop
trees form a cluster at the centre-right of the diagram. Site B4 plots at an intermediate
position between the creekbank-sandsheet and cliff-ridge-hilltop groups. The seasonally dry,
cliff site (K2), like the hilltop site (B2), occupies an extreme position on the graph. Trees at
these sites have very high values of normalised canopy width, largely as a result of small stem
diameters.

2.3.5 Leaf Characteristics
As shown in Table 2.10, there was a consistent decrease in mean leaf size and SLA
from shady to sunny sites at Baroalba. The largest difference in SLA occurred between leaves
under closed canopy on the ravine floor (B 1; 9 207 mm2 g') and leaves in woodland at the
hilltop site (B2; 7 223 mm2 g'). Leaves on ravine-floor trees were significantly larger (mean
2 544 mm2; P < 0.01) than those at all other sites. At the two Baroalba sites downstream
from the gorge (B3 and B4), leaf dimensions were similar to each other.

On the Koongarra scarp, while the SLA of leaves at the ridge and sandsheet sites was
significantly higher than those at the cliff site (P < 0.001), the leaves resembled some of those
at Baroalba (Sites B3 and B4). The SLA of Koongarra cliff site (1(2) leaves was statistically
indistinguishable from leaves on the Baroalba hilltop (P = 0.104).

48

-t

s.
...

•

•.

•

-.

••

•.

,
.

•

•
• l• .•.
.t•...

•,••. •

:

r;

•
.%•.

•_•

.

••

,

•' '••.,

•i

;ç'.

.r
j
#?''• .
.••

-

•,-•

•

•
•,

-1 •

.a I

I
:

k?
4;I L
••.•

• :.

t

•

7

Plate 2.2 A spreading, multi-stemmed A. ternata tree in woodland on the plateau surface,
near Site B2. This tree has five living stems (> 10 cm diameter) with a total dbh of 95 cm.
Height is 15 m; canopy width is 16 m. Numerous branches arise from the base of the trunk.
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Fig. 2.8 Relationship between normalised canopy width and normalised height of A. ternata
trees at Baroalba and Koongarra sites. Data from Table 2.9. Bars represent standard error.
See text for explanation of the normalisation procedure.
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Table 2.10 Mean leaf area and mean specific leaf area (SLA) ± standard error of A. ternata leaves at Baroalba and Koongarra sites.
Figures followed by the same superscript letter are not significantly different at P !~ 0.01 (all other pairs are different at P <0.001).

Site

Location

Topography

Mean leaf area

Mean specific leaf

(mm2)

area

n

(mm2 g')
Ravine floor

2544 ± 90 a

B2

Hilltop

1597 ± 72 b

7223 ± 158

B3

Creekbank

2220 ± 106a

7981247de

B4

Lowercliff

Bl

K!

Baroalba

Koongarra

Sandsheet

K2

Cliff

K3

Ridge

2197 ± 120a

9207 ± 210
cd

50
50
50

8192 ± 194e

50

2259 ± 95 a

8327 ± 183 e

50

165482b

6907± 113c

49

176276b

8121 ± 213e

50
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Mean stomatal densities for leaves at the Baroalba sites are shown in Table 2.11. Leaves at
the brightly lit, hilltop site (132) had higher mean stomatal density (1 057 stomata mm 2) than
leaves at the darker, forest sites (:!~ 703 stomata nim 2). Stomatal density (stomata per unit
area), rather than stomatal index (number of stomata per number of epidermal cells) was
,

used here because no routine technique was found to delineate epidermal cells.

Table 2.11 Mean stomata! density (± standard error) of A. ternata leaves at the four Baroalba sites
(B 1-4). Numbers followed by the same superscript letter are not significantly different at P !~ 0.01.
n = 135 at each site (i.e. 5 trees, 3 leaves, 3 glue-strips, 3 fields of view).
Site

Topography

Mean stomatal density
(

2)

Bi
B2

Ravine floor
Hilltop

B3

Creekbank

703 ± 15 a
1057 ± 25
644 ± 8 a

B4

Lower cliff

591 ± 12

2.4 Discussion
Different sites which support A. temata-dominated vegetation within the Baroalba

-

Koongarra area differed substantially in micro-climate and soil moisture. These between-site
differences in micro-climate were largest in the late dry season, when the Top End had been
without effective rainfall for several months and many deciduous plants were leafless. In
addition, both the structure and floristic composition of A. ternata-dominated vegetation
differed between sites. At exposed locations on the plateau surface (e.g. Site 132), vegetation
is a woodland (canopy cover 10-30%), with an understorey of heath shrubs and perennial
grasses. On the Koongarra scarp and at the lower cliff site at Baroalba (134), A. ternata forms
an open forest (canopy cover 30-70%), while the canopy is closed (canopy cover> 70%) on
the floor of the Baroalba ravine.

Allosyncarpia ternata varied in the distribution of size-classes at different sites. On the
ravine floor, there were numerous seedlings, while at the nearby hilltop site, small A. ternata
seedlings were entirely absent. Seedlings and saplings were also poorly represented on the
Koongarra cliff. This lack of seedlings probably reflects the irregularity of seedfall and the
rarity of successful seedling establishment at these seasonally droughted sites. The abundance
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of saplings, poles and small trees at the Baroalba creekbank and Koongarra ridge sites
probably results from seedling establishment following a seedfall event during the early 1980s

At the boundary between Allosyncarpia forest and savanna along the base of the Koongarra
scarp, seedlings were confined to locally fire-protected patches. The scarp base was
characterised by low stem density, a sparse or absent understorey and a paucity of poles/small
trees. It is possible that under-representation of small size-classes in this area represents fire
damage and indicates local forest decline; this issue is discussed further in Chapters 5 and 7.

By comparison with A. ternata trees growing on the ravine floor, cliff and hilltop trees are
generally shorter, branch lower, are more frequently multi-stemmed and have higher ratios of
canopy width to height. Differences between sites in tree physiognomy are probably due
largely to differences in water availability, a feature which is discussed in more detail in
Chapter 4. At the cliff and hilltop sites, where soils are extremely dry for much of the year,
trees are shorter and have a more gnarled appearance than those with continuous access to
water. The multi-stemmed habit of many cliff and hilltop trees probably results from episodic
damage caused by drought and/or fire.

The multi-stemmed habit, as opposed to the single-stemmed form, is often considered an
adaptation to frequent fire (e.g. Lacey 1974; Noble 1984; Bradstock and Myerscough 1988)
Certainly, canopy cover can be quickly re-established by mallee eucalypts following
catastrophic fire (Wellington 1984). However, in the Baroalba Koongarra area, multi-

stemming in A. ternata adults is more prevalent at seasonally droughted (rather than fireprone) sites, although the functional relationship between the number of stems per plant and
soil water content is unclear. Possibly the multi-stemmed habit in adults is inherited from
juveniles, in which multi-stemmed regrowth develops from lignotubers after the dry-season
loss of above-ground growth (see Chapters 5 and 6). Alternatively, multi-stemmed
individuals, with their high ratio of stem to leaf biomass (i.e. water-supplying to waterevaporating tissue), may be intrinsically better suited to droughted habitats than are singlestemmed trees (Mooney et al. 1978; Myers 1985; Sabatti et al. 1993). The multi-stemmed
habit is also widespread in alpine/sub-alpine vegetation of southeastern Australia (Hope
1994).

Leaves at the cliff and hilltop sites are generally smaller and thicker than those on the ravine
floor. They have lower mean SLA and a higher mean stomatal density. These observations
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accord with numerous reports of anatomical differences between "sun" and "shade" leaves
(e.g. Boardman 1977; Givnish 1988). Leaf thickening (i.e. decreased SLA) is an adaptation
to high light conditions (Begon et al. 1986; Thompson et al. 1988). SLA has been observed
to decrease in tropical forests with increasing height in the canopy (Medina 1986) and with
increasing gap size (Bongers et al. 1988; Osunkjoya et al. 1992). The increased mesophyll
surface area produced by leaf thickening affords greater levels of mesophyll conductance,
which, as long as water shortage does not cause stomatal closure, benefits leaves growing in
excess light. In the present study, the ranking of sites by mean SLA of A. ternata was
identical to ranking by 0900-1530 h PPFD.

Similarly, a high stomatal density (as observed at Site B2) is more advantageous to sun leaves
than to shade leaves, since the former have a higher rate of light-saturated assimilation
(Section 3.3.1; Fordyce et al. 1995). Even when water availability is restricted, as it is for
much of the year on the hilltop, a high stomatal density may not be disadvantageous, since the
stomata can close when conditions dictate. Thus, it is suggested that, in a monsoonal climate,
it is advantageous for a leaf to have a high stomatal density to enhance CO2 influx when water
supply is favourable and light levels are high. It is surprising that leaves at the lower cliff site
(B4) had a lower mean stomatal density than leaves at the more dimly lit ravine floor site
(B 1). Perhaps this result reflects an interaction between irradiance and low water availability
not specifically examined in this study.

Compared with published values for tropical tree species (Meidner and Mansfield 1968;
Larcher 1980; Sobrado and Medina 1980; Cole 1994), the stomatal densities measured for
A. ternata in this study are high for rainforest plants but well within the range of figures for
sclerophyllous trees.

In their study of 206 species at 140 forest sites, encompassing the full geographic range of
A. ternata, Russell-Smith et al. (1993) showed that Allosyncarpia forest patches can be
separated along a moisture gradient into two distinct groups

those associated with

-

permanent water and those on seasonally dry substrates. Much of the remaining variability in
their ordination was explained by a secondary DCA axis, which was highly correlated with
rainfall, latitude and fire protection. Considering the much smaller site x species matrix in the
present study and the geographically limited objective (to illustrate floristic variation in
A. ternata-dominated vegetation in the Baroalba Koongarra area), results here are not
-

inconsistent with those of Russell-Smith and colleagues.
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Ordination and subsequent vector analysis in the present study suggested that, at Baroalba
Springs, sites occupied by A. ternata varied in soil moisture status and both canopy height and
canopy cover (indices which are indicative of irradiance on the forest floor). Features of
A. ternata that accompany site differences in the availability of light and water are described
in the following two chapters. On the seasonally droughted Koongarra scarp, floristic
variation between sites was associated largely with distance from the savanna and with site
rockiness. From field observations along the southeastern edge of the Mt Brockman Massif,
these variables were considered to be indicative of the fire regime (similar to Russell-Smith et
al.'s (1993) "fire protection index). The importance of fire protection in determining the
distribution of A. ternata is discussed in Chapters 7 and 8.
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CHAPTER 3

CARBON ASSIMILATION AT CONTRASTING SITES

3.1 Introduction
It is generally recognised that instantaneous measurements of CO2 assimilation rate at the
leaf level are not necessarily indicative of carbon balance at the whole tree or canopy level.
Other important determinants of plant growth include dark respiration, production and
maintenance of non-photosynthetic plant parts (e.g. roots, stems and seeds), defence from
herbivory/ disease/ decay, canopy architecture, leaf longevity/orientation/age-structure, and
root turnover (Givnish 1988; Ceulemans and Saugier 1991; Körner 1991; Bell and Williams
1997). In a field study of Acacia auriculiformis A. Cunn. ex Benth. growing in plantations
on Melville Island, Northern Territory, Cole et al. (1994) found that Papua New Guinea
provenances had lower photosynthetic activity per phyllode area than either Queensland or
Northern Territory provenances. They suggested that the higher annual growth rate achieved
by Papua New Guinea provenances could be attributed to retention of dense foliage through
the dry season. Körner (1991) has also pointed out that the response time to changes in
environmental conditions can vary between species, and that initial plant "design" (i.e. the
relative proportions of roots, stems and leaves) at the beginning of a growth period can have
long-lasting consequences for plant biomass production (also see Bongers et at. 1988).

Despite these limitations, however, measures of photosynthetic capacity defme limits of a
plant's potential performance in a particular environment and have proved useful in some
comparative studies (e.g. Field 1988; Thompson et al. 1988; Fordyce et at. 1995; Olesen
1997).

A major complication in assessing the role of leaf photosynthetic capacity in plant growth is
that the timing of maximum carbon accumulation and carbon consumption do not necessarily
coincide (Digby and Firn 1985; Chapin et al. 1990; Pereira 1994). In A. ternata, stem
elongation and leaf production occur primarily during the period October-November (late dry
season and dry season-wet season transition), while canopy-fullness (and presumably wholeplant CO2 assimilation) is highest during the wet season (pers. obs.). Furthermore, A. ternata
seedlings may allocate a greater proportion of resources to roots and lignotubers during the
dry season than do adult plants (see Chapters 5 and 6), particularly at seasonally droughted
sites.
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In the Baroalba Springs area, there were large differences in atmospheric vapour pressure
deficit (VPD) between morning and afternoon, particularly in the late dry season. These
fluctuations were larger at exposed sites than in the understorey of monsoon rainforest. Both
assimilation (Doley et al. 1987; Cole et at. 1994) and stomatal conductance (Grantz 1990;
Loustau and Granier 1993) are sensitive to VPD (also see Grieu et al. 1988) and,
consequently, differences in VPD between sites may be expected to influence carbon
assimilation. The present chapter addresses the question "Are there any differences in
assimilation response to time of year and time of day between trees growing at microclimatically contrasting sites? Any differences in patterns of assimilation response between
sites may be expected to contribute to the differential growth of trees between sites. It is
pointed out that the cliff and ravine-floor sites differed not only in VPD, but also in light
environment and water-availability (Section 2.3.1). Absolute rates of carbon gain are not
considered here, though the apportioning of dry matter between roots and shoots, and between
stems and leaves is discussed in a later chapter (see Chapter 6).

Although essential for carbon fixation, incident light is seldom a limiting factor for long-term
growth (Pereira 1994). Nevertheless, light levels on the floor of some closed forests can
sometimes be very low for a large part of the day, except during brief sunfleck intervals
(Chazdon 1988; Pearcy 1990). Sunflecks are bursts of direct-beam sunlight at higher photon
flux density than customarily occurs in a particular environment. In tall, closed-canopy
forest, sunflecks may account for up to 80% of total daily PPFD reaching the forest floor
(Björkman and Ludlow 1972; Pearcy 1983; Chazdon and Fetcher 1984; Pfitsch and Pearcy
1989). Brief sunflecks or their laboratory analogue, lightflecks, can induce A,,, in leaves
more efficiently than equivalent periods of continuously high illumination (Pearcy et at. 1985),
despite apparently increased opportunities for photoinhibition (Critchley 1988; Watling et at.
1997). Induction involves both mechanical (stomatal opening; Kirschbaum et al. 1988;
Tinoco-Ojanguren and Pearcy 1993) and biochemical processes (e.g. the photo-activation of
rubisco (ribulose 1,5-bisphosphate carboxylase/oxygenase; Kirschbaum and Pearcy 1988;
Seemann et al. 1988).

The ability of leaves to respond rapidly to sunflecks and to maintain photosynthetic readiness
(i.e. an enhanced state of induction) through intervening low-light periods is generally
regarded as an adaptation to shady environments, such as rainforest understories (Chazdon
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and Pearcy 1986, 1991; see reviews by Chazdon 1988, Pearcy 1990, Pearcy et at. 1994).
Ecophysiological studies have focused on the role of periodic bursts of high light in
photosynthesis in closed-canopy communities. There are few reported studies, however, on
the loss of induction following exposure to periods of shade. In open vegetation, leaves of the
lower canopy are subjected to predominantly high irradiance and are only occasionally
exposed to shadeflecks as outer leaves flutter in the breeze or as topographic features produce
shadows as the sun tracks across the sky.

Here, I describe an experiment carried out to compare the photosynthetic response to both
sunflecks and shadeflecks of A. ternata plants raised in high-irradiance and low-irradiance
environments. Important alms of this experiment were to assess the methodology and to
determine whether available equipment was suitable for such studies.

3.2 Methods
3.2.1 Assimilation at Contrasting Sites
3.2.1.1 Field method
In this field study, the ravine floor site at Baroalba (B 1) was used to represent a shaded
environment (dry-season canopy cover 79%), while the cliff site at Koongarra (K2) was used
to represent a relatively sunny environment (dry-season canopy cover 48%). The more open
hilltop site at Baroalba (132) was not used because of difficulties manhandling the equipment.
During the 1992 dry season, young but fully expanded leaves were collected from the lower
canopy for laboratory determination of specific leaf area (SLA) and nitrogen content.
Numbers of replicate trees and leaves per site are shown in Table 3.1. Chlorophyll
concentration in leaves from similar environments was taken from Fordyce (1992). Nitrogen
concentration was determined again in leaves collected from the two study sites (B 1 and K2)
during the wet season of 1993-1994. Immediately after excision from the tree, these leaves
were wrapped in damp tissue paper and stored in zip-lock plastic bags in a cool, dark
container for the 3-4 hour drive to laboratory facilities in Darwin. Nitrogen content was
measured in oven-dried, pulverised leaves by the Kjeldahl method (Bremner and Mulvaney
1982), using a Büchi 315 distillation unit (BUchi Laboratory-Techniques Ltd, Flawil,
Switzerland). Following pilot studies, a single, composite soil sample was taken from five
shallow (5-20 cm) pits at each of the two sites. Soil samples were sieved on-site and the <2
mm fraction was air-dried and assayed for total nitrogen by the Kjeldahl method.
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During November 1990 (end of dry season) and again in April 1994 (end of wet season), CO2
assimilation was measured on between 50 and 200 attached leaves of each of three trees at the
two sites using a LI-COR 6200 portable infra-red gas analyser (LI-COR Inc., Lincoln,
U.S.A). The November measurements were carried out as part of the author's Graduate
Diploma of Science program (Fordyce 1992); the field data have been reprocessed during the
current project to illustrate seasonal differences in A-Q relationships. The November
measurements were carried out prior to the onset of the wet-season rains in that year, so that
soil water availability was likely to be close to its annual minimum; the April measurements
were carried out immediately after the wet-season rains in that year, so that soil water
availability was close to its annual maximum. Leaves were chosen from approximately the
same position within the canopy at both sites (1-2 m above the ground). At any given time,
most leaves at Site K2 (cliff) were sunlit because canopy cover was minimal, but at Site B 1
(ravine floor) only about ten percent of leaves (those at the top of the 23 m tall canopy) were
sunlit. Therefore, in both cases leaves were sampled from the most representative population.

Synchronous measurements were made of leaf temperature, stomatal conductance and
photosynthetic photon flux density (PPFD) incident on the upper surface of the leaf (as
oriented on the plant during assimilation measurements), and environmental variables (air
temperature, VPD and atmospheric CO2 concentration). At each site at each time of year,
measurements were made over a single day for a range of PPFD. For both sites, morning and
afternoon readings were analysed separately.

The relationship between assimilation and photon flux density (A-Q) was modelled with an
asymptotic exponential curve (similar to non-rectangular hyperbolae with curvature in the
range 0.7-0.9 (Boote and Loomis 1991)), using an iterative procedure with the computer
program Sigmaplot 4.0 (Jandel Scientific), according to the equation

A =A

[1-exp(-(DPPFD/A)]

where A = gross assimilation rate
A,,

=
=

rate of light-saturated assimilation

apparent quantum yield
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3.2.1.2 Statistical analysis
Leaf nitrogen concentrations were compared by two-way analysis of variance, coding
season and site as independent variables. No transformations were necessary.

For the purposes of statistical comparisons of A-Q data between seasons, sites and times of
day, A-Q curves were subdivided into two components. Apparent quantum yield (t) was
defined as the slope of the linear regression of assimilation against photosynthetic photon flux
density for PPFD values < 200 imol m 2 s', while the rate of light-saturated assimilation
(A,,) was defined as the rate of assimilation for PPFD values > 750 l.Lmol m 2 s (at the cliff
site) or> 500 jimol m 2 (at the ravine-floor site). These ranges have been shown to be
suitable for these analyses in gas-exchange studies of A. ternata (Fordyce 1992; Fordyce et
al. 1995) and of other species (e.g. Eamus and Murray 1991). For each season (end of Wet,
end of Dry), analysis of covariance was used to compare apparent quantum yield between
sites and times of day, using site and time of day as category variables, photon flux density as
a covariate and assimilation as the dependent variable. Thus, in order to determine whether
significant differences in apparent quantum yield existed between sites (abbreviated S below),
the model

A = constant + PPFD + S + PPFD x S

was fitted to the data. A significant effect of PPFD x S indicates a significant difference
between slopes (apparent quantum yield) between sites. This same approach was adopted to
determine differences in apparent quantum yield at different times of day (also see Eamus et
al. 1993).

Three-way analysis of variance was used to compare A

between seasons, sites and times of

day after finding no significant effect of PPFD as a covariate for flux densities
> 750 j.tmol m 2 s 1. Cochran's test for homogeneity of group variances was applied to A
data, and no transformations were considered necessary. A Tukey's post-hoc pairwise
comparisons procedure was used to compare group means following analysis of variance. All
data were analysed using Statistica (Version 5.0) software.
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3.2.2 Experimental Studies of Lighifiecks/Shadeflecks
3.2.2.1 Experimental method
Sixty, four-week-old, A. ternata seedlings, germinated in seedling trays on 1/2/94 from
freshly collected seed (collected near Site K!), were transferred to individual 5 L pots in a soil
mix of three parts coarse sand one part peat and raised in a 70% ambient-sunlight
shadehouse. After six months, the seedlings were randomly assigned to one of two groups.
Group 1 (shade) was placed under shadecloth transmitting 30% of ambient sunlight; Group 2
(sun) remained under shadecloth transmitting 70% ambient sunlight. Seedlings in both groups
were watered to field capacity daily. After a further 12 months, during which the pots were
rotated bimonthly within the shadehouse, four plants were randomly selected from each of the
two groups as experimental subjects, but remained in their shadehouse until required.

Laboratory studies of assimilation were carried out in August 1995, using a bench-top, infrared gas analysing system. The apparatus has been described by Cole (1994), Eamus et al.
(1995a, 1995b) and Prior (1997). Briefly, a single, attached leaf from each of the subject
plants was placed in an airtight, glass-topped, leaf chamber through which air was pumped at
a measured rate ('Tylan' flow meter). The chamber was temperature-controlled and a fan
inside the chamber considerably reduced boundary layer resistance. The concentration of CO2
in air from the leaf chamber was compared with that of a reference air stream, using the CO2differential mode of an ADC 225 IRGA (Mark Ill, ADC, U.K.). CO2 differential was
recorded continuously as an output trace on a chart recorder. Light was supplied by a 400 W,
Wotan metal-halide lamp mounted above the chamber. PPFD reaching the leaf surface was
controlled by inserting neutral-density filters, in calibrated stacks, between the chamber and
the light source. Within the chamber, the underside of the leaf was in contact with a 'Type K'
thermocouple sensor, which measured leaf temperature. Another sensor (BPW 21 photodiode,
calibrated against a Licor 1000 quantum sensor) measured PPFD inside the chamber.

Each plant was represented in this experiment by a single leaf, which remained attached to the
plant throughout the entire procedure. Only one leaf (i.e. one plant) was examined on a single
day. Sun and shade plants were alternated to confound possible experimental errors. Plants
were transferred to the laboratory on the afternoon before their examination, to allow them to
acclimate to indoor conditions.

On each measurement day, the leaf being examined was held in darkness for 60 minutes, then
brought to a fully induced photosynthetic state with a series of 5-minute light flashes. Full
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induction was assumed to occur when three consecutive light flashes produced the same (to
within 90%) CO2 differential. The leaf was then exposed to saturating light for 30 minutes,
and then exposed to a series of shadeflecks of increasing duration (1, 2, 4, 8, 16 and 32
minutes). After each period of shade, the leaf was again exposed to saturating light until the
CO2 differential returned to a steady level. Experimental procedure is illustrated in Fig. 1.

For shade-grown plants (Group 1), saturating light was taken as 500 iimol m 2 s', while shade
was provided at PPFD levels of 50 irno1 m 2 s'. For sun-grown plants (Group 2), saturating
light was taken as 800 jimol m 2 s', while shade was provided at PPFD levels of 100
pmol m 2 s '. These levels are typical of sunfleck and diffuse irradiance conditions
experienced by plants at the ravine floor and hilltop sites respectively (data not shown) and are
similar to those found in field assimilation studies at the same sites (Fordyce 1992; Fordyce et
al. 1995).

For each change in irradiance, instantaneous assimilation was calculated, following the
method of Long and Haligren (1985), according to the equation

A = fx [(Ce

-

c0) / sIx [(1 x0) / (1 Xe)]
-

-

where f = flow rate of CO2 (pinol s 1) at standard temperature and pressure
s = leaf surface area (m) enclosed in the chamber
Ce = mole

fraction of CO2 at the chamber entrance

= mole fraction of CO2 at the chamber outlet

and the expression (1
Xe

-

Xo)

/ (1

-

Xe)

is a correction for water vapour in the air, where and

are the mole fractions of water vapour in the air at the chamber outlet and entrance

respectively.

At the end of each daily examination, the area of leaf inside the chamber was measured by
tracing the leaf outline onto paper and passing the paper-trace through an area meter (Mark I,
Delta-T Devices, Cambridge, U.K.). Five discs, 6.1 mm in diameter, were taken from each
leaf and used immediately for chlorophyll analysis. Chlorophyll was extracted from the fresh,
pulverised leaf discs in chilled, glacial 80% acetone. The concentrations of chlorophyll a,
chlorophyll b and chlorophyll (a+b) (expressed in terms of leaf area) were determined by
visible light spectrophotometry, following the method of Coombs et al. (1985).
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3.2.2.2 Data analysis
Maximum assimilation rates and leaf chlorophyll concentration for each of the plant
groups (shade-grown and light-grown) were compared using one-way ANOVA, coding
growth irradiance as the independent factor. No transformations were necessary. The rate of
induction of leaves in response to the transition from low-light to high-light conditions was
assessed for each plant as the number of light flashes required to raise assimilation rate to a
steady level (see Fig. 3.1). This number of light flashes required for induction was then
compared between shade-grown and sun-grown groups with a paired t-test.

The loss of induction, as leaves were exposed to increasingly long periods of low irradiance
(shadeflecks), was analysed in three ways. First, the decline in low-light assimilation rate, as
leaves were exposed to shadeflecks of increasing duration, was treated as a logarithmic decay.
The assimilation rate, recorded at the end of the shadefleck (i.e. after 1, 2, 4, 8, 16 or 32
minutes of shade), expressed as a percentage of the assimilation rate in saturating light
immediately preceding the shadefleck, was plotted against shadefleck duration. Second, the
assimilation rate attained after five minutes of saturating light, following each shadefleck
interval, was plotted against shadefleck duration. Third, the time taken for assimilation to
return to an equilibrium level following a shadefleck was assessed directly from the CO2differential trace. Despite the subjectivity of this latter procedure, no inconsistencies were
encountered when results were checked against calculated assimilation rates. In each case, a
logistic curve was fitted to the data for visual emphasis.

To compare these results statistically, three, one-way ANOVAs with repeated measures were
carried out. Growth irradiance (shade or sun) was coded as the independent factor, while
assimilation rate or equilibration time was treated as the dependent factor, with six withinsubject levels (1, 2, 4, 8, 16 and 32 minutes of shadefleck duration). Validity of the
assumption of sphericity was tested using Mauchlys sphericity test (Crowder and Hand 1990)
and the degrees of freedom of the F statistic were adjusted as appropriate using Huynh-Feldt's
epsilon. Because even minor (non-significant) departures from sphericity can lead to
erroneous ANOVA results (Potvin et al. 1990; Anon. 1995b), both the univariate ANOVA
and the multivariate MANOVA were calculated. All statistical calculations were performed
using Statistica (5.0) software.

64

10
U)

E
0

E6
C
0
-

CO

E2
U)
U)

<0
0

20

40

60

80

100

120

10
8

U)

E
c
'-'

0

E

4
Cz

140

160

180

200

220

240

260

280

300

320

340

360

380

Time (minutes)

Fig. 3.1 Time course CO2 of assimilation in a leaf of an A. ternata seedling during the lightflecklshadefleck experiment. Periods of shade are indicated by
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3.3 Results
3.3.1 Assimilation at Contrasting Sites
At the time of assimilation measurements (November 1990 and April 1994), air
temperatures at the cliff site varied by approximately 10°C through the daylight hours,
reaching a peak in mid-afternoon (Fig. 3.2a). VPD followed a similar pattern, peaking at 4-5
kPa in the early afternoon (Fig. 3.2b). For simplicity, only the November microclimate data
are shown here. Most parts of the cliff site were exposed to full sunlight throughout the day,
so that PPFD values of> 1 500 jimol m 2 s' were common.

At the ravine floor site, in contrast, there was less diurnal variation in both temperature (Fig.
3.2a) and VPD (Fig. 3.2b). Furthermore, rather than a distinct peak, diurnal plots showed a
broad plateau extending from late morning until late afternoon. Because of the shade provided
by closed-canopy, monsoon rainforest on the ravine floor, PPFD values were generally lower
than 300 .tmol m 2 s', and exceeded 1 500 .tmol m 2 s only during brief sunfleck intervals
(also see Section 2.3.1.1).

As described in Section 2.3.5, leaves from the cliff were on average smaller than those from
the ravine floor (1 654 vs 2 544 mm2); they were also more dense (SLA = 6 907 vs 9 207
mm2 g1), had higher stomatal densities (1 057 vs 703 mm 2), and were paler in colour (2.2 vs
3.8 mg chlorophyll (a+b) g' leaf dry weight; Table 3.1). Mean nitrogen concentration in
leaves from the cliff and ravine floor sites were almost identical, at 1.06% and 1.07%
respectively (Table 3.1). Analysis of variance showed no significant effect on leaf nitrogen
concentration of either site (P = 0.833) or site x season interaction (P = 0.951), but a weakly
significant effect of season (F 1,32 = 4.516, P = 0.041). Although leaves from the cliff site had
significantly lower values of SLA than those from the ravine floor (Section 2.3.5), the
difference between sites in total nitrogen content of individual leaves (November: 30.9 vs 35.9
mg; April: 19.4 vs 20.4 mg) was not statistically significant (P = 0.400). Leaves of
myrtaceous woodland trees in the Darwin area also contain approximately 1% nitrogen (B.
Myers, Northern Territory University, pers. comm.).

Analysis of covariance of apparent quantum yield (Table 3.2) showed that apparent quantum
yield was significantly higher for the ravine floor trees than for cliff trees in the dry season
(F1202 = 5.074, P = 0.025), but that there was no significant difference between sites in the wet
season (P = 0.464). Analysis of variance of A values showed a significant effect of time of
day (P < 0.001) and a significant site x time of day interaction (P = 0.014). Post-hoc
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comparison of mean values showed that A

was significantly higher at the cliff site than on

the ravine floor during the dry-season morning (P < 0.001) and significantly lower than on the
ravine floor during the wet season afternoon (P < 0.001). However, there were no significant
differences (P> 0.05) between sites in the dry-season afternoon or the wet-season morning.
At the cliff site, there were significant differences in A,, between times of day in both seasons

(P < 0.001). At the ravine floor site, by contrast, there was no significant difference (P>
0.05) between morning and afternoon A

values in either season.

Figures 3.3 and 3.4 show the response of assimilation to PPFD, with both experimental data
and modelled curves presented. Morning and afternoon curves are shown separately for the
cliff site but, because no significant differences were detected in the monsoon rainforest
between morning and afternoon, these data have been combined for the ravine floor site.

Two parameters of instantaneous assimilation, A,, and apparent quantum yield, expressed in
terms of leaf area, leaf nitrogen content and leaf dry weight, were compared (Table 3.3).
Morning differences in

A,, between the ravine floor and cliff sites, as well as the morning-

afternoon hysteresis on the cliff, were slightly accentuated when A. was expressed in leaf
nitrogen terms. However, when expressed in terms of leaf dry weight, A

differences

between the two sites were almost completely obscured by site differences in SLA (and
possibly also in stomatal density). However, site differences in apparent quantum yield (for
November at least) were most noticeable when assimilation was expressed in terms of leaf dry
weight. This was probably due to differences between sites in leaf chlorophyll per unit leaf
dry weight.

The variability in the field data is thought to be due to patchiness in the ambient light regime
beneath the canopy and to differences in the age of sample leaves and trees.
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Table 3.1 Leaf characteristics (mean ± standard error) at contrasting sites in the Baroalba

-

Koongarra area.
SLA = specific leaf area; chl = foliar chlorophyll; DW = leaf dry weight; N = total nitrogen
(Kjeldahl); n = number of samples at each site. Values with the same superscript letter are not
significantly different (P> 0.05).

Characteristic

Ravine floor

Cliff

(Site BI)

(Site K2)

Area(mm2),n=50

2544±90

1654±82

SLA (mm2 g'),n=50

9207±210

6907±113

1057±25

703±15

dry season

1.06 ± 0.1la

1.07 ± 0.08a

wet season

0.91 ± 0.04 a

0.92 ± 0.03

dry season

30.9 ± 2.7"

359 ± 51b

wet season

19.4 ± 2.2'

20.4 ± 8.2'

#chl a (mg g' DW), n = 5

2.8 ± 0.3

1.5 ± 0.4

#chl b (mg g 1 DW), n = 5

1.0 ± 0.1

0.6 ± 0.1

#chl (a+b) (mg g 1 ), n = 5

3.8 ± 0.4

2.2 ± 0.5

#chl (a:b),

2.6 ± 0004d

2.5 ± 0•018d

Stomatal density
(mm 2 ),n=135
N (% DW), n = 10

Total foliar N (mg), n = 10

n=5

from Fordyce (1992)

DTI

Table 3.2 Assimilation responses to photosynthetic photon flux density at the ravine floor (Bi) and cliff (K2) sites. Light-saturated assimilation rate (Am )
and apparent quantum yield were compared statistically as described in the text. sem = standard error of the mean; n = sample size. Values with the same
superscript letter are not significantly different (P> 0.05).
Cliff (K2)

Ravine floor (Bi)
Morning

Afternoon

Morning

Afternoon

5.88a

543a

8.04

5.09a

sem = 0.01

sem = 0.31

sem = 0.26

sem = 0.24

n=21

n=4

n=33

n=23

6.41a

5 .66a

6 .75a

4.52

sem = 0.30

sem = 0.52

sem = 0.35

sem = 0.59

n=32

n=28

n=37

n=26

0019b

0.014c

0.010c

n=45

n=65

n=35

n=62

0021b

0024b

0023b

0019b

n=41

n=116

n=76

n=31

Am (t.tmol m 2 s)
November.

April

Apparent quantum yield
November

April

0.028'

# recalculated from Fordyce (1992)
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Table 3.3 Assimilation responses to photosynthetic photon flux density at the ravine floor (B 1) and cliff (K2) sites when assimilation is expressed variously in units of
leaf area, leaf nitrogen concentration and leaf dry weight (DW). Mean ± standard error.

Ravine floor (B!)

Cliff (K2)

Morning

Afternoon

Morning

Afternoon

5.88 ± 0.01

5.43 ± 0.31

8.04 ± 0.26

5.09 ± 0.24

0.095 ± 0.005

0.088 ± 0.010

0.172 ± 0.006

0.105 ± 0.005

52.4 ± 2.7

48.3 ± 2.8

54.0 ± 1.7

44.0 ± 1.6

A expressed in area

0.028

0.019

0.014

0.010

A expressed in nitrogen

0.004

0.003

0.003

0.002

A expressed in dry weight

0.25

0.17

0.09

0.07

#November

Am (Rmol m 2 s1)
AmcL.(mmol N s')
(nmol g' DW s1)

Apparent quantum yield

(table continued next page)

73

Table 3.3 (cont.)

Ravine floor (Bi)
Morning

Cliff (K2)

Afternoon

Morning

Afternoon

April
Amax (tmol m 2 s')

6.41 ± 0.38

5.66 ± 0.52

6.75 ± 0.35

4.52 ± 0.59

Amax (mmol N s1)

0.103 ± 0.006

0.091 ± 0.008

0.146±0.006

0.098±0.013

A,,, (nmol g' DW s')

57.1 ± 3.4

50.5 ± 4.6

60.2 ± 2.4

40.2 ± 5.3

A expressed in area

0.021

0.024

0.023

0.019

A expressed in nitrogen

0.003

0.004

0.005

0.004

A expressed in dry weight

0.19

0.22

0.21

0.17

Apparent quantum yield

# recalculated from Fordyce (1992)
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3.3.2 Experimental Studies of Lightflecks/Shadeflecks
For each leaf/plant in this experiment, the highest recorded value of A, as well as leaf
chlorophyll concentration (chi (a+b)), are shown in Table 3.4. Mean maximum assimilation
rate was significantly higher (F1,6 = 8.903, P = 0.024) for the light-grown group (10.14 vs
6.58 jimol rn'2 s'). Unlike in the field study (Table 3.1) and in previous shadehouse trials
(Fordyce 1992), differences between leaf chlorophyll concentration were not statistically
significant (P = 0.358).

Table 3.4 Highest recorded values of A (jirnol rn'2 s') and leaf chlorophyll concentrations (,ig cm'2)
for sun-grown and shade-grown A. ternata plants in the lightfleck/shadefleck experiment.

GrOWth

Plant/leaf ID

environment

Highest A
(unol rn'2

Sun

Chlorophyll concentration
1)

(pig cm'2)

la

8.49

73.6

lb

11.52

89.8

ic

11.72

54.7

id

8.85

43.2

mean

10.14

65.3

(± standard error)

± 0.86

± 10.3

2a

788

66.0

2b

6.38

42.8

2c

4.29

67.5

2d

7.76

30.5

6.58

51.7

± 0.83

± 9.0

Shade

mean
(± standard error)
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On average, leaves of A. ternata seedlings were brought to maximum assimilation rate by 2.5,
5-minute bursts of saturating light, regardless of whether they had been grown in high-light or
low-light conditions. Furthermore, there was no significant difference between sun-grown and
shade-grown plants in the loss of induction when the leaves were exposed to periods of shade.
The assimilation rate in leaves of both sun- and shade-grown plants was reduced to
approximately 60% of the rate in saturating light by 1-minute shadeflecks, and to
approximately 40% by 2-minute shadeflecks (Fig. 3.5a). There were significant, betweengroup differences (Wilk's lambda = 0.002) in the decline of assimilation rate following
shadeflecks of increasing duration, but these differences were confined to 4-minute and 8minute shadeflecks, where there was considerable variation between individual plants.

There was no significant difference (Wilk's lambda = 0.061) between sun- and shade-grown
plants in the percentage recovery of assimilation rate achieved by leaves on their return to
saturating light following shadeflecks (Fig. 3.5b). Leaves of both groups lost induction to
such an extent that assimilation rate recovered less than 50% of its previous light-saturated
level after five minutes of saturating light following an 8-minute shadefleck.

Replicate plants varied greatly in the time required for CO2 differential to recover equilibrium
following shadeflecks. However, the difference between sun-grown and shade-grown plants
was not significant (Wilk's lambda = 0.244; Fig. 3.5c). Compared with the 2.5 lightflecks
(totaling 12.5 minutes of saturating light) required to bring about full induction, continuous
periods of high light were less effective than 5-minute light bursts in re-establishing
equilibrium following shadeflecks lasting eight minutes or longer.
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Fig. 3.5 Effect on assimilation of experimentally applied shadeflecks of increasing duration
(1, 2, 4, 8, 16, 32 minutes) in leaves of shade-grown (closed symbols) and sun-grown (open
symbols) A. ternata seedlings. Each point is the mean for four plants. Error bars represent
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3.4 Discussion
3.4.1 Assimilation at Contrasting Sites
Leaves of trees growing in high light conditions were generally paler (i.e. had lower
chlorophyll concentration) than those growing in low light (Table 3.1). Low chlorophyll
concentrations in sun leaves (relative to shade leaves) result from decreased allocation of leaf
nitrogen to light-harvesting capacity for photosynthesis and the diversion of limited nitrogen
stocks into the regeneration of ATP and NADP and towards rubisco activity (Evans 1987,
1989). Medina (1986) noted that chlorophyll (a:b) ratios in shaded, understorey leaves were
lower than those higher in the canopy. For theoretical reasons, J. M. Anderson etal. (1988)
regarded low chlorophyll (a:b) ratios as a general attribute of shade leaves. A high
chlorophyll b content (and thus a low chlorophyll (a:b) ratio) improves light absorbance in the
orange and purple regions of the sunlight spectrum, and is therefore of benefit to leaves shaded
beneath a forest canopy. In the present study however, no such depression of chlorophyll
(a:b) ratio was apparent in leaves from the shadier site. Low chlorophyll b content may in
fact be a genetic feature of A. ternata leaves; the values presented here are similar to those
measured in leaves from shadehouse-grown seedlings of the same species (Fordyce 1992).

Leaves in sunny positions achieve higher maximum photosynthetic rates than those in shaded
positions (Boardman 1977; Givnish 1988; Ceulemans and Saugier 1991; Fetcher etal. 1994).
Mooney and Gulmon (1979) considered that this is in part due to a higher intrinsic
photosynthetic capacity in sun leaves, related to higher nitrogen levels. Field (1983, 1988)
and Field and Mooney (1986) reported a strong correlation between A,,,, and leaf nitrogen.
However, as was also observed in a study by Ktippers etal. (1988), no such relationship was
found in the present study. It is suggested that this lack of a difference in foliar nitrogen
concentration between sites is the result of two different factors. At Site K2, where light
availability is high, soil depth and hence nitrogen availability are very low (soil N = 0.03%)
and therefore the potential for high foliar nitrogen concentration is limited. At Site B 1, where
soil nitrogen availability is higher because of a more extensive leaf litter, and both deeper and
wetter soil (soil N = 0.05%), foliar nitrogen contents are kept low by low PPFD. The nitrogen
content of individual leaves is lower in the wet season than in the dry season, possibly because
a fixed quantity of nitrogen per tree is apportioned amongst a larger number of leaves.

Clough and Sim (1989) reported significant site differences in A,. apparent yield and
,

stomatal conductance in mangrove species growing at nine estuaries in northern Australia and
Papua New Guinea. They attributed these differences to observed variation between sites in
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substrate salinity and atmospheric VPD, and concluded that the water use efficiency of
mangroves increases with increasing environmental stress (in this case salinity-aridity),
thereby maximising photosynthetic carbon gain while minimising water loss. A similar
situation exists at Site K2, where the pronounced afternoon decrease in photosynthetic activity
during the dry season (Fig. 3.3b) corresponds with a large increase in VPD (Fig. 3.2b).

This difference between morning and afternoon assimilation rates at the cliff site can be
interpreted in terms of the optimisation of carbon gain in relation to water loss. In the
morning, temperature and VPD are lower than in the afternoon, a difference which is most
pronounced at the cliff site. As a consequence, 6E15A (the "unit marginal cost" of Cowan
1981) is smaller in the morning than in the afternoon. Thus, assimilation is predicted to be
higher in the morning than in the afternoon, when large increases in temperature and VPD
(and hence in evapotranspiration demand) were observed in the present study.

Prior et al. (1997) reported large morning-afternoon differences in both assimilation and
stomatal conductance for saplings of the savanna tree Eucalyptus tetrodonta. They ruled out
photoinhibition (as described by Critchley 1988) as a possible cause for this diurnal
hysteresis, since the ratio of variable to maximum fluorescence (FfFI ) was similar in the
morning and afternoon. Stomatal closure was unlikely to be the principal cause of an
afternoon decline in A, since in that study there was no concomitant decline in the ratio of
internal to atmospheric CO2 (C/Ca). They suggested that higher leaf temperatures in the
afternoon might deactivate certain Calvin cycle enzymes.

In the present study, differences between morning and afternoon responses at the cliff site
were unlikely to be due to temperature differences alone, because leaf temperature also
increased on the ravine floor (data not shown), where no morning-afternoon hysteresis in A
was observed. An alternative explanation for this hysteresis is satiation of the photoassimilate sink, with afternoon suppression of A imposed by a feedback mechanism between
source and sink, as described by Foyer (1988).

Light-saturated rates of A were low in comparison with those of woody savanna species (Prior
et al. 1997; B. Myers and colleagues, Northern Territory University, unpubi. data) and
plantation trees (Cole et al. 1994; K. Montague and colleagues, Northern Territory
University, unpubl. data) in northern Australia, but are similar to those reported for rainforest
trees in the humid tropics of Northeast Queensland (Pearcy 1987; Doley et al. 1988;
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Thompson etal. 1988), Central America (Fetcher etal. 1994) and South America (Dias-FiIho
and Dawson 1995; Reich etal. 1995). Apparent quantum yield, however, was considerably
lower in A. ternata than for other Australian rainforest plants reported by Adams ifi (1988),
Thompson etal. (1988) and Olesen (1997). The very low values of apparent quantum yield
recorded at Site K2 at the end of the dry season (0.010 and 0.014) suggest that, although
photosynthetic rates may be periodically high, assimilation is nevertheless inefficient.
Similarly low values of apparent quantum yield have been reported in Nothofagus solandri
(Hook f.) Oerst. (Benecke and Nordmeyer 1982) and some Northern Hemisphere conifers
(Eamus and Murray 1991). It is also possible that leaf temperatures were sub-optimal for
some Calvin-cycle enzymes (Salisbury and Ross 1985).

3.4.2 Response to Lightflecks/Shadeflecks
The laboratory experiment described in this chapter successfully demonstrated a strong
response of A. ternata leaves to lightflecks/shadeflecks. Chazdon and Pearcy (1986) reported
that loss of induction in Alocasia macrorrhiza (L.) Don, an understorey herb of Queensland
rainforests, was markedly slower in shade-grown than in sun-grown plants. They speculated
that the ability to utilise sunflecks by maintaining relatively high induction states through lowlight intervals might be an important feature of shade adaptation. However, no such
difference in the response to sun/shade transitions between sun-grown and shade-grown plants
was found in the present study.

The ecological significance of this lack-of-difference is unclear. It is possible that a difference
does in fact exist, consistent with Chazdon and Pearcy's (1986) speculation, but that
replication in the present experiment was insufficient to detect it. Alternatively, the
mechanisms underlying the response of A to sun/shade transitions might be expressed
independently of irradiance conditions to which leaves are exposed during growth. This would
imply that the mechanisms underlying leaf induction do not constitute any part of the
acclimation responses of leaves to light environment.

A!!osyncarpia ternata is a dense-canopied tree, so that even at exposed sites, many leaves
experience shaded conditions throughout the day, with only occasional exposure to high
irradiance. The ability to respond rapidly to brief sunflecks would be advantageous to plants
growing in such conditions. By comparison, the more open-canopied savanna trees
Eucalyptus tetrodonta and Termina!iaferdinandiana Exell show little or no induction by

"-i lly LiBRAR1
=
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sunflecks (Prior 1997).

This chapter demonstrates that, whilst adapted for growth in open-forest situations, A. tern ata
is also able to inhabit shady sites because of the ability of its leaves to acclimate to low
irradiance (increased leaf area, decreased SLA, increased chlorophyll concentration (per unit
leaf dry weight) and decreased stomatal density), a plastic A-Q relationship and a strong
inductive response to sunflecks.

The second aim of this study was to assess the adequacy of the equipment currently available
at Northern Territory University for studies of lightflecklshadefleck induction. It appeared to
be so, but it should be noted that the flow rate of air in the infra-red gas analysing system
(typically 1.5

2.2 L miii') provided an air turnover rate in the leaf chamber of

-

approximately three times per minute. Therefore, one minute was probably the absolute
lowest resolution time of the system to changes in PPFD. Pearcy (1990) has described
instrumentation with a response time as short as 2 seconds. There is no suggestion in the
literature, however, that the photosynthetic response of leaves to sun/shade transitions is
fundamentally different for lightflecks of such brief duration.
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CHAPTER 4 SEASONAL AND SPATIAL VARIATION IN WATER RELATIONS

4.1 Introduction
Chapter 2 described differences in leaf characteristics between contrasting sites. In
Chapter 3, variation in leaf characteristics was related to differences in CO2 assimilation. The
present chapter extends that work and examines diurnal and seasonal variation in leaf water
relations at micro-climatically contrasting sites. Clearly, the hilltop and ravine-floor sites at
Baroalba Springs differ in water availability. Substrates at both sites are sandy and freedraining, but soil moisture content on the ravine floor remains higher throughout the dry
season (Section 2.3.1.2). In addition, leaf temperatures and atmospheric evaporative demand
are generally lower on the ravine floor than on the hilltop, and maxima in air temperature and
VPD are sustained for a smaller part of the day (Section 2.3.1.1).

The ability of a woody plant to withstand water shortage and to inhabit a periodically
droughted environment can be related to its drought-avoiding and/or its drought-tolerating
capacity. Ludlow (1989), following Levitt (1972), used the term "strategy" to group
anatomical, morphological, phenological and physiological mechanisms that promote a similar
pattern of water use. For example, drought-avoidance might be achieved by increasing water
uptake (through a deep and ramifying root system) or, alternatively, by minimising water loss
(e.g. by stomatal closure, leaf movements to minimise heat load, or shedding older leaves). By
contrast, drought-tolerance involves the ability of tissues to withstand some degree of leaf
dehydration (e.g. by osmotic adjustment or by increasing cell-wall elasticity). The choice of
the term "strategy' in this context is an unfortunate one, because it seems to imply a level of
consciousness not found in plants. However, the term is entrenched in the ecological literature
(also see Grime 1979).

Drought Avoidance
Deep roots can allow a plant to be profligate in its water use and to maintain high
rates of transpiration despite water deficits in surface soil. For example, the widespread,
northern Australian tree Eucalyptus miniata A. Cunn. cx Schau. showed little stomatal
regulation of water loss through the dry season at a savanna site near Darwin (Myers et al.
1997), although the water content of surface soil declined by 75% (Duff et al. 1997).

Similarly in the West African Sahel, the evergreen tree Combretum glutinosum Pen. showed
little seasonal variation in water use, compared with co-occurring trees, and was considered to
have access to groundwater (Berger et al. 1996).

The possible contribution of root extension to drought avoidance in A. ternata has not been
assessed directly (i.e. by deep excavations) in this study, although circumstantial and indirect
evidence for deep roots is presented both here and in later chapters. Rather, this study
examines the conservation of water through stomatal control in A. ternata. Early
investigations into the regulation of stomatal conductance and transpiration considered that
leaf water content (e.g. Withers 1978) or leaf water potential (P; e.g. Jones 1978; Hinkley et
al. 1980) played a determining role in a plant's ability to withstand drought. More recent
studies, which noted that 'F'I sometimes remains unchanged during water stress, attributed a
leading role to soil water content or soil water potential (e.g. Gollan et al. 1986; Reich and
Hinkley 1989), or soil-root-leaf hydraulic conductance (e.g. Meinzer et al. 1988; Bréda et al.
1993). Other studies have stressed the importance of atmospheric moisture, especially leaf-toair vapour pressure difference (LAVPD; e.g. Körner and Cochrane 1985; Myers and Neales
1984; Lloyd et al. 1991). The relative importance of atmospheric and soil drought in
regulating stomatal conductance remains controversial (see reviews by Schuize (1986) and
Grantz (1990)) and is beyond the scope of the present study.

Drought Tolerance
Extreme drought-tolerance or desiccation-tolerance has been described in herbaceous
Australian 'resurrection plants" (Gaff 1981). Some eucaiypts are also able to survive severe
drought, despite low leaf water contents, and to rapidly restore stomatal opening and leaf
growth following rehydration (Pook et al. 1966; Davidson and Reid 1989). Meinzer et al.
(1988) reported that the desert shrub Larrea tridentata (DC.) Coy, in southern California is
able to maintain turgor (and net CO2 assimilation) down to leaf water potentials as low as -8
MPa. Drought-induced turgor maintenance, reported for numerous woody and herbaceous
plants, can be achieved by the net accumulation of solutes in plant cells (a lowering of solute
potential) in response to water stress (osmotic adjustment; Morgan 1984), by an increase in
cell-wall elasticity (i.e. a decrease in the bulk modulus of elasticity; Meinzer et al. 1988) or by
a combination of both (Tyree and Jarvis 1982). Several studies have partitioned turgor
maintenance between its osmotic and elastic components (e.g. Pavlilc 1984; Kikuta and
Richter 1986).

.
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From these and other studies (e.g. Doley 1981; Goldstein and Sarmiento 1987; Stoneman
1994; Dias-Filho and Dawson 1995), it is apparent that the relative contribution to turgor
maintenance of osmotic and elastic mechanisms varies considerably between species. For
example, Abrams (1990) listed numerous North American oaks (Quercus spp.) in which
osmotic adjustment has been demonstrated without accompanying changes in cell-wall
elasticity, and other Quercus species in which the converse was true. Similarly, the relative
importance of different drought-avoiding and drought-tolerating mechanisms in a plant's
ability to withstand water deficit varies considerably between species, even between closely
related taxa (Abrams 1990) and co-occurring plants (Allaway etal. 1984), or within
phenological guilds (Myers et al. 1997) and morphological "types" (Lo Gullo and Salleo
1988). Colombo and Teng (1992) found that osmotic adjustment varied seasonally in
seedlings of Picea glauca (Moench.) Voss in Canada. Collier and Boyer (1989) reported
strong osmotic adjustment in the field for Thuja occidentalis L., while Edwards and Dixon
(1995) found only minor osmotic adjustment in shadehouse-grown seedlings of the same
species. The latter authors concluded that stomatal control of transpiration was the most
important mechanism for withstanding drought in Thuja occidentalis. Richards etal. (1995),
in describing the distribution of Protea in South Africanfynbos, observed "strategyswitching" from water-spending juveniles to water-conserving adults in one species, and
-

from water-conserving juveniles to water-spending adults in another species.

In view of the Top End's highly seasonal rainfall (Fig 4.1), sites occupied by A. ternata vary
widely in duration and severity of drought. As a result, trees at different sites exhibit different
degrees of stress. The hypothesis tested in this chapter is that leaf water relations differ
between micro-climatically contrasting sites in a manner that is consistent with site differences
in water availability. Specifically, I address the questions:
What physiological features of A. ternata vary in response to environmental water stress?
How can these physiological responses be related to the wide ecological amplitude of the
species?

4.2 Methods
4.2.1 Field and Laboratory Procedure
The project was carried out over the 36 month period from June 1992 to June 1995.
Throughout the study period, measurements were made at each of four Baroalba sites
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Fig. 4.1 Daily rainfall at Jabiru airfield during the three-year study period, mid-1992 to mid-1995.
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described in Section 1.3 (Site B 1 (ravine floor); Site B2 (hilltop); Site B3 (creekbank); Site B4
(lower cliff)) during each of the three designated seasons (wet, early dry and late dry). At
each site, pre-dawn water potential ( UI,d), which gives an indication of plant-available soil
water (Slatyer 1967), was measured for two leaves from each of four or five trees, using a
Scholander-type pressure chamber (Model 1000, PMS Instrument Co., Corvallis, U.S.A.).
Leaf water potential (P ; 2-5 leaves from each of 3-5 trees, depending on variability), and
micro-climate variables (air temperature, relative humidity, atmospheric VPD and PPFD),
were monitored at approximately hourly intervals between 0700 h and 1800 h.

Stomatal conductance to water vapour (ge) was monitored during early and late dry-season
days, for ten leaves on each of 3-5 trees, using a diffusion porometer (Mark IV, Delta-T
Devices, Cambridge, U.K.). Leaves used in g, measurements were sunlit (except in the
evening), fully expanded and located between 1 m and 2 m above ground level. Temperature
was recorded for each leaf at the moment of g measurement, and leaf-to-air vapour pressure
difference (LAVPD) was calculated for each occasion, assuming that relative humidity inside
the stomatal chamber was 100%.

Values of IF, and g, at the creekbank site (B3) were similar to those on the ravine floor (B 1);
values at the lower cliff site (B4) were similar to those on the hilltop (B2). Thus, for
simplicity, these parameters are compared only for Sites B 1 and B2 in the present discussion.

Leafy branches, approximately 40 cm long, were collected from five trees at each of the sites
for pressure-volume (P-V) analysis to distinguish between the osmotic and turgor components
of total leaf water potential over a range of relative water content. The branches were recut
underwater shortly after removal from the tree, covered with plastic, then allowed to rehydrate
to near-full turgor (18-24 hours) in a cool, dark and humid environment. Terminal shoots,
5-10 cm long, were then excised from these rehydrated stems and their bulk water potential
measured repeatedly in a Scholander chamber (Soilmoisture Equipment Corp., Santa Barbara,
U.S.A.) during bench-top dehydration (Cheung et al. 1975; Beadle et al. 1988; Eamus and
Narayan 1990; Abrams and Menges 1992). The dry weight of shoots used in P-V
determinations was measured after oven drying at 70 °C for 120 hours. For each shoot, the
point of permanent turgor loss was estimated by eye from P-V isotherms on a Type II plot
(Tyree and Richter 1981, 1982) and the solute potential at full turgor was estimated by
extrapolation from the linear part of the plot (Tyree and Jarvis 1982). Höffler diagrams
(Turner 1981) were then constructed, showing the turgor, solute and total water potentials for
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water contents above the permanent turgor loss point. The characteristic indices relative
-

water content at zero turgor (RWC0), solute potential at full turgor (7tJ ,?o ) and solute potential
at zero turgor (z) were obtained from these graphs. The ratio of turgid weight to dry
-

weight (TW:DW) was also calculated for each of the P-V shoots.

4.2.2 Statistical Analysis
Stomatal conductance between sites and seasons was examined by comparing values
of g. (max) using two-way ANOVA, coding site and season as independent variables. For the
statistical analysis, gs (max) was defined as the 15 highest gs values recorded throughout the
day. Values were transformed by log x. P-V data were also compared between sites and
seasons using two-way ANOVA. RWC values were transformed by arcsin (V(x /100)) and
TW:DW values were transformed by

.

Normality was examined graphically and

homogeneity of group variances was examined by Cochran's test. Following each analysis of
variance, a Tukey's post-hoc pairwise procedure was used to compare group means. All
statistical analyses were carried out using Statistica (Version 4.0) software.

4.3 Results
4.3.1 Pre-dawn Leaf Water Potential (Id)
During the wet season, with almost daily rain, pre-dawn leaf water potential was high
(>-0.2 MPa) and not significantly different at Sites B I and B2 (Fig. 4.2). For trees at the
well-watered ravine floor site, Ipd remained> -0.4 MPa, showing little change through the
dry season. At the seasonally droughted hilltop site however, I1pd declined shortly after the
rains ended, continued to fall through the dry season and then recovered at the beginning of the
following wet season.

4.3.2 Leaf Water Potential (P)
During the wet season, both the magnitude and pattern of diurnal variation in IF, were
similar for trees at the two sites, with daily minima of -1.0 to -1.3 MPa occurring in the early
afternoon (Fig. 4.3a). The ravine floor trees, with year-round access to water, maintained this
pattern through the dry season. At the dry hilltop site however, the daily minimum value of IF,
decreased and the curve of diurnal variation showed slower afternoon recovery as the dry
season progressed (Figs. 4.3b and 4.3c).
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4.3.3 Stomata! Conductance (g)
In the early dry season, stomatal conductance at both sites exceeded 400 mmol m 2 s
only during morning and afternoon peaks (Figs 4.4a and 4.4b). Trees at both sites showed
early afternoon depressions, with peaks of approximately equal magnitude in the late morning
and late afternoon.

Late in the dry season, trees on the ravine floor showed only a slight reduction in stomatal
conductance, relative to early dry-season levels (Fig. 4.5a). However at the hilltop site,
stomatal opening was confined largely to the morning (Fig. 4.5b). Maximum g, on the hilltop
was only 60% of that on the ravine floor at this time of year.

Seasonal differences in g5 (max), as well as site x season interactions, were highly significant
(P < 0.001). However, differences between sites in g (max) were not significant (P = 0.08).

I have not presented wet-season diurnal curves here because I was unable to make porometer
measurements (which require that leaves are dry) over a complete day at that time of year.
Since conditions were often cloudy during at least part of the day, leaves were often exposed
to PPFD at less than saturating levels. Measurements made during sunny interludes (data not
shown) indicated high stomatal conductance (frequently> 1 000 mmol m' s) at both sites.

4.3.4 Tissue Water Relations
Trees on the hilltop had consistently lower values of

(12%),

Jrjoo

(14%) and

TW:DW (11%) than ravine-floor trees (Table 4.1) although the site x season interaction was
not significant (P> 0.05). RWC0 varied only slightly between sites and seasons.

At Site B 1 on the ravine floor, there was no consistent variation through the year in either ito
or ir. By contrast, at the hilltop site, lro and r100 showed a steady decline through the dry
season (declines of 0.22 and 0.21 MPa respectively). The tissue water relations of Sites B3
and B4 were intermediate between those of Sites B 1 and B2.
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Table 4.1 Seasonal variation in tissue water relations (determined by P-V analysis) of A. ternata at Baroalba sites (B 1-4). Each value
is the mean of 4, 5 or 6 analyses as indicated. RWC0 = relative water content at zero turgor; 7CIOO = solute potential at full turgor;
= solute potential at zero turgor; TW:DW = ratio of leaf turgid weight to dry weight. Significance of differences was examined by two-

way ANOVA. its = not significant (P> 0.05); * = P< 0.05;

Site

Topography

Season

n

= P< 0,01; *** = P< 0.001; **** = P< 0.0001.

RWCO

TW:DW

(%)

(MPa)

(MPa)

Bi

Ravine floor

Wet
Early Dry
Late Dry

6
5
5

91.6
89.4
88.8

-2.08
-1.91
-2.08

-2.23
-2.22
-2.29

2.55
2.38
2.18

B2

Hilltop

Wet
Early Dry
Late Dry

6
5
6

89.8
90.6
91.5

-2.17
-2.26
-2.48

-2.46
-2.61
-2.82

2.18
2.10
2.03

B3

Creekbank

Wet
Early Dry
Late Dry

6
5
4

92.2
91.3
89.8

-2.04
-1.84
-2.13

-2.20
-2.00
-2.44

2.21
2.29
1.84

B4

Lowercliff

Wet
Early Dry
Late Dry

6
5
4

92.8
91.6
89.5

-2,12
-2.20
-2.43

-2.30
-2.40
-2.81

2.36
2.28
2.04

Site

*

**

Season
Site x Season

ns
ns

***
****

*

ns

ns

Significance of difference in means due to

ns
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4.3.5

1pa'

-

gs (max) Response

There was a clear logarithmic relationship between gs (max) and soil moisture (as
expressed by pre-dawn leaf water potential; Fig. 4.6). Maximum stomatal conductance
decreased sharply as pre-dawn water potential decreased to -0.5 MPa, then maintained a more
gentle decline in drier soil.

The g values used in this figure include a number of porometer readings taken at wetter times
of year than those shown in Figs 4.4 and 4.5. The highest values of g. (maximum: 1 874
mmol m 2 s 1) are veiy high compared with those reported from temperate environments
(Myers and Neales 1984; Reich and Hinkley 1989). However, similarly high values of g,
have been reported for a number of tree species in Australia's monsoon tropics (e.g. Cole
1994; Prior et al. 1997) and South American humid tropics (Reich et al. 1995).

4.3.6 LAVPD gs Response
-

There was no significant correlation between g and leaf-to-air vapour pressure
difference (LAVPD) at either of the sites (Figs 4.7 and 4.8), except for the hilltop site in the
late dry season.

4.4 Discussion
4.4.1 Tissue Water Relations
Since none of the trees showed any sign of wilting during the study period, and
daytime stomatal closure was not complete, it is apparent that turgor was maintained. In
maintaining a turgid state, a leaf also maintains turgor-related functions, such as cell growth
and photosynthesis (Turner and Jones 1980; Morgan 1984). Thus, A. ternata on the hilltop
appears able to continue gas exchange throughout the dry season. The characteristics of turgor
maintenance have been described by Radin (1983). Examples of seasonal turgor maintenance
in woody plants have been discussed by Myers and Neales (1986; Eucalyptus) and Parker and
Pallardy (1988; Quercus).

The ratio of leaf turgid weight to dry weight (TW:DW, Table 4.1) may also indicate an ability
in hilltop trees to withstand drought. Wilson et al. (1980) reported a marked decrease in
TW:DW ratio for Macroptilium atropurpureum (DC.) Urb. following drought-stress
treatment. In natural populations of eucalypts in and regions of Victoria,
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Clayton-Greene (1983) found dramatic ratio decreases between juvenile and adult foliage,
which he attributed to drought hardening. In the present study, TW:DW was 11.3% lower in
leaves from hilltop trees than in leaves from the ravine floor.

4.4.2 Diurnal Trends in 'I-s
The flat diurnal pattern of W, at the hilltop site, illustrated here for the late dry season
(Fig. 4.3c; September 1993), had, in fact, already developed by June. Similar patterns have
been described from natural Eucalyptus vegetation suffering severe drought (Davidson and
Reid 1989), where low and constant 'I was accompanied by almost complete stomatal
closure. Tenhunen et al. (1982) reported flat IF, diurnal curves in moderately watered and
seasonally droughted trees in Portuguese inacchia vegetation. In that study, stomata remained
open during part of the day, although both gs and transpiration (E) were very low compared
with well-watered controls, as was observed here in A. ternata at the hilltop and other
seasonally droughted sites.

At the hilltop site (132), the flat IF, pattern may result from variable hydraulic conductance
(La ). It has been noted previously that L varies according to soil water status (Nobel and
Sanderson 1984), drought status of the plant and recovery from drought (Eamus et al. 1995c),
and transpiration rate (Eamus et al. 1995a).

Kramer (1983) reviewed some early studies that reported diurnal variations in root
permeability and hydraulic conductance. Barrs and Klepper (1968) and Parsons and Kramer
(1974) found that hydraulic conductance increased gradually through the morning to a midday
maximum, then decreased again through the afternoon to a minimum at midnight. Meinzer et
al. (1988) reported a strong, positive correlation between L and gs(max), where low stomatal
conductance was associated with low hydraulic conductance. Furthermore, the relationship
between L and gs (max) was a logarithmic one, i.e. L varied only slightly over high to
moderate levels of g. (max) but showed large variation for g (max) values < 200 mmol m 2 s.
Since g (max) is in turn correlated with 11,d (as discussed below), and tl
1pd is itself correlated
with soil water content, then the greatest variation in LA, would be expected to occur in dry
soil, as exists at the hilltop site in the dry season.

4.4.3 Diurnal Trends in g.
The distinct early-afternoon decline in g, which occurred at both sites during the early
thy season (Fig. 4.4), was also observed at a variety of topographic positions during this study
(data not shown). Midday or early afternoon stomatal closure has been reported from a
number of environments, including desert (Mooney et al. 1977; Schulze et at. 1980),
seasonally droughted macchia (Tenhunen et al. 1980; Pereira et al. 1986), European Quercus
woodland (Bréda et al. 1993), montane forest in Central America (Reich and Borchert 1988),
Australian Euca!yptus forest (Davidson and Reid 1989), agricultural cropland (Pettigrew et
al. 1990), Macadamia orchard (Lloyd et al. 1991), and tropical lowland forest (De Lillis and
Sun 1990; Meinzer et al. 1993). In these cases, as at Baroalba, midday stomatal closure
corresponded with both maximum or rising VPD and minimum leaf water potential. Lateafternoon stomatal reopening followed the recovery of leaf water potential and/or a fall in air
temperature and VPD.

The related phenomenon of morning-afternoon hysteresis in g (e.g. Fig. 4.5b) is commonly
observed in northern Australian trees (e.g. Cole 1994; Myers et al. 1997; Prior et al. 1997),
but appears not to have been commonly observed at other locations (but see Jones 1978;
Körner and Cochrane 1985; Tenhunen et al. 1987 for examples in the Northern Hemisphere).
Large differences between morning and afternoon A,,,, of A. ternata leaves at the cliff site
were interpreted by Fordyce et al. (1995) as a stomatal response to increasing VPD, allowing
plants to optimise daily photosynthesis for a given water use (see Cowan 1982). An
alternative explanation for morning-afternoon differences in g, in the present study is that
water reserves, accumulated in A. ternata stemwood overnight, are available to leaves early in
the day, but are exhausted by noon. It is also possible that a decrease in hydraulic
conductance of roots in drying soil (i.e. at low flow rates (Passioura 1984)) restricts water
supply in the afternoon.

4.4.4

1'pd

-

g (max) Response

Several authors have noted a linear relationship between I1pd and g (max) (Myers and
Neales 1984; Reich and Hinkley 1989; Loustou and Granier 1993). Current results do not
contradict previous fmdings, since the relationship here was approximately linear for g, values
of 0-500 mmol m 2 s', the range reported by those authors. However, a logarithmic
relationship (as also reported by Tenhunen et al. 1987; Cole et at. 1994 and Prior et at. 1997)
was found to better describe the present data, where the range was extended to include g.
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values as high as 1 874 mmol m 2

This correlation between

and g (max) is not

inconsistent with the hypothesised existence of a soil-root signal for stomatal closure in
response to declining soil moisture content (Zhang and Davies 1989; Tardieu et al. 1992).

4.4.5 LAVPD g Response
-

The lack of a consistent relationship between LAVPD and g is contrary to numerous
studies that have reported a strong negative correlation between stomatal aperture and
atmospheric humidity (e.g. Schulze et al. 1972; Farquhar et al. 1980; Schulze and Hall 1982;
Myers and Neales 1984; Turner et al. 1984; Meinzer et al. 1993). Theoretical arguments for
a direct response of stomata to atmospheric moisture (see review by Grantz 1990) imply that
such a correlation is, in fact, the inevitable result of stomatal opening and closure (Schulze
1986).

The poor correlation between g. and LAVPD in this study may be due to variability in leaf
age. Stomatal behaviour can vary dramatically with leaf age (Schulze and Hall 1982; Reich
and Borchert 1988), although there are reports of g both increasing (Reich 1984) and
decreasing (Davis et al. 1977; Rhizopoulou and Davies 1991; Abrams and Menges 1992) in
older leaves. Some authors (e.g. Körner and Cochrane 1985; Bréda et al. 1993) have
identified an optimal leaf age in stomatal responsiveness and photosynthetic capacity

-

Amax

and g, (max) increase rapidly during leaf expansion, remain at a constant optimum for some
species-specific period, then decline gradually during leaf senescence. Jarvis and Sandford
(1986) suggested that a decrease in g, in older leaves might be caused by a reduction in
permeability in the stomatal chamber, resulting from the accumulation of pollutants, spores
and micro-organisms. No systematic study has been carried out in Allosyncarpia forest, but
irregular and opportunistic measurements of young (but fully expanded) leaves of A. ternata
and the co-occurring tree species Xanthostemon eucalyptoides F. Muell. (ravine floor and
creekbank sites only) and X. psidioides (Cunn. ex Lindley) P.G. Wilson & Waterhouse
(hilltop site only) showed higher g5, as well as more diurnal variation, than mature leaves on
the same trees. Although the author consciously selected only leaves at the same growth-stage
for g measurements in A. tern ata, it is conceded that without systematic tagging, actual leaf
age might have varied by as much as several months.

In addition, g5 is known to vary with nutritional history, particularly in situations where
inorganic nutrients are limiting (Schulze and Hall 1982), as they are in most Australian soils.
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The dynamics of stomatal opening may also vary across individual leaves, as discussed by
Mansfield et al. (1990) and Smith et al. (1989), so that the g value reported here may not be
representative of the entire leaf. Only those leaves in light-saturating conditions (as
determined in laboratory and field assimilation studies (Fordyce et al. 1995)) were selected for
9S measurements. However, at the ravine floor site, ambient PPFD was low (< 100 iimol m 2
1)

and the distribution of sunflecks penetrating the closed canopy was highly variable, both in

space and time. Thus, leaves at this site, even though brightly lit at the moment of
measurement, may have had very different illumination histories and been at different
induction states (Chazdon 1988; Chapter 3).

4.4.6 Dry-season Water Supplies
Leaves of trees on the ravine floor, with year-round access to water, would have little
need to regulate transpiration in response to atmospheric dryness. At the hilltop site in
contrast, where sandy soils dried out through the dry season and VPD regularly exceeded 4
kPa over several hours (Sections 2.3.1.1 and 2.3.1.2), it might be expected that stomata would
show a clear LAVPD g response. Since this was not the case (Figs 4.7b and 4.8b), except
-

in the gross sense that g was greatly reduced in the late dry season (Fig. 4.5b), and bearing in
mind the cautions discussed above, it is surmised that these hilltop trees, too, had some access
to dry-season water. Despite low dry-season rainfall, the minimum '1,d measured in
A. ternata leaves was nevertheless far higher than that reported for some trees in semi-arid
and seasonally and environments in Australia (e.g. -4.7 MPa in Euca!yptus behriana F.
Muell. (Myers and Neales 1984), -6 MPa in Callitris colume!laris F. Muell. (Clayton-Greene
1983), -7 MPa in Acacia harpophyl!a F. Muell. ex Benth. (Tunstall and Conner 1981), -12
MPa in Acacia aneura F. Muell. ex Benth. (Slatyer 1962; cited in Myers and Neales 1984)).

In shadehouse trials (Section 6.2.2), A. ternata seedlings were able to extend roots to the
bottom of 2 in pots within six months of germination. Over the same period, shoots grew to a
height of only 30 cm. Although these seedlings were regularly watered and fertilised, it is
considered likely that some seedlings in favoured situations on the Escarpment would at least
match this growth rate, establishing deep roots during the late wet and early dry seasons
before the annual drought becomes severe.

The Kombolgie Formation sandstone, of which the Arnhem Land Plateau is almost entirely
composed (Section 1.3.3), is both highly porous and highly permeable to water (Emerson et

102

al. 1992). Moreover, this rock unit is intensely fractured throughout its outcrop area
(Needham 1988), and its aquifers maintain many of the perennial pools and streams of the
region (Galloway 1976). Thus, the Kombolgie Formation may provide the strong-rooting
A. ternata with a reservoir of dry-season water. Allosyncarpia ternata is probably not the
only tree with the ability to tap this water resource. The savanna-dominant Eucalyptus
tetrodonta can also develop deep roots and E. tetrodonta-savanna is currently replacing
Allosyncarpia forest at some open sites on the plateau surface (Bowman 1991b). In rocky,
fire-protected habitats, however, where dense forest canopy precludes establishment of
eucalypt seedlings (Hopkins et al. 1993), E. tetrodonta is outcompeted by A. ternata (pers.
obs.).
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CHAPTER 5

GERMINATION AND ESTABLISHMENT

5.1 Introduction
A feature of Allosyncarpia forest is that, while seedlings are locally abundant (Plate
5.1; Russell-Smith and Dunlop 1987; Bowman 1991b) and adult trees are present in sufficient
numbers to maintain a more-or-less closed canopy (Story 1976; Wilson et al. 1990), there are
relatively few plants of intermediate size, i.e. saplings or poles (sensu Ashton 1975b)

14 %I4
-.#

.
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Plate 5.1 Crowded, four-year-old A. ternata seedlings in Allosyncarpia open forest at the
base of the Koongarra scarp.
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or small trees (Russell-Smith et al. 1993). Bowman (1994) reported high rates of stem loss
(75% over four years for stems 1-5 cm diameter) in an isolated Allosyncarpia forest on the
western Arnhem Land Plateau. However, little else is known of the population dynamics of
A. ternata. It is unclear whether such high rates of stem mortality and the relative shortage of
saplings are natural features of Allosyncarpia forest or should be interpreted as warnings of
impendmg forest decline. A conceptual model of intermittent seedling growth (Fensham and
Bowman 1992) is applied here to reconcile the apparent stability of Allosyncarpia forest with
(a) the high mortality of A. ternata stems, (b) the very slow growth of A. ternata seedlings in
field situations, and (c) the under-representation of saplings/small trees in natural populations.

Allosyncarpia ternata is considered to be a slow-growing tree, with seedlings estimated to
take at least 20 years to reach maturity (Russell-Smith and Dunlop 1987). Slow seedling
growth has often been reported for rainforest trees (Frankie et at. 1974; Whitmore 1984; Hart
1995). However, there is anecdotal evidence that advanced A. ternata seedlings can grow
rapidly in canopy gaps during the wet season (R. Muller, Parks Australia, pers. comm.). In
horticultural situations, newly germinated seedlings with regular irrigation can reach a height
of 80 cm in their first year, 2 m in their second year and 5 m in their third year (pers. obs.).
Even unirrigated amenity seedlings in Darwin are reported to survive dry-season drought and
to grow vigorously during the wet season (M. Clark, Greening Australia Northern Territory,
pers. comm.). In the field, seedling growth is clearly limited by the availability of water and
possibly also light. In order to determine whether light is a limiting resource for this species,
an experiment was carried out under controlled irradiance conditions with plentiful water.

In this chapter, 1(1) document an unusual, non-mast seedfall in early 1994, (2) report field
observations and shadehouse trials of seed viability and germination, (3) describe the growth
and survival of A. ternata seedlings over a five-year period in an Allosyncarpia forest near
Jabiru, and (4) describe an experiment investigating seedling growth under different light
regimes. Specifically, I test the following hypotheses:
The production, dispersal and germination of A. ternata do not suit the species to rapid
colonisation.
Seedling growth in A. ternata is slow and mortality is high.
A. ternata seedlings are able to survive in low-light conditions of the forest floor, but
growth is greatly enhanced under high irradiance.
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5.2

Methods

5.2.1 Seedfall and Germination in the Field
Allosyncarpia ternata does not flower every year (see Section 1.2.4), but there were
mass-flowering events in 1986, 1989, 1991 and 1995. Late in 1993, a few individuals in the
Koongarra area flowered (less than 5% of adult trees present, almost all of which were located
on the lower part of the scarp). Flowering also took place at Baroalba Springs, but was
similarly confined to trees on the ravine floor and at the base of adjacent cliffs and scree
slopes. The reader is referred to Section 1.2 (pp. 1-2) for a description of the fruit and seed of
A. ternata.

Detailed observations of seedfall, germination and seedling establishment were made at
approximately 3-week intervals over a 6-month period from October 1993. Seeds and newly
germinated seedlings were counted within 57, 0.25 m2 quadrat areas. Seed mortality and
germination success was estimated by monitoring the fate of individually marked seeds within
23 of these quadrat areas. Seedlings in these same 23 quadrats were examined at irregular
intervals over the following year. Quadrat location was opportunistic rather than strictly
random; thus, no statistical treatment was attempted from the results of this study.

5.2.2 Germination Trials
Seeds were collected on Januaiy 28th and 29th 1994 from the ground beneath several
large trees near Site Ki, on the sandsheet at the base of the Koongarra scarp. Immediately
after collection, the seeds were cleaned by hand, surface-steriuised with a 5% sodium
thiosulphate solution, rinsed with distilled water, dusted with ThyramTM fungicide powder and
stored in paper sachets. On arrival at laboratory facilities in Darwin, the seeds were
transferred to sterile packets and stored in ambient conditions. These elaborate anti-fungal
precautions were considered necessary because all but ten of 3 000 seeds collected during a
seedfall event in early 1992 had been killed by mould within a week of sowing. Because of
these precautions, results of the trials might not reflect natural germination rates, but are
intended merely to compare germination success in seeds of different ages.

Sterilised seedling trays were filled with autoclaved soil (2 parts coarse sand: 1 part peat).
Fifty A. ternata seeds were sown onto the soil surface of each tray and watered in with
PrevicurTM fungicide (diluted to 0.15% in distilled water). Sowings took place on the
following days after seed-collection: 1, 3, 6, 14, 24, 33, 45, 93, 184 and 367. Four trays of

106

50 seeds were sown on each of days 1, 3, 6, 24 and 33; two trays were sown on each of days
14 and 45; only one tray was sown on each of days 93, 184 and 367.

Sown seeds were inspected at daily intervals, when seeds were scored as "mouldy",
"ungerminated", 'split', 'germinated" or at some stage of seedling development. Germination
was considered to have taken place if the hypocotyl was visible to the naked eye (i.e.
protruding at least 1 mm beyond the seed wall). The fate of seeds was monitored for at least
four weeks after planting.

5.2.3 Seedling Growth and Survival on the Koongarra Scarp
Seedlings were defined as plants < 2 in tall. At each of three sites on the Koongarra
scarp (Ki, K2 and K3), all A. ternata seedlings in a 9 mx 9 in quadrat were marked with an
adjacent wire stake in September 1990. On 21 occasions, at intervals of 1-4 months until
May 1995, the seedlings were measured to determine the height above ground level (to the
nearest 0.5 cm) of the tallest stem. The habit and general health were also recorded. Relative
height-growth rate (RHGR) was calculated for each seedling over each measurement interval
as the difference between natural logarithms of seedling height at the beginning and end of the
interval, divided by the number of days, i.e. the slope of the relationship between in (growth)
and time (Harper 1977, Chiariello et al. 1989). Each new seedling appearing at the site was
individually tagged, but calculations of mortality and growth, summarised in Figs 5.5 and 5.6,
considered only that cohort of seedlings already present on the scarp in September 1990.
"Negative growth" was recorded when a seedling was shorter than at the time of the previous
measurement, either because of damage to the stem (e.g. by fire or herbivory) or because the
tallest stem died completely and a different (shorter) one then became the measured stem. I
emphasise that it was the whole plant that was tagged, not individual stems; on each
measurement occasion, overall seedling height (i.e. the height of the tallest existing stem) was
recorded. "Negative shoot mortality" occurred when new stems appeared from a lignotuber
after the entire above-ground growth had died. Without excavating the lignotuber (which
would have influenced growth), true plant death and shoot death (the temporary loss of aboveground parts) could not be distinguished.

Fires occur annually in savanna adjacent to the Koongarra scarp and sometimes enter
Allosyncarpia forest. The ridge site (K3) was burned on two occasions during the study
period (August 1993 and September 1994). Part of the sandsheet site (Kl) was burned in
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August 1993. Particularly rocky sections of the scarp, such as parts of the cliff site (K2),
remained unburnt throughout the entire study. Details of fire behaviour on the scarp and the
impacts of fire on A. ternata seedlings are given in Chapter 7 and Fordyce et al. (1997c).

5.2.4 Seedling Survival and Growth with Different Irradiance Treatments
This experiment was designed and initiated in late 1990 as part of a separate study.
Preliminary results, based on monitoring until September 1991 have already been presented
(Fordyce 1992). However, as part of the present study, the experiment continued over a
further five-month period, constituting a full calendar year of irradiance treatment.

5.2.4.1 Experimental procedure
In order to examine their response to irradiance, 80 young seedlings (February 1990
germinants) were collected from the scarp-base near Site Ki in December 1990 (collected
randomly from a population of several thousand), planted in 0.5 L pots in a 3:1, coarse sand:
peat mix, and placed in a shadehouse at the Myilly Point campus of Northern Territoty
University, Darwin. At the time of their removal from the wild and planting in a shadehouse,
all the seedlings were between 7 cm and 12 cm tall. After two months (i.e. in February 1991),
each seedling was transferred to a 5 L pot in a similar sand-peat mix, randomly allocated to
one of four groups of 20 plants in four shadehouse, and irrigated twice daily to field capacity.
Thus, replication was at the plant level, not the treatment level. The shadehouses were
arranged in an open paddock, in such a way that there was no shading (except at dawn and
dusk) from adjacent buildings or from each other. They were covered with different grades of
nylon shadecloth, transmitting 2%, 10%, 30% and 70% of ambient sunlight. Photosynthetic
photon flux densities in the experimental shadehouses were similar to those found on the forest
floor beneath closed canopy and small, medium and large gaps (as defmed by Bongers et al.
1988) in Allosyncarpia forest (determined with a ceptometer during December 1990 (field)
and February 1991 (shadehouse)). Ball et al. (1988) also used shadecloth of different grades
to simulate gaps in tropical forest. The mean height (± standard error) of seedlings at the time
of transfer was 22 ± 1 cm; the mean number of leaves per plant was 19 ± 1.

Seedlings in each shadehouse were monitored at monthly intervals over the following 12month period. Measurements included shoot height (to the nearest 0.5 cm), numbers of
leaves, stems and branches, and general health. For each seedling, changes in height and in
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the number of leaves were expressed as relative growth (RG) according to the equation

RG

=

((m-mo)/m0 ) x 100

where m,, is the measured parameter in month n and m0 is the initial measurement (i.e. in
February 1991). Change (An) in the numbers of stems and branches was expressed as
absolute difference, according to the equation

An

=

m-m0

Destructive harvests were not undertaken as the live seedlings were required for later
expenments.

5.2.4.2 Statistical analysis
For the shadehouse experiment, relationships between RG or An and treatment
inadiance were examined with a series of separate one-way ANOVAs at days 118, 216, 316
and 372 (independent factor = irradiance; ftxed). Relative changes in height and the number
of leaves were converted from percentage to proportional data before analysis. Cochran's test
was used to examine homogeneity of group variances and the data were transformed by log
(x+]). The ratios "number of leaves: height", 'number of leaves: number of stems" and
"number of leaves: number of branches" at day 372 for each treatment were also compared
using one-way ANOVA. These data were also transformed by log (x+1) for the analysis.
Tukey's post-hoc test was used to compare group means where ANOVA had previously
identified a significant relationship.

All statistical calculations were performed with Statistica (Versions 4.0 and 5.0) software.

5.3

Results

5.3.1 Seedfall and Germination in the Field
At Koongarra, flowering began in late October 1993 and continued until midDecember. There was a strong nectar scent in the Allosyncarpia forest, and flowers were
visited by a number of insect species, particularly bees and wasps (order Hymenoptera).
Large quantities of unripe fruits were eaten by red-winged parrots (Aprosmictus erythropterus
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Gmelin), which congregated in noisy feeding groups in fruiting A. ternata trees. Seedfall
began on January 26th 1994 and continued for about a fortnight (S. Sweet, University of
California, pers. comm.). There was no specialised method of dispersal; most seeds came to
rest directly beneath the parent canopy. Some seeds rolled down rock faces or were carried
downslope by sheetwash to lodge in crevices or hollows. At Baroalba Springs, seeds were
carried by the flooded creek and accumulated in overbank deposits up to 100 m downstream
from Allosyncarpia forest. Seed densities exceeding 2 000 m 2 were not uncommon on level
ground beneath an A. ternata canopy. Densities up to 4 800 seeds m 2 were recorded at
depositional sites downslope from fecund trees. Mortality from fungus was high amongst
ungerminated seeds. Seed mortality was found to be as high as 100% in local patches and
was estimated to be about 50% beneath most individual trees.

Germination was rapid and took place within a few days of seedfall. Most seeds began to
split their coat within hours of falling. The white (less commonly pink) hypocotyl emerged
within a day, then straightened to expose two, highly wrinkled, green cotyledons, raised
slightly above the ground. The first leaf pair opened within a further 1-3 days, when the stem
was 2-5 cm tall. After the initial few days of rapid and conspicuous development, seedling
growth appeared to slow or halt over the following weeks. Most seedlings were still less than
10 cm tall, with a single pair of leaves, two months after germination, although the stems at
that time had become hard and wiry, and main roots were often 20 cm long.

Seedling densities varied enormously, even under a single seeding branch. The highest
recorded density was 378 germinants within a 0.25 m2 quadrat area, on the bank of Baroalba
Creek. Seedling mortality was dramatically high during the first weeks of the 1994 dry season
(i.e. late March and early April), when surface soil became dry for extended periods.
Although still crowded on parts of the forest floor, seedlings disappeared from most exposed
situations (those outside the forest canopy). Besides desiccation, other observed causes of
seedling death were insect-herbivory, ground disturbance by scrubfowl (Megapodius
reinwardt Dumont), falls of rock and timber, and sandslides.

5.3.2 Germination Trials
Fresh seed germinated with a 96% success rate and germination was complete within
a few days of planting (Table 5.1). Seed viability declined with increasing seed age, with an
89% germination rate in two-week-old seed, 56% in three-week-old seed, 8% in four-week old
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Table 5.1. Percentage germination (± standard error) of A. ternata seed of different ages over a four-week monitoring period. Fifty seeds were sown in four trays on
each of days 1, 3,6, 24 and 33. Two trays were sown on each of days 14 and 45. Only one tray was sown on each of days 93, 184 and 397. The symbol

-'

signifies

that no germinated or unmoulded seeds were present at the time of measurement.

Growing
time
2 days

Seed age (days)
1

3

6

14

24

33

45

93

184

367

96.5

84.5
±4.4

80.4
±4.6

26.7

7.2
±3.4

0

0

0

0

0

± 1.9

0

0

0

0

0

2.1

0

0

0

0

± 1.0

1 week

2 weeks

0

0

6.0

0.4

26.3

26.4

± 2.6

± 0.4

± 7.3

± 9.4

0

4.4

22,0

18.4

±3.1

± 12.1

±7.8

±1.7

3 weeks

-

0

5.2
±3.1

14.1
±1.2

4.4
±2.6

6.0
±3.3

0

-

0

-

4weeks

-

-

-

0

0

-

-

-

-

-

96.5

90.5

90.4

89.1

56.4

8.1

0

0

0

0

total
germination
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seed, and no germination at all in seed that had been stored for six weeks or longer.
Furthermore, the time taken for germination to begin (i.e. for the first seeds in a batch to
germinate), to peak (i.e. for the largest number of seeds in a batch to germinate), and to reach
completion (i.e. for all viable seeds in a batch to have germinated) also increased with
increasing seed age (Fig. 5.1). Thus, while germination peaked in one-day-old seed only two
days after planting, germination took three weeks to peak in four-week-old seed.

5.3.3 Seedling Growth and Survival on the Koongarra Scarp
Preliminary results (for the period late 1990 until mid-1991) have already been
presented in Fordyce (1992). The height-class distribution of seedling populations on the
Koongarra scarp fluctuated over the study period but showed no consistent trend in groWTh
(Figs 5.2-4). Three seedling cohorts are shown in these graphs: (1) those which were already
present in 1990 at the beginning of the study, (2) those which germinated in 1992 and
(3) those which germinated in 1994. None of the 1992 or 1994 germinants had progressed
into the 20-50 cm height class by the end of the study period.

At the cliff site (K2), mean RHGR followed a seasonal pattern, with most annual cycles
peaking in the early wet season (December -January) and reaching minimum levels in the late
wet-early dry season (March July; Fig. 5.5a). At the ridge site (K3), by contrast, there was
-

no consistent trend (Fig. 5.5b). Seedling damage at K3 caused by a wildfire in mid-1993 was
followed by strong growth in the following wet season.

Seedling mortality, including the shoot-death described in Section 5.2.3, also followed a
seasonal pattern (Fig. 5.6), with maximum mortality generally occurring in the late dry to
early wet season and minimum mortality generally occurring in the late wet to early dry
season. Note that seedlings recorded as "dead" in early wet-season (December) inspections
may in fact have died in the preceding dry season, at any time since the previous measurement.
Similarly, the recovery of shoot-dead seedlings (shown here as negative shoot mortality)
recorded in the early dry season, may in fact have taken place in the preceding wet season.
More frequent measurements over the period November 1993 December 1994 suggested that
-

the pattern of shoot mortality was more complex and site-specific than indicated by the less
frequent measurements. There were subsidiary peaks in shoot mortality during the late, midand early wet season at Sites Ki (Fig. 5.6a), K2 (Fig. 5.6b) and K3 (Fig. 5.6c) respectively.
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Fig. 5.1 Percentage germination of A. ternata seed of different ages over a three-week
monitoring period.
1-day-old seed; 0 6-day-old seed;• 14-day-old seed; V 24-day-old seed;
A 45-day-old seed.
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Fig. 5.2 Height-class distribution of tagged A. ternata seedlings at Site Ki (sandsheet)
during the period September 1990 May 1995. Shaded bars represent seedlings that were
-

already present at the beginning of the study period. Open bars represent 1992 germinants.
Bars with diagonal fill represent 1994 germinants.
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Wildfires in the dry seasons of 1993 and 1994 had no long-term effect on mortality in the
population of established seedlings at Site K3 (Fig. 5.6c). The first site inspection took place
3.5 months after the 1993 fire, by which time many seedlings which may have been burnt to
the ground (and would, at that time, have been scored as 'shoot-dead") had already regrown
from lignotubers. By contrast, the site was inspected only three weeks after the 1994 fire. In
this case, peaks were recorded in both immediate shoot mortality and in subsequent recovery.

Table 5.2 summarises the growth and shoot-death in one cohort of seedlings (those seedlings
already present in September 1990) at Sites K2 and K3 on the Koongarra scarp over the fiveyear study period. More than half (56%) of all tagged seedlings died or disappeared at some
stage during the study period, but a third of these "dead" seedlings (32%) later reappeared as
new growth. "Shoot-death" (i.e. the loss of all above-ground parts), occurred most frequently
0(88%) during the late dry season. Recovery (i.e. the reappearance from lignotubers of
"shoot-dead" seedlings) occurred most frequently (88%) during the wet season.

Table 5.2. The fate of 90 tagged A. ternata seedlings at the cliff (K2) and ridge (K3) sites on the
Koongarra scarp for 21 monitoring visits over the period September 1990 May 1995. Figures in
-

conventional type are actual seedling numbers. Figures in bold type are percentages.

Early dry

Late dry

Wet

season

season

season

Total

n

%

n

%

n

%

n

%

3

9

29

85

2

6

34

100

1

6

15

84

0

0

16 100

Records of negative growth

24 18

74

56

33 25

131 99

Records of positive growth

287 30

312 32

370 38

969 100

Number of shoots dying
with no later recovery
Number of shoots dying
with later recovery
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There were 131 records (12% of all records) of negative growth. Fifty-six per cent of these
occurred in the late dry season, 25% were in the wet season and 18% were in the early dry
season. There were 969 records of positive or zero growth (38% occurring in the early dry
season, 32% in the wet season and 30% in the late dry season).

Not all seedling generations survived to be represented in the cohort of established seedlings.
All 104 of the 1992 germinants at Site K3 had died by November 1993. At Site K2, a single
tree produced seed in early 1993, but all 10 of the resulting seedlings died during their first
year. Survivorship was higher at Site Ki, where 30 of the original 245 germinants (12%)
from 1992 were still alive in unbumt portions of the site three years later.

5.3.4 Seedling Survival and Growth with Different Irradiance Treatments
In the darkest shadehouse (PPFD = 2% of ambient), all but one of the seedlings died
from unidentified disease during the first three months following transfer. This shadehouse,
together with its complement of plants, was not included in subsequent analyses. In each of
the other three shadehouse (PPFD = 10%, 30% and 70% of ambient sunlight), only one
seedling died during the monitoring period, i.e. survivorship was equivalent for the three
irradiance treatments.

Relative change in the number of leaves, as well as absolute change in the number of
branches, varied significantly for the three irradiance treatments (Table 5.3a). In general,
seedling growth was highest in the lightest shadehouse (PPFD = 70% of ambient),
intermediate in the intermediate shadehouse (PPFD = 30% of ambient), and lowest in the
darkest shadehouse (PPFD = 10% of ambient). Post-hoc comparison of group means showed
that growth under low irradiance differed significantly from that under both medium and high
irradiance. However, the relationship between growth and irradiance was not constant
through the entire 372 days of the experiment (Fig 5.7).

At the end of the experiment period (day 372), there were significant differences between
shadehouses in each of the ratios "number of leaves: height", "number of leaves: number of
stems" and "number of leaves: number of branches" (Table 5.3b). Post-hoc pairwise
comparison showed that significance (P < 0.05) was confmed to differences between high
(PPFD = 70% of ambient) and low (PPFD = 10% of ambient) irradiance treatments, i.e.
seedlings of the same height or with the same degree of multi-steniming or branching were
leafier when grown in a high-light environment than in a low-light environment.
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Table 5.3. F statistics and probability values (P) for differences in growth between A. ternata seedlings grown at low (10% of ambient PPFD), medium (30%)
and high (70%) irradiance levels. Degrees of freedom (effect) = 2; degrees of freedom (error) = 51. ns: not significant (P> 0.05).
growth indices (see text) on four selected days during the monitoring period.
leaf ratios on day 372 (i.e. at the end of the monitoring period).

Date:

June 1991

Sept. 1991

Dec. 1991

Feb. 1992

118

216

306

372

height

as

ns

as

as

number of leaves

ns

6.68, 0.003

7.74, 0.001

8.66, 0.0006

number of stems

3.91, 0.027

4.61, 0.015

as

as

10.32, 0.0002

13.07, <0.0001

28.37, <0.0001

31.42, <0.0001

Days since start of treatment:

Growth Index

number of branches

Ratio

leaves: height

5.04, 0.010

leaves: stems

5.04, 0.010

leaves: branches

5.31, 0.008
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Fig. 5.7 Growth of A. ternata seedlings grown at three different irradiances
(0

= 10%,. = 30%

and V = 70% of ambient sunlight at Myilly Point, Darwin) over the

period February 1991 February 1992. Bars represent standard error.
-
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5.4 Discussion
5.4.1 Germination
Many rainforest canopy trees produce large, moist, non-dormant seeds, which
germinate rapidly and produce large seedlings (Vázquez-Yanes and Orozco-Segovia 1984;
Whitmore 1984; Garwood 1989; Primack 1990). Ng (1978) observed that seeds of almost all
canopy species in Malaysian rainforests germinate rapidly to form a dense carpet of seedlings
beneath parent trees.

From field observations in this study, it appears that rapid germination enhanced the survival
of A. ternata seeds by minimising the time they were exposed to fungal attack. Seeds which
germinated within a day of seedfall also produced seedlings which progressed rapidly to the
true-leaf stage and which were more likely to survive subsequent fungal attack. In the field,
these vigorous seedlings, with established root systems and accumulated reserves, were
probably more likely to survive dry-season moisture stress than seedlings that germinated later
and therefore had a less extensive root system.

Allosyncarpia tern ata 's pattern of establishment could represent a compromise between
avoiding fungal attack either by rapid germination or by seed dispersal. Seeds that germinate
immediately after seedfall are unlikely to disperse far from the parent canopy, but are more
likely to avoid fungal attack. However, although some seeds may fall or be washed
downslope into open areas beyond the forest canopy, where there is a reduced likelihood of
fungal attack (Augspurger 1983, 1984), seedlings in such exposed situations are unlikely to
survive dry-season insolation and fire.

5.4.2 Seedling Growth and Survival
The studies described above demonstrate that mortality is very high during the first
year following seedfall but that, once established (two to three years), A. ternata seedlings are
remarkably tolerant of stress (including drought and fire). Seedlings may spend many years at
this "established" stage, sequestering reserves in an enlarging lignotuber. In ideal situations
(non-limiting light, permanent access to water and protection from disturbance), seedlings may
achieve high rates of growth. In most natural situations, however, seedling survivorship is
favoured initially (during the first few months) by protection from drought, and later (during
the first few years) by protection from fire. Suitable combinations of drought-protection and
fire-protection on the western Arnhem Land Plateau occur primarily in deeply incised, rocky
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areas, which are typically dimly lit, so that the actual rate of growth is slow.

In such light-limited situations, A. ternata seedlings typically spend many years (perhaps
decades) as small (< 1 m), multi-stemmed plants on the forest floor. During this establishment
period, individual plants may produce, each wet season, a number of fast-growing stems
which then die back in the following dry season. As a result, mean annual above-ground
growth is negligible. With each wet season, however, the seedling extends its below-ground
parts

a deep root system and a large lignotuber. After a number of years, when the

-

lignotuber has grown large enough to sustain massive shoot growth, when a suitable light gap
becomes available, and presumably when roots eventually reach reliable dry-season water
supplies, the seedling grows rapidly. Thus, the shortage of saplings in Allosyncarpia forest is
due to the short time that individual plants spend at that particular growth-stage, rather than to
any dysfunction in recruitment.

5.4.3 Response of A. ternata Seedlings to Irradiance
A. ternata seedlings grow faster and tend to be both leafier and more branched in
high-light than in low-light environments. The strong growth response of A. ternata seedlings
to PPFD was qualitatively similar to that reported for Cordia megalantha Blake in Central
American rainforests (Bongers et al. 1988) and for other small-gap specialists (sensu
Hartshorn 1980) described by Pickett (1983).

The death of all seedlings in the darkest shadehouse was an unexpected result, as similarly
dark locations exist beneath Allosyncarpia canopy on the Koongarra scarp. In a concurrent
experiment, seedlings of the shade-tolerant tree Myristica insipida R.Br. grew vigorously in
the same shadehouse (G. Duff, Northern Territory University, unpubi. data).

5.4.4 Demography of Allosyncarpia Forest
In demographic studies of tropical forests, the under-representation of small sizeclasses of the canopy-dominant species has often been interpreted, in terms of relay floristics
(Egler 1954), as an indication that the forest is in some transitory stage of a successional
progression towards an eventually stable climax state, i.e. that the current forest is unstable
(e.g. Nigerian rainforest (Jones 1955-56); numerous examples of mono-dominant rainforests
(Connell and Lowman 1989); Nothofagus Bl. forest in New Caledonia (Read et al. 1995)). In
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monsoonal northern Australia, the absence of mid-storey representatives of the dominant
canopy eucalypts is also a conspicuous feature of savanna forest and woodland (Braithwaite
and Estbergs 1985; Lonsdale and Braithwaite 1991). Werner (1986) interpreted this feature
as evidence of catastrophic forest decline, resulting from increased fire frequency and
herbivory by the introduced Asian water buffalo (Bubalus bubalis L.). However, even in the
absence of fire and of buffalo populations, juveniles of the canopy-dominant Eucalyptus
miniata (Darwin woollybutt) often maintain a multi-stemmed, plagiotropic habit for many
years before the single-stemmed form develops (Fensham 1990; pers. obs. at many sites in
Northern Territory savannas). Moreover, seedlings of another widespread canopy dominant,
Eucalyptus tetrodonta (Darwin stringybark), commonly remain small-statured for many years
and may die back to ground level during the dry season (Prior et al. 1997; R. J. Williams,
CSIRO, unpubi. data).

Fensham and Bowman (1992) demonstrated that, for lignotuberous trees in Top End savanna,
sufficient canopy replacement occurs to maintain a stable forest structure, despite the absence
of a mid-storey. They proposed a mechanism of habit 'switching, whereby multi-stemmed
seedlings in a suppressed state on the forest floor are periodically released into the canopy.

A similar model is applicable to Allosyncarpia forest. Small, lignotuberous plants (< 1 in
tall) resprout as multi-stemmed individuals following episodic shoot damage. As
demonstrated on the Koongarra scarp, mortality is higher in young seedlings (1992 and 1994
germinants in this study) than in established seedlings (those already present in 1990).
Fordyce et al. (1997c) found that all young seedlings at Site Ki were killed by a 1993 fire,
whereas 87% of established seedlings resprouted after the same fire. I suggest that the critical
difference between young" and "established" seedlings is lignotuber size. Only those
A. ternata plants with lignotubers of a certain critical size are likely to recover from shoot
damage (also see Noble 1984; Bradstock and Myerscough 1988). Likewise, the release of
seedlings from a slow-growing state on the forest floor to fast-growing saplings/poles
probably occurs only when the lignotuber has reached some other critical stage in
development. A number of site-specific factors (e.g. fire intensity, rooting depth,
water/nutrient availability, irradiance), not measured in the present study, might also be
involved in determining the critical lignotuber size required for plant survival or habitswitching
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CHAPTER 6

BELOW-GROUND DEVELOPMENT

6.1 Introduction
6.1.1 Lignotubers
In Australia, lignotubers are characteristic of the genus Eucalyptus, particularly those
species with a mallee habit (Gill 1981a; Lacey 1983; Wellington 1989) and of other genera in
the family Myrtaceae (Lacey and Jahnke 1984). Lignotubers in eucalypts develop by lateral
fusion of outgrowths from cotyledonaiy nodes at the base of the stem (in some species, several
succeeding lower nodes also produce such outgrowths (Carr et al. 1983)), and thus include
numerous accessory buds (Carr et al. 1984). Similar structures have been reported in plants
of many families throughout the world (Mooney and Dunn 1970; Naveh 1975; Specht 1981;
Montenegro et al. 1983; Mesleard and Lepart 1989; Fensham 1990), where their development
is considered an adaptation to frequent fire, seasonal drought, poor nutrition or, more
generally, to environmental uncertainty.

Lignotubers are also known to occur in some rainforest trees (e.g. Acmena smithii (Poir.)
Merrill and Perry (Myrtaceae) (Ashton and Frankenberg 1976); Elaeocarpus reticulatus Sm.
(Elaeocarpaceae) and Notelaea longfolia Vent. (Oleaceae) (Lacey and Jahnke 1984)), where
they contribute to recovery from periodic disturbance. The existence of lignotubers in
A. ternata has been noted by Bowman (1991a), Russell-Smith et al. (1993), Fordyce et al.
(1997c) and in preceding chapters of this thesis.

Early workers considered lignotubers to result from pathological infection, similar to crown
galls (e.g. Fletcher and Musson 1918, cited in Kerr 1925). Kerr's inoculation experiments
ended this notion. She also pointed out that some species customarily form lignotubers, while
other species do not, suggesting that the ability to develop lignotubers is genetically, not
environmentally, determined.

Chattaway (1958), describing eucalypts in open forests and woodlands in temperate Australia,
considered that lignotubers serve two important functions: (1) recovery from the complete loss
of above-ground parts (particularly as a result of fire) and (2) storage of starch. The role of
lignotubers in recovery from fire damage has been documented in numerous studies (e.g.
Lacey and Whelan 1976; Noble 1984; Auld 1990; Fordyce et al. 1997b and 1997c). The
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evidence that lignotubers play a significant role in starch storage is equivocal. Anatomical
studies have shown that starch is confmed largely to parenchyma cells in the rays and cortex
(Carrodus and Blake 1970; Carr et al. 1984) and that starch concentrations in lignotuber
wood are no higher than those of stem wood (Bamber and Mullette 1978). However, field
studies have demonstrated that well-nourished plants form larger lignotubers than those in
impoverished soils (Beadle 1968; Specht et a! 1983; Jahnke et al. 1983) and that regrowth
derived from large lignotubers produces larger stems than regrowth from small lignotubers
(Bradstock and Myerscough 1988). These observations suggest that, even though the
lignotuber does not contain any more starch than an equivalent volume of stem, the
underground reserve may nevertheless be a significant one for a young plant that has lost its
entire above-ground biomass (Gill 1981b; Myers 1985).

Noble (1984) demonstrated that the ability of seedlings to resprout after fire in three
Eucalyptus species was dependent on lignotuber size. Bradstock and Myerscough (1988)
found that, for Banksia serrata L. f. and isopogon anemonfolius (Salisb.) Knight growing in
sandstone heath in the Sydney region, only those plants with a lignotuber larger than a certain
"critical size" were able to recover from fire.

The importance of lignotubers in the growth and survival of A. ternata seedlings in the field
has been described in Chapter 5. Chapter 7 will discuss their role in seedling survival and
regrowth following fire. In the present chapter, I examine the development of lignotubers in
young A. ternata plants in shadehouses and on the Koongarra scarp.

6.1.2 Root Growth
Although there have been reports of very deep roots in caves and mine workings
(e.g. 61 m (Canon 1960); 53 m (Phillips 1963)), the roots of most plants are concentrated in
the uppermost 0.5 m of the regolith (Doley 1981; Dell and Wallace 1983; Richards 1986;
Bréda et al. 1993). Nutrients are most abundant in the litter and humus and, where water
content is sufficient for their survival, fme roots are concentrated in those layers. In and or
seasonally and environments, however, plant roots are often obliged to pursue the falling
water table following a rainfall event (Okali et al. 1973; Fernandez and Caldwell 1975;
Pressland 1975). Some Eucalyptus species survive periodic drought by extending roots to
reach deep water unavailable to other plants (Davidson and Reid 1989; Eldridge et al. 1993;
Bell and Williams 1997).
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Clearly, any native evergreen tree in the wet-dry tropics must have access to water in the dry
season. Indirect evidence that A. ternata taps groundwater reserves (poor correlation between
g and LAVPD at the cliff and hilltop sites) was presented in Sections 4.3.6 and 4.4.5. An
experiment was carried out to examine the development of A. ternata roots in a soil with a
falling water table, and to determine whether biomass-accumulation was inhibited in plants
with access to only deep water supplies. Water was applied to growing seedlings either by
application to the soil surface or from deeper in the soil colunm in 2 in pots. Top-watering
was intended to represent rainfall, while watering from progressively greater depths was
intended to simulate the failing groundwater table of the annual dry-season drought.

Previous studies have related the relative drought-tolerance of co-occurring species (Pereira
and Kozlowski 1976; Neave 1987; Neave and Florence 1994) or provenances (Awe et at.
1976) to the disposition of roots. In the present study, a group of Eucalyptus tetrodonta
seedlings was subjected to the same conditions as A. ternata for comparison with A. ternata.
Eucalyptus tetrodonta is a widespread, canopy-dominant tree in lowland savanna and is
abundant in savanna woodland adjacent to Allosyncarpia forest at both Baroalba Springs and
Koongarra.

In this chapter, I examine the hypothesis that A. ternata devotes a large part of its early
growth to below-ground development (a large lignotuber and a deep root system), and that this
below-ground growth favours dry-season survival on the Arnhem Land Plateau. Specifically,
I address the following questions:
How fast do A. ternata roots and lignotubers grow?
What proportion of whole-plant biomass is contained in below-ground parts?
How effectively do deep A. ternata roots supply water to the growing shoot?
How do these attributes in A. ternata compare with those of a potential competitor,
Eucalyptus tetrodonta?

6.2 Methods
6.2.1 Lignotuber Volume
At the end of the monitoring period on the Koongarra scarp (May 1995), 135
seedlings (randomly selected from the population of tagged seedlings described in Section
5.2.3) were carefully excavated and lignotuber dimensions measured with calipers to the
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nearest 0.1 mm. The volume of each lignotuber was calculated as the volume of the cylinder
or ellipsoid it most resembled. Most seedlings survived excavation, at least up to the
following wet season. For comparison with these field-grown plants, lignotubers were also
measured in a population of 66 shadehouse-grown seedlings.

A two-sample t-test was carried out to compare the mean size of lignotubers in a group of 29,
5.3-year-old seedlings at Site Ki, that had resprouted 1.5 years previously (following the
1993 fire (see Section 5.2.3)) with a nearby (within 10 m) group of 20 unburnt seedlings of
the same age.

6.2.2 Root Growth
6.2.2.1 Experimental design
The following experiment was carried out to examine root growth of A. tern ata
seedlings and a co-occurring tree species E. tetrodonta under different watering regimes. The
specific hypotheses tested were
A. ternata is able to adapt to a falling water table better than is a potential
competitor, by concentrating root resources in regions of the soil profile where water is
actually available
deep-watering, as opposed to top-watering, has no detrimental effect on the growth
or physiological functioning of A. ternata shoots.

The design was completely randomised. There were two species (A. ternata and E.
tetrodonta), two treatments (top watering and deep watering) and three harvests (8.5, 10 and
12 months). The experiment used 60 plants, with six plants (replicates) in each speciestreatment-harvest group. The schedule is summarised in Table 6.1.

6.2.2.2 Experimental procedure
Forty-eight pots 2 in tall and 12 pots 1.5 in tall were prepared from lengths of PVC
pipe (90 mm diameter, stormwater grade) by sawing the pipe lengthwise, then rejoining the
halves with ducting tape (Plate 6.1). A mesh of nylon weed-mat was taped to the base and the
pot was filled with a well-mixed soil of three parts medium-grained sand one part wetted
peat. In each pot, the volume of soil was 12 L. Water content at field capacity was 2.2 L.
The filled pots were then numbered and distributed in a randomised design in two shadehouses
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at Northern Territory University's Myilly Point campus in Darwin. In each shadehouse, the
pots were placed on a bed of coarse sand to facilitate drainage.

Table 6.1. Experiment schedule numbers of Allosyncarpia ternata and Eucalyptus tetrodonta
-

seedlings in each harvest and watering regime.

Treatment

Harvest 1

Harvest 2

Harvest 3

A. ternata

6

6

6

E. tetrodonta

6

6

6

Watering at top

Watering at im
A. ternata

6

E. tetrodonta

6

Watering at 2m
A. ternata

6

E. tetrodonta

6

After a fortnight, during which the soil was repeatedly drenched to pack it down and the pots
topped back up to a level about 5 cm below the lip, 10-week old seedlings were transplanted
from germination trays. The seedlings (30 A. ternata and 30 E. tetrodonta) had been grown
from recently collected seed. A. ternata seed had been collected in the Koongarra area at the
end of January 1994; E. tetrodonta seed had been collected from nearby savanna during the
preceding dry season. Ten spare pots with A. ternata seedlings and 10 pots with
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Plate 6. 1 Three 2 m split-pots containing A. ternata seedlings, as used for the root-growth
experiment described in Section 6.2.2. The pot on the right-hand side is taped closed along a
lengthwise seam; the middle pot has been opened to expose the soil column (as at harvest) by
cutting the tape along its length; in the left-hand pot, the soil has been washed away to expose
the roots. Note the black access tube near the base of the right-hand and middle pots,
designed to allow deep watering.
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E. tetrodonta were included to provide replacements for transplant losses and to allow
periodic checks on the progress of root growth during the experiment. At the time of
transplanting (11/4/94), most seedlings of both species were at the three-leaf-pair stage and
main roots were between 5 cm and 15 cm long.

Inside the two shadehouses, PPFD was approximately 70% of ambient sunlight. Air
temperature and VPD, logged over three separate 24 h periods during the experiment, were
similar to those of outside air.

The seedlings were watered every evening to field capacity and, for six and a half months
(until late October), fertilised at fortnightly intervals with 100 ml doses of AquasolTM. At
each application of fertiliser, each pot received 37 mg N, 6 mg P and 29 mg K, plus trace
quantities of Zn, Cu, Mo, Mn, Fe and B. This application of fertiliser, which was regular
during the phase of seedling establishment, was discontinued once the experimental treatment
began. Throughout the treatment period, seedling growth was monitored at monthly intervals
(shoot height, numbers of leaves, stems and branches).

6.2.2.3 First harvest
At the end of October and the beginning of November 1994, when seedlings were 8.5
months old (i.e. 6.5 months after transplanting), the twelve 1.5 m pots (six containing
A. ternata and six containing E. tetrodonta) were opened and the roots examined. At midmorning on the day before the first tube was opened, the stomatal conductance (g) of each
seedling in the experiment was measured on sunlit, fully-expanded leaves using a diffusion
porometer (Model AP4, Delta-T Devices, U.K.). Thereafter, g, of the remaining seedlings
was measured at approximately three-week intervals.

Before dawn on the morning of the first harvest, mature leaves were collected from each of the
designated seedlings for determination of pre-dawn water potential (d), using a Scholander
pressure chamber (Soilmoisture Equipment Corp., U.S.A.). Shoots were then cut from four of
the six harvested seedlings, immediately recut under water and allowed to rehydrate under
opaque plastic for 24 hours. A terminal segment with two or three leaves (in the case of
A. ternata) or a single leaf (in the case of E. tetrodonta) was then cut from the rehydrated
shoot and subjected to pressure-volume (P-V) analysis to allow calculation of solute and
turgor potentials. The total leaf area of each harvested seedling was measured with an
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automated area meter (Mark 1, Delta-T Devices, U.K.). Dry weights of leaves and stems
were measured after oven drying at 80 °C to constant weight (three to five days).

At harvest, each pot was laid on a bench and opened lengthwise by cuffing the ducting-tape
seal. Thus, the entire root/soil colunm was exposed in longitudinal halves (Plate 6.1). The
column was marked out in 40 cm sections and the soil was washed gently from each section in
turn, the runoff passing through a 0.5 mm sieve. Fine and coarse roots (!-~ 0.5 mm and > 0.5
mm diameter respectively) were collected separately for each section and weighed after oven
drying at 80°C to constant weight. The diameter of the largest taproot was measured with
calipers (to the nearest 0.05 mm) at 20 cm intervals throughout the column.

Immediately after completion of the first harvest and exactly seven months (214 days) after
the seedlings had been transplanted, the remaining seedlings were assigned to either of the two
treatment groups. All of the seedlings received the same evening input of water as before, but
half the seedlings (12 A. ternata and 12 E. tetrodonta) were watered from access tubes at a
depth of 1 m below the surface. The other seedlings (12 A. ternata and 12 E. tetrodonta)
continued to receive their water from the top. Because of the possibility of rain at this time,
both shadehouse roofs were covered with transparent plastic sheeting (400 pm thick). The
clear plastic reduced PPFD inside the shadehouses by a further 24% and increased air
temperature immediately beneath the roof (i.e. in the region occupied by the growing shoottips) by approximately 5%. This increase in temperature resulted in a local rise in VPD of
approximately 20%.

6.2.2.4 Second harvest
After a further month (28 days), six A. ternata and six E. tetrodonta seedlings from
each treatment-group (i.e. 24 seedlings in all) were harvested in the same manner as described
above, including measurements of Pd and P-V analysis. Of the 24 seedlings remaining after
this second harvest, those that had been watered at 1 m were watered instead from an access
tube near the base of the pot (i.e. a depth of approximately 2 m), while the top-watered plants
continued to receive top watering.
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6.2.2.5 Third harvest
A third and final harvest was carried out after a further two months (62 days). Again,
there were accompanying measurements of f1pd, as well as P-V analysis. The first harvest
took ten days to complete, the second harvest three weeks and the third harvest two weeks.

6.2.2.6 Statistical analysis
Differences between harvests were examined initially for the top-watering treatment
only by three-way ANOVA, coding species (fixed, df = 1), harvest (fixed, df = 2) and
shadehouse (random, df = 1) as independent factors. The dependent variables examined were
number of leaves
total leaf area (nn2)
total leaf dry weight (g)
total shoot dry weight (stems + leaves; g)
specific leaf area (mm2 g'; measured for each plant as the ratio of total leaf area
to total leaf dry weight (g))
dry weight of coarse roots (excluding taproot; g)
dry weight of fine roots (g)
total root dry weight (g)
diameter of taproot, measured immediately below the soil surface (mm)
ratio of coarse (excluding taproot) to fme root (dry weights)
ratio of dry weight of total root (excluding taproot) in top 40 cm of soil column to dry
weight of roots in 40 cm interval encompassing the depth of water-input for the deep-watered
group (i.e. 80-120 cm for Harvest 2 and 160-200 cm for Harvest 3 (similar to Neave's (1987)
"root allocation ratio"))
ratio of leaf to stem (dry weights)
ratio of root to shoot (dry weights)
Ppd

(MPa; pre-dawn water potential)

RWC0 (%; relative water content at zero turgor)
Jr100

(MPa; solute potential at full turgor)

ir0 (MPa; solute potential at zero turgor)
ratio of turgid weight to dry weight of plant portion used in P-V analysis.

Because there were no significant differences in dependent variables between the two
shadehouses (P> 0.05), nor any significant interactions between shadehouse and any of the
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other independent factors, the variable "shadehouse" was excluded as an independent factor.
The ANOVA was then performed again, recalculating the expected mean squares and F ratios
for a fully fixed design (Potvin, 1983).

Subsequently, differences between treatments (top watering vs deep watering) were explored
for Harvests 2 and 3 by three-way ANOVA, coding as independent factors species (fixed, df =
1), treatment (fixed, df = 1) and harvest (fixed, df = 1). Cochran's test was applied to test for
homogeneity of variances; normality was examined graphically. Dependent variables were
transformed by '/(x+1) or log (x+1) in order to homogenise variances. RWC0 values (in per
cent) were converted to ratio data, then transformed by arcsin ().

The calculated ratio "dry weight of roots in the top 40 cm: roots at watering-depth 40 cm
interval" was anomalously high for two E. tetrodonta seedlings which failed to extend roots to
the bottom of the pot. These seedlings were deleted from the data set, resulting in a slightly
unbalanced design.

Repeated-measures analysis (von Ende 1983) was carried out to examine the distribution of
roots through the soil profile. For each 40 cm depth interval, the dependent variables were
dry weight of coarse roots (excluding taproot)
dry weight of fine roots
ratio of coarse roots (excluding taproot) to fine roots (dry weights)
diameter of tap root (mm) at the mid-point of each 40 cm depth interval (i.e. at depths
20, 60, 100, 140 and 180 cm).

To satisfy requirements for homogeneity of variances (as determined using Cochran's test),
data were transformed by arcsin (), log x or log (x+1) as appropriate. All statistical
calculations were performed with Statistica (Version 5.0) software.
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6.3 Results
6.3.1 Lignotuber Volume
There was a clear relationship between lignotuber volume and seedling age (Fig. 6.1).
Lignotubers on the Koongarra scarp were larger in established seedlings (> 5.3 years old at
the time of measurement), and were at least ten times smaller (in volume) in each younger
generation. (5.3, 3.3 and 1.3 years old). Mean lignotuber volume (± standard error) was
36 021 ± 8 827 mm3 for> 5.3-year-old seedlings, 1912 ± 686 mm3 for 5.3-year-old
.
seedlings, 28 ± 10 mm3 for 3.3-year-old seedlings and 2 ± 1 mm3 for 1.3-year-old seedlings
of
Shadehouse-grown A. ternata seedlings had larger lignotubers than field-grown seedlings
the same age. In shadehouses, many 1994 germinants had developed rudimentary lignotubers
by early 1995 (mean lignotuber volume = 14 ± 12 mm), whereas only a few 1994 germinants
on the Koongarra scarp showed any root swelling. For shadehouse-grown seedlings, mean
volume of lignotubers was 3 633 ± 1 728 mm3 in 1992 germinants (3.3 years old at the time
of measurement) and 23 834 ± 5 134 mm3 in 1990 germinants (5.3 years old at the time of
measurement). Plate 6.2 shows a 3 000 mm3 lignotuber developed in a 2.3-year-old,
shadehouse-grown seedling.
At Site Ki, mean lignotuber volume in a group of burnt/resprouted A. ternata seedlings was
significantly larger (P < 0.0001) than in a nearby group of unburnt seedlings (1 535 ± 868
mm3 vs 539 ± 99 nun).

6.3.2 Root Growth
6.3.2.1 Treatment and harvest differences
6.3.2.1.1 Allosyncarpia ternata
Shoot
For A. ternata, deep watering resulted in a slightly smaller (approximately 10%)
increase between harvests (compared with top-watered plants) in the number of leaves, total
leaf area, total leaf dry weight and total shoot dry weight (Table 6.2). These differences were
not statistically significant. Deep watering was also accompanied by a slight increase (10%)
in the ratio of leaf to stem dry weight and small but non-significant changes in the root: shoot
ratio (Table 6.3).
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Plate 6.2 A 3 000 mm3 lignotuber developed at the base of the stem in a 2.3-year-old
A. ternata seedling. Divisions on the ruler are cm. This seedling was not one of those
examined in the study described in Section 6.2.1.
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Table 6.2 Shoot attributes at three harvests of A. ternata seedlings grown under two watering regimes (top watering, deep watering). Values are means ± standard error of
six plants. SLA = specific leaf area.
Harvest 1

Harvest 2

Shoot attribute

pre-treatment

top

deep

number of leaves

29.3 ± 5.8

49.7 ± 6.7

total leaf area (x 102 n 2)

287 ±85

624 ± 103

total leaf dry weight (g)

3.3±0.7

7.4±1.9

total shoot dry weight (g)

4.3 ± 0.9

10.9 ± 2.8

8.9 ± 2.3

15.9 ± 2.6

11.4 ± 2.4

SLA(x 102 nIM2 g )

907 ± 157

78.5 ± 3.5

96.2 ± 0.1

72.4 ± 6.0

88.0 ±4.0

leaf: stem ratio

4.4 ± 0.7

2.2 ± 0.6

2.1 ± 0.2

1.9±0.3

1.7 ± 0.1

Harvest 3
top

deep

47.3 ± 6.8

66.3 ± 17.6

481 ± 73

693 ± 90

55.7 ± 10.5
598 ± 109

5.6±1.3

10.1±1.7

7.0±1.4

Table 6.3 Root attributes at three harvests of A. ternata seedlings grown under two watering regimes (top watering, deep watering). Values are means ± standard error of
six plants. Coarse: fine ratio is the ratio of dry weights of coarse roots (excluding taproot) to fine roots. Top: deep ratio is the ratio of dry weights of fine roots in the surface
40cm of the soil column to the 40 cm interval encompassing the depth of water input in the deep-watering treatment (i.e. 80-120 cm for Harvest 2 and 160-200cm for
Harvest 3). Taproot diameter is the diameter at a depth of 1 cm below the soil surface
Harvest 1

Harvest 2

Root attribute

pre-treatment

top

deep

top

deep

total dry weight (g)

2.4±0.7

7.2±1.7

4.7±1.6

7.4±1.6

coarse - taproot(g)

0.03±0.01

0.3±0.1

0.3±0.1

9.5±1.6
1.2±0.5

Harvest 3

0.4±0.1

fine (g)

1.3 ± 0.5

1.4 ± 0.3

0.9 ± 0.3

1.3 ± 0.2

1.1 ± 0.2

coarse: fine ratio

0.04 ± 0.02

0.2 ± 0.1

0.6 ± 0.3

1.0 ± 0.4

0.4 ± 0.1

root: shoot ratio

0.6±0.1

0.8±0.1

0.5±0.1

0.6±03

0.6±0.1

1.7±0.3

1.5±0.3

1.0±0.2

0.7±0.1

6.1 ± 0.7

5.0 ± 0.8

7.4 ± 0.5

6.9 ± 1.0

top: deep ratio
taproot diameter (mm)

n/a
3.3 ± 0.4
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Root
Root production (coarse root dry weight, fine root dry weight, total root dry weight,
taproot diameter) declined slightly (5-20%) and non-significantly with deep watering (Table
6.3). Deep watering also resulted in a small but non-significant increase in the proportion of
coarse root to fine root (Table 6.3). The ratio of shallow to deep roots declined (18%) with
deep watering between Harvests 2 and 3, while this ratio increased (32%) in top-watered
plants over the same period.

The distribution of A. ternata roots in the soil is illustrated in Figs 6.2-5. Coarse roots were
concentrated in the upper 40 cm of the profile and their contribution (relative to fine roots) to
total root dry weight declined with depth (Fig. 6.2). Depth of watering had no significant
effect on the distribution of coarse roots.

Fine roots were distributed more evenly through the soil profile, with concentrations in the
basal 40 cm and, in most pots, a secondary concentration in the top 40 cm. In top-watered
plants, there was a steady decline in fine root dry weight with increasing depth, and a dramatic
increase in the basal 40 cm (Fig. 6.3). In deep-watered plants, fine roots were either
distributed evenly (Harvest 2; Fig. 6.3b) or else increased steadily to peak at the bottom of the
profile (Harvest 3; Fig. 6.3c).

Taproots tapered from a mean diameter at Harvest 3 of 7 ± 0.5 mm immediately below the
surface to 1 ± 0.2 nmi at the bottom of the pot (Fig. 6.4 and Table 6.3). This taper was less
regular at Harvest 3 than at Harvest 2. Deep-watered plants had narrower tap roots than did
top-watered plants, although the difference was not statistically significant.

The ratio of coarse to fine root dry weight increased with seedling age (i.e. harvest) and
decreased with depth, irrespective of watering treatment (Fig. 6.5 and Table 6.3).

Water relations
There was no significant difference between treatments in l3d (Table 6.4.). However,
there were some differences between harvests. At Harvest 2,

was lower (30-40%) than at

the other harvests, but variability between individuals was unusually high, with water
potential varying from 0.21 to -0.65 MPa.
-
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Fig. 6.2 Distribution within the soil profile of coarse root dry weight (excluding taproot) as a
proportion of total root dry weight in A. ternata seedlings grown under two watering
treatments (top watering (shaded bars); deep watering (unshaded bars)). Each histogram bar
represents the mean of six plants. Error bars show standard errors.
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Fig. 6.3 Distribution within the soil profile of fine root dry weight as a proportion of total
root dry weight in A. ternata seedlings grown under two watering treatments (top watering
(shaded bars); deep watering (unshaded bars)). Each histogram bar represents the mean of six
plants. Error bars show standard errors. Note that the proportions of fine root and coarse
root shown here and in Fig. 6.2 do not include taproots, and therefore do not add up to 1.0.
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Fig. 6.4 Taproot diameter at 40 cm depth intervals within the soil profile in A. tern ata
seedlings grown under two watering treatments (top watering (shaded bars); deep watering
(unshaded bars)). Each histogram bar represents the mean of six plants. Error bars show
standard errors.
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Fig. 6.5 Distribution within the soil profile of coarse (excluding taproot): fme root ratio (dry
weights) in A. ternata seedlings grown under two watering treatments (top watering (shaded
bars); deep watering (unshaded bars)). Each histogram bar represents the mean of six plants.
Error bars show standard errors.
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Table 6.4 Water relations at three harvests of A. ternata seedlings grown under two watering regimes (top watering, deep watering).

Wpd = pre-dawn

leaf water potential;

RWC0 = relative water content at zero turgor; irloo = solute potential at full turgor; ir.. = solute potential at zero turgor; TW:DW = ratio of turgid weight to dry weight.
Values of W1jd are means ± standard error of five plants. Values of RWC0, irjj, 7ro and TW:DW are means ± standard error of four plants.

Harvest 1

Harvest 2

pre-treatment

top

deep

top

deep

-0.26 ± 0.03

-0.19 ± 0.02

Harvest 3

Attribute W,, (MPa)
RWC0 (%)

-0.24 ± 0.04

-0.39 ± 0.07

88.2 ± 0.8

89.5 ± 1.1

-0.30 ± 0.05
90.5 ± 1.0

90.6 ± 1.6

90.6 ± 1.2

,r(M1Pa)

-1.52±0.12

-1.51 ±0.10

-1.22±0.18

-2.04±0.34

-2.04±0.22

im(MPa)
TW:DW

-1.70±0.11

-1.70±0.10

-1.41 ±0.23

-2.28±0.32

-2.20±0.23

3.4±0.2

2.8±0.1

3.0±0.2

2.7±0.2

2.6±0.1

Table 6.5 Shoot attributes at three harvests of E. tetrodonta seedlings grown under two watering regimes (top watering, deep watering). Values for Harvest 1 and Harvest 2
(top-watering treatment only) are means ± standard error of five plants. All other values are means ± standard error of six plants. SLA = specific leaf area.

Harvest 1
Shoot attribute

Harvest 2

Harvest 3

top

deep

top

deep

number of leaves

22.6±4.3

42.6±7.5

39.8±5.7

43.0±7.9

45.5±9.8

totalleafarea(x102 mm2)

852±216

1445±278

1325±223

2613±515

2325±681

total leaf dry weight (g)

10.2±4.7

23.2±5.0

22.8±4.5

36.9±6.7

37.9± 13.9

total shoot dry weight (g)
SLA (x 102 mm2 g)

13.4 ± 6.6

31.5 ± 7.0

30.8 ± 6.7

53.3 ± 10.5

57.4 ± 21.8

1138 ± 30.8

65.7 ± 4.9

59,4 ± 2.3

70.6 ± 3.2

68.7 ± 7.0

leaf:stemratio

3.8±0.4

3.3±0.5

3.6±0.6

2.4±0.1

2.0±0.1
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The ratio of turgid weight to dry weight (TW: D\V) was higher for leaves at Harvest 1 than at
later harvests (Table 6.4). This agrees with reports by Clayton-Greene (1983) that the tissue
of young leaves is less scierophyllous than that of older leaves. Supporting evidence that the
leaves were not fully mature at Harvest 1 is provided by their unusually high values (by an
order of magnitude) of specific leaf area (90 670 ± 15 670 mm2 g1), compared with those
from later harvests (8 400 ± 544 mm2 g 1; Table 6.2) and from natural populations (7 240 ±
600 mm2 g'; Fordyce et al. 1995 and Section 2.3.5).

Stomatal conductance (Fig. 6.6) was highest in young plants (mean g. approximately 400
mrnol m 2 s 1 for 9-10 month-old seedlings) and lowest in 12-month-old seedlings measured
shortly before Harvest 3 (mean g, approximately 200 mmol m 2 s'). Watering treatment had
no significant effect on g, except on 25/11/94 when leaves of top-watered plants showed
unusually high g and deep-watered plants showed unusually low g.

6.3.2.1.2 Eucalyptus tetrodonta
Shoot
In E. tetrodonta, deep watering had no discernible effect on shoot development (Table
6.5). Similarly, the allocation of biomass within plants, as indicated by the ratios specific leaf
area, leaf: stem (dry weights) and root: shoot (dry weights), was not affected by watering
treatment, although there was a significant (P < 0.001) decrease in specific leaf area following
Harvest 1 for both top-watered and deep-watered plants.

Root
As with A. ternata, deep watering resulted in small (but not statistically significant)
changes in the relative proportion of fine and coarse roots (Table 6.6). The distribution of
E. tetrodonta roots in the soil profile is illustrated in Figs 6.7-10. As with A. rernata, coarse
root dry weight decreased steadily with depth and was unaffected by watering treatment (Fig.
6.7). However, fine root dry weight generally increased with depth. At Harvest 2, fine root
dry weight was substantially higher (3-7 times) for all depth intervals in deep-watered plants
than in top-watered plants (Fig. 6.8b), while at Harvest 3 there was little difference between
watering treatments (Fig. 6.8c).
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Fig. 6.6 Stomata! conductance (g ; mmol m 2 s 1 ) of A. ternata leaves, measured on six
occasions when seedlings were 8.5-12 months old. Seedlings were watered either from the top
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the mean of five leaves per plant for all seedlings in the experiment population (first
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Table 6.6 Root attributes at three harvests of E. tetrodonta seedlings grown under two watering regimes (top watering, deep watering). Values for Harvest 1 and Harvest 2
(top-watering treatment only) are means ± standard error of five plants. All other values are means ± standard error of six plants. Attribute definitions as for Table 6.3.

Harvest I

Harvest 2

Root attribute

pre-treatment

top

deep

top

deep

total dry weight (g)
coarse taproot (g)

8.5±4.2

18.7±5.6

1.3 ± 0.6

0.6 ± 0.3

18.6±5.6
0.7 ± 0.3

33.2±5.2
0.6 ± 0.3

37.1 ±5.6
0.9 ± 0.3

fine(g)

2.2±1.1

0.8±0.3

1.2±0.5

0.8

0.2

0.9±0.2

coarse: fine ratio

0.8 ± 0.2

0.5 ± 0.2

1.7 ± 1.4

0.4 ± 0.3

1.0 ± 0.4

root: shoot ratio

0.6±0.1

0.6±0.1

0.6±0.1

0.7±0.1

0.9±0.1

0.8 ±0.2

1.9 ± 1.3

0.5 ±0.1

0.7 ±0.2

9.5 ± 1.4

8.6 ± 1,2

12.8 ± 1.8

11.4 ± 0.9

-

top: deep ratio
taproot diameter (mm)

nla
6.2 ± 1.3

Harvest 3

Table 6.7 Water relations at three harvests of E. tetrodonta seedlings grown under two watering regimes (top watering, deep watering). Definitions as for Table 6.4.
Values of 'Pd are means ± standard error of five plants. Values of RWC0, irloo and 7r1. are means ± standard error of four plants.

Harvest 1

Harvest 2

Attribute

pre-treatment

top

deep

top

deep

W,,d (MPa)
RWC0 (%)

-0.26 ± 0.08
89.1±1.9

-0.37 ± 0.09
89.9±1.1

-0.38 ± 0.05
88.1±1.1

-0.14 ± 0.02
89.4±0.7

90.6±0.8

rj (MPa)

-1.35 ±0.16

-1.93 ±0.06

-1.96±0.07

-1.59 ±0.16

-1.60±0.09

,(MPa)

-1.56±0.13

-2.25±0.10

-2.36±0.09

-1.81±0.18

-1.81±0.11

TW:DW

3.6±0.1

2.4±0.05

2.5±0.3

2.7±0.2

2.5±0.03

Harvest 3
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-0.22 ± 0.01

Fig. 6.7 Distribution within the soil profile of coarse root dry weight (excluding taproot) as a
proportion of total root thy weight in E. tetrodonta seedlings grown under two watering
treatments (top watering (shaded bars); deep watering (unshaded bars)). Each histogram bar
represents the mean of six plants. Error bars show standard errors.
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Fig. 6.8 Distribution within the soil profile of fme root dry weight as a proportion of total
root dry weight in E. tetrodonta seedlings grown under two watering treatments (top watering
(shaded bars); deep watering (unshaded bars)). Each histogram bar represents the mean of six
plants. Error bars show standard errors. Note that the proportions of fme root and coarse root
shown here and in Fig. 6.7 do not include taproots, and therefore do not add up to 1.0.
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Mean taproot diameter of E. tetrodonta was approximately twice that of A. ternata and the
taproot was somewhat less tapered with depth (compare Figs 6.9 and 6.4). Coarse: fme root
ratio showed a general decrease with increasing depth (Fig. 6.10); however, variability
between individuals in this parameter was particularly high.

Water relations
As with A. ternata, there was no consistent treatment difference in

or solute

potential at either full or zero turgor (Table 6.7). On most occasions of measurement, mean g,
was slightly higher in E. tetrodonta leaves than in those of A. ternata (compare Figs 6.11 and
6.6). Deep-watered plants generally showed slightly (and non-significantly) lower g, than topwatered plants, except for the group measured on 9/1/95.

6.3.2.2 Species differences
Most differences between species can be related to differences in the pattern of
growth. For A. ternata, mean relative leaf-growth rate (RLGR; measured in terms of the
number of leaves) increased steadily in A. ternata seedlings aged 5-8 months (June October),
-

peaked in October 1994 (late dry season), then decreased over the following months to a nearzero level in February 1995 (Fig. 6.12a). In E. tetrodonta, however, mean RLGR was high
over the initial months, low in the period October-December, then high again in January (Fig.
6.12b). Furthermore, deep-watered plants showed consistently lower mean RLGR than topwatered plants. There was a large increase in the number of leaves per plant between
Harvests 1 and 2, followed by a large increase in leaf area between Harvests 2 and 3 (Tables
6.2 and 6.5) as the new leaves expanded.

Allosyncarpia ternata plants had, on average, significantly more branches and more leaves
than E. tetrodonta (approximately 30% more leaves by Harvest 3), but individual
E. tetrodonta leaves were substantially larger (Tables 6.2 and 6.5). Mean leaf area and mean
leaf dry weight per plant were significantly higher (2-3 times and 3-4 times respectively) in
E. tetrodonta than in A. ternata seedlings. Values of the ratio of total leaf area to total leaf
dry weight (specific leaf area) and leaf to stem dry weight were similar for the two species
(Tables 6.2 and 6.5).
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Fig. 6.9 Taproot diameter at 40 cm depth intervals within the soil profile in E. tetrodonta
seedlings grown under two watering treatments (top watering (shaded bars); deep watering
(unshaded bars)). Each histogram bar represents the mean of six plants. Error bars show
standard errors.
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Fig. 6.10 Distribution within the soil profile of coarse (excluding taproot): fme root ratio
(dry weights) in E. tetrodonta seedlings grown under two watering treatments (top watering
(shaded bars); deep watering (unshaded bars)). Each histogram bar represents the mean of six
plants. Error bars show standard errors.
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Fig. 6.11 Stomatal conductance (g ; mmol m 2 s 1 ) of E. tetrodonta leaves, measured on six
ccasions when seedlings were 8.5-12 months old. Seedlings were watered either from the top
(shaded bars) or from deep in the soil column (unshaded bars). Each histogram bar represents
the mean of five leaves per plant for all seedlings in the experiment population (first g5
measurement, 18 plants; second, third and fourth gs measurements, 12 plants; fifth and sixth
g5 measurements, 6 plants). Error bars show standard errors.
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Fig. 6.12 Relative growth rate of seedlings based on the number of leaves, counted on eight
occasions during the period 13/7/94 8/2/95. Seedlings were watered either from the top
-

(shaded bars) or from deep in the soil colunm (unshaded bars). Each histogram bar represents
the mean of all remaining seedlings in the experiment population (i.e. first-fourth counts, 18
plants; fifth-seventh counts, 12 plants; eighth count, 6 plants). Error bars show standard
errors.
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Overall, E. tetrodonta seedlings were significantly larger than A. ternata seedlings. Mean
shoot dry weight was 3-4 times higher, root dry weight was approximately four times higher
and taproot diameter was twice as high. Nevertheless, root: shoot ratio was approximately 0.6
for both species.

6.3.2.3 Summary
Statistical analysis for Harvests 2 and 3 revealed that treatment differences were not
significant at the P = 0.05 level (Table 6.8). As discussed above, there were marked
differences between A. ternata and E. tetrodonta in total root mass, taproot diameter, total
leaf area, total leaf weight, SLA and leaf: stem ratio. Differences between coarse: fme root
ratio and top: deep root ratio were only marginally significant (P = 0.041 and 0.0 10
respectively). Regarding the effect of harvest, only the differences between 91pd and leaf: stem
ratio were highly significant (P < 0.0001 and P = 0.001 respectively). Small temporal
differences (0.05 > P> 0.01) between Harvests 2 and 3 were also apparent in the parameters
top: deep root ratio, taproot diameter, total leaf area, total leaf weight and total shoot weight.
In addition, there were weakly significant interactions between species and treatment in 111,d
and SLA (P = 0.044 and 0.016 respectively).

Similarly, repeated-measures ANOVA showed no significant treatment differences in the
distribution of roots through the soil profile (Table 6.9). Not surprisingly, considering the
tendency of roots to taper with depth, there were significant differences between depth
intervals. Variation in taproot diameter with depth (i.e. taproot taper) differed significantly
between A. ternata and E. tetrodonta, and there were also significant differences in this
parameter for species x harvest, species x depth and species x treatment x depth interactions.
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Table 6.8 Significance of differences (F statistic and P value) between the eight seedling groups at Harvests 2 and 3 in the watering experiment.
From three-way ANOVA. Independent factors = species (sp), harvest (harv), treatment (harv) (degrees of freedom = 1; each factor fully fixed).
ns = not significant (P> 0,05); trans. = transformation. Attributes (dependent variables) as defined in Tables 6.2-7.

attribute

trans.

n

species

harvest

treatment

interaction

root weight

log x

47

F=47.0
P<0.0001

ns

ns

ns

coarse root weight

log x

47

ns

its

its

ns

fine root weight

log x

47

its

11S

ns

ns

coarse: fine ratio

log x

39

F=4.5
P=0.041

ns

ns

its

root: shoot ratio

log x

47

ns

ns

ns

ns

top: deep ratio

log x

47

F=7.3
P=0.010

F=5.2
P=0.029

ns

its

taproot diameter

log x

47

F=26.0
P<0.0001

F=9. 1
P=0.004

ns

ns

(continued next page)
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Table 6.8 (cont.)
attribute

trans.

n

species

harvest

treatment

interaction

number of leaves

log x

47

ns

ns

ns

ns

total leaf area

log x

47

F=61.4
P<0.0001

F=6.8
P=0.013

ns

ns

total leaf weight

log x

47

F=54.0
P<0.0001

F=4.9
P=0.033

ns

ns

total shoot weight

log x

47

F=44.2
P<0.0001

F=6.7
P=0.014

ns

ns

SLA

arcsin (log x)

46

F=20.5
P<o.000l

ns

ns

sp x trt

leaf: stem ratio

log x

46

F=11.2

F=14.2
P=0.001

ns

ns

P=0.002

arcsin (x+1)

40

ns

F24.9
P<0.000 1

its

sp x lit

RWC0

arcsin (4(x+1))

32

ns

ns

ns

ns

2Z oo

I(x+3)

32

ns

ns

its

sp x hary

Mo

i(x+3)

32

ns

its

"S

sp x hary

TW:DW

4x

32

ns

ns

ns

ns
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Table 6.9 Significance of differences (F statistic and P value) between seedling groups at Harvests 2 and 3 in the distribution of roots in the soil profile
(see Figs 6.2-5 and 6.7-10). From three-way ANOVA with repeated measures. Independent factors = species (sp), harvest (harv), treatment (trt)
(degrees of freedom = 1; each factor fully fixed). Depth (0-40, 40-80, 80-120, 120-160, 160-200 cm) treated as within-group factor with five levels.
ns = not significant (P> 0.05). Coarse root = dry weight of all roots > 0.5 mm diameter (excluding taproot); coarse: fine ratio = ratio of dry weights

of coarse roots (excluding taproot) to fine roots; taproot diam. = diameter of the thickest taproot at the midpoint of each depth interval (i.e. at 20, 60,
100, 140, 180 cm).

species

harvest

treatment

depth

df (factor)

1

1

1

4

df (error)

39

39

39

39

fine root

ns

its

ns

F = 461.0
P<0.0001

ns

coarse root

ns

its

ns

F= 11.4
P<0.0001

sp x depth

coarse: fine ratio

ns

F = 4.2

ns

F = 3.0

sp x depth

P =0.047

taproot diam.

F = 50.0
P<0.0001

F = 11.4
P0.002

interaction

P = 0.020

ns

159

F = 102.5
P<0.0001

sp x hary
spxdepth
sp x trt x depth

6.4 Discussion
6.4.1 Lignotuber Volume
The pattern of variation in lignotuber size in A. ternata is consistent with the
hypothesis that the starch-storage capacity of lignotubers plays a significant role in seedling
survival (B amber and Mullette 1978; Myers 1985). Shadehouse-grown seedlings formed
larger lignotubers than did seedlings of the same age on the Koongarra scarp. Shadehousegrown seedlings were watered daily and continued growing throughout the year, whereas
growth in seasonally droughted seedlings on the Koongarra scarp was confmed largely to the
wet season (see Section 5.3.3). Therefore, shadehouse plants presumably fixed more carbon
annually than plants in the field, and some of this carbon supported increased lignotuber
growth. In the field, differences in lignotuber volume are likely to explain, at least partially,
differential survival of seedlings after a fire.

Fordyce etal. (1997c; also see Chapter 7) found that the ability of A. ternata seedlings to
recover from fire damage varied with fire intensity (and with the severity of resultant shoot
damage) in young (< 3-year-old) seedlings, but that survival in older (> 3-year-old) seedlings
was independent of fire intensity. In Section 5.3.3, I presented evidence of high mortality
amongst young seedlings exposed to dry-season drought on the Koongarra scarp, with much
lower rates of mortality amongst established seedlings. In the light of the results presented in
Section 6.3.1, it is speculated that the critical difference between "young" and "established'
A. ternata seedlings is lignotuber size.

Ligriotubers in A. ternata were of similar size to those reported for Eucalyptus seedlings in
northern Australia. Fensham (1992) found lignotubers up to approximately 3 000 mm3 in
4-year-old E. miniata and E. tetrodonta plants on Melville Island. In the same area, Fensham
and Bowman (1992) reported lignotuber volumes up to approximately 90 000 mm3 in
E. miniata and 500 000 mm3 in E. nesophila Blakely woody resprouts. They suggested that
these plants were of considerable antiquity. The largest A. ternata lignotuber found on the
Koongarra scarp in the present study was approximately 300 000 mm3.

Although lignotuber volume cannot be used as a reliable predictor of seedling age on the
Koongarra scarp, it is a better indicator than shoot height, which shows considerable seasonal
variation (Section 5.3.3). In general, a seedling with a large lignotuber is likely to be older
than a seedling of similar height but with a much smaller lignotuber.
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6.4.2 Root Growth
It is concluded that, for A. ternata seedlings, the watering treatment in this experiment
produced only trivial (and non-significant) differences in plant morphology and in patterns of
either biomass distribution or water use. In E. tetrodonta by contrast, deep watering caused
slight reductions in growth rate (the rate of leaf production in this study) and a slight
(although non-significant) increase in the thy weight of roots relative to top-watered plants.
Although total root dry weight was smaller in A. ternata than in E. tetrodonta seedlings, the
proportion of fine roots to coarse roots was many times larger. It is the fine roots that absorb
water and nutrients from the soil, while coarse roots provide anchorage, connect fine roots,
and act as transport and storage organs for water and nutrients (Neave 1987). Therefore,
plants with a large component of fine roots are generally better able to exploit soil water
reserves than are those producing relatively few fine roots (Doley 1981). For this reason, it is
suggested that A. ternata might be better able to survive drought than is E. tetrodonta.

It is generally accepted that plants native to and or periodically droughted environments have
higher root: shoot ratios than plants in mesic environments (e.g. Doley 1981; Richards 1986).
Many studies have also reported an increase in root: shoot ratio for plants subjected to
drought (see review by Klepper 1991), i.e. that for some plants an alteration in root: shoot
ratio is part of the repertoire of plastic responses to environmental stress (e.g. Ludlow 1989;
Stoneman 1994). Sharp and Davies (1979) interpreted a change in the relative proportions of
root and shoot mass in potted maize seedlings exposed to drying soil as a net increase in root
growth. For plants in field situations, however, there is no evidence of increased root growth
in response to water stress. Rather, an increase in root: shoot ratio is achieved by shoot
growth being more reduced by water deficit than is root growth (Stoneman 1994), possibly
due to hormonal control (Sharp 1990; Pereira 1994).

Cowan (1982) pointed out that, since shoot growth is reduced by water deficit, then the plant's
demand for water is consequently reduced and, thus, the disproportionate increase in root
systems is unlikely to result from an increased need for water uptake. He speculated that the
relative increase in root mass in drying soil might be due to reduced efficiency of roots in
water uptake or water transport. Several authors have indeed observed that many roots
become suberised in drying soil (Rhizopoulou and Davies 1991; Eamus et al. 1995c). Some
recent examples of plant hydraulic conductance declining with increasing water stress have
been described by Bréda et at. (1993) and Loustou and Granier (1993). A number of earlier
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studies were referred to in Section 4.4.2.

The failure of deep watering to produce a significant decrease in any of the parameters
measured in the present experiment appears to indicate that both A. ternata and E. tetrodonta
are able to maintain growth irrespective of whether water is supplied from above or below (i.e.
they are likely to access deep groundwater during seasonal drought). Other explanations,
however, can not be ruled out. It is possible that watering regime affects the rate of root
turnover, rather than total root biomass at any particular moment (as described by Vogt and
Bloomfield 1991). Root turnover rates can not be calculated from the results of this
experiment.

Alternatively, the interval between harvests might have been insufficiently long for plants to
respond to watering treatment. Considering the rapid root growth in the pre-treatment period
(seedlings of both species extended roots to the bottom of 2 in pots within only 6.5 months of
planting (a growth rate of approximately 1 cm day')), this explanation seems unlikely. In any
case, the total duration of treatment in this experiment (from Harvest 1 until Harvest 3) was
three months, a substantial proportion of the rainless part of the dry season (typically June

-

August) to which plants are exposed in the field. Taller pots (and taller shadehouses) would
be required to investigate root growth over a longer period, and the results would be of
doubtful ecological significance if the experimental drought period exceeded the natural
drought. It is also possible that treatment differences in the distribution a water through the
soil profile might have been overridden by the effects of hydraulic lift (the nocturnal raising of
water by deep roots in wet soil and its redeposition from shallow roots in dry, surface soil
(Richards and Caldwell 1987); also see Section 8.5.5).

A significant result of this experiment was that, although there were significant differences
between A. ternata and E. tetrodonta seedlings in absolute size and the pattern of growth,
there was little to distinguish between the species in their response to deep-watering treatment.
Neither species showed any statistically significant treatment effects. Yet differences between
A. ternata-dominated and E. tetrodonta-dominated vegetation are obvious. If competition
between these species were based solely on their ability to extract deep groundwater, then the
two plants appear to be fairly evenly matched. On the basis of these results, one might predict
that there should be approximately similar amounts of Allosyncarpia forest and E. tetrodonta
savanna, and that displacement of one vegetation type by the other should occur with
approximately equal frequency.
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However, in the Koongarra area, Allosyncarpia forest is confmed to rocky parts of the
escarpment itself, while savanna occupies all other habitats (pers. obs.). Bowman (199 ib)
has described a rock-free site on the Arnhem Land Plateau, where Allosyncarpia forest is
currently being displaced by E. tetrodonta savanna. I know of no situation where
Allosyncarpia forest is currently displacing savanna. Clearly, other factors play a more
dominant role in determining the current distribution of A. ternata.
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CHAPTER 7

RESPONSE TO FWE

7.1 Introduction
A number of studies in temperate Australia have described relationships between
seedling recovery after fire and one or more of the following features seedling size, seedling
-

age, lignotuber size, depth of lignotuber burial, litter load, nature of fuel, soil temperature, and
some measure of fire intensity (e.g. Noble 1984; Burrows 1985; Bradstock and Myerscough
1988; Auld 1990; Bradstock et al. 1992). However, there are relatively few accounts of fireseedling interactions in tropical Australia. Duff and Braithwaite (1989) reviewed published
and unpublished research for the Top End of the Northern Territory and drew attention to
some differences in vegetation and fire behaviour between tropical and temperate Australia.
Compared with southern Australia, fires in many Top End habitats are frequent (annual or
biennial; Braithwaite and Estbergs 1985) and of relatively low intensity (often < 5 000 kW m
1;

Williams et al. 1995). Litter loads (mostly annual grass) are usually <5 t ha1 and crown

fires are unknown (Lonsdale and Braithwaite 1991). Furthermore, the dominant species do
not require fire for seed germination or seedling establishment. For example, the widespread
canopy-dominant tree Eucalyptus tetrodonta produces seedlings in unburnt leaf litter
(Bowman 1986).

It has been suggested that fire regime plays a major role in confining Allosyncarpia forest
largely to relatively fire-protected, rocky parts of the Arnhem Land Plateau (Bowman et al.
1990; Russell-Smith et al. 1993). Further, there is evidence that at open, rock-free and more
fire-prone plateau sites, Allosyncarpia forest is currently being displaced by more fire-tolerant
Eucalyptus-dominated savanna woodland (Bowman 1991b). In a nursery plot trial, carried
out by Bowman (199 ib) to compare the fire-sensitivity of monsoon rainforest trees, all forty
young (eight months old and < 10 cm tall) A. ternata seedlings were killed in a series of haymulch fires. This result established A. ternata's reputation as one of the more fire-susceptible
species in Top End forests. However, it is likely that this study over-estimated the firesusceptibility of A. ternata, because of the use of very young and very small seedlings.

In August 1993, a wildfire penetrated several hundred metres into Allosyncarpia forest on the
escarpment near Koongarra Saddle, where it caused severe damage to A. ternata seedlings.
However, more than three quarters of the ~! 3.5-year-old seedlings (including some which had

IMI

suffered the total loss of above-ground parts) recovered over the following wet season and
showed higher growth rates than their unburnt neighbours. New growth was also promoted in
those tall seedlings and saplings that had sustained only partial leaf scorch. By contrast, all
18-month-old seedlings were killed by the fire.

Because the fire itself and the post-fire observations were unanticipated, a designed
experiment was carried out in the following year to examine seedling recovery from fire under
more controlled conditions, taking advantage of a landscape-scale fire experiment at the
nearby Kapalga Research Station.

This chapter examines the fire-susceptibility of A. ternata seedlings. The study adds to
previous research by addressing the long-term effects of fire on A. ternata seedlings and the
interaction between fire intensity and seedling size/seedling age. In addition, the results of the
field trials provide an estimate of a critical age for the transition of seedlings from firesensitive to fire-tolerant states.

7.2 Methods
7.2.1 Recovery of Seedlings from Wildfire on the Koongarra Scarp
The study took place near Koongarra Saddle, on the south-southeast-facing scarp
where the seedling sites Ki, K2 and K3 were located (Section 1.3.1). Allosyncarpia forest
occupies most parts of the rocky scarp, with a sharp boundary against Eucalyptus- and
Acacia-dominated savanna woodland on the sandy plain. Canopy cover in the forest varies
from around 80% on parts of the scarp itself to less than 60% on the ridges. The canopy,
which is composed almost entirely of A. ternata, varies in height from 12 to 22 in. Stem
density is approximately 300 stems ha1, with a basal area of approximately 12 m2 ha 1.

A 350 in transect was established up the Koongarra scarp (at right angles to the contour),
beginning at a point 100 in outside the A. ternata canopy in Acacia torulosa woodland and
terminating on the ridge (Fig. 7.1). Basal area and stem density, estimated by the pointcentre-quarter method (Mueller-Dombois and Ellenberg 1974), were recorded at 25 in
intervals along the transect. Site rockiness was estimated from substrate intercepts (rock,
sand or wood) along a 10 in cross-line, laid out at right angles to the escarpment transect.
Canopy cover was estimated from hemispherical photographs (Smith et al. 1992; Turton and
Duff 1992).
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Fig. 7.1 Cross-section of the Koongarra scarp transect, showing the location of Sites Ki, K2 and K3. Ground surface is represented by the dashed line. Leafscorch height after the 1993 wildfire is shown as a dotted line.
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The escarpment transect passed through or close to the sites Ki, K2 and K3 (described in
20Section 1.3.1), where all A. ternata seedlings growing within a 9 m x 9 m quadrat had been
tagged with a wire stake and their height monitored since 1990 (Fordyce 1992; Fordyce et al.
1997b ; Section 5.2.3). The relative height-growth rate (RHGR) of each seedling was
calculated as the slope of the relationship between in (seedling height) and time. There were
at least two seedling age-classes present on the Koongarra escarpment at the time of the
wildfire

-

(1) young seedlings, germinated after a mast seedfall event in January February
-

1992 (i.e. 1.5 years old), and (2) established seedlings, already present at the beginning of the
monitoring program (i.e. ~: 3.5 years old; Section 5.2.3). Both generations were represented at
Site Ki, but seedling populations at the other sites included only the older cohort.

At each site, litter (grass, leaf litter and twigs :!~ 6 mm diameter) was collected from twenty,
0.25 m2 quadrats placed randomly about a 50 m transect, oven-dried and weighed. For
comparison, a 50 m transect was also established in Acacia torulosa woodland on the plain
below Site Ki.

An unplanned and uncontrolled fire on August 1st 1993 burned most of the scarp near
Koongarra Saddle, including Sites Ki and K3. Eyewitnesses described the fire as patchy and
of low intensity (L. Barnett, park ranger, pers. comm.). Late in the following dry season, a
second wildfire (September 18th 1994) burned a large part of the Baroalba valley, including
the northern slopes of the Koongarra saddle. This fire again burned the ridge at Site K3, but
did not reach Sites Ki and K2.

Mean relative height-growth rates were compared between a group of burnt, resprouted
seedlings at Site Ki and a nearby group of unburnt seedlings, using an unpaired t-test.
Growth rate data were transformed by V(x+]) to satisfy requirements for normal distribution
and homogeneity of group variances. These procedures were carried out using Statistica
(Version 5.0) software.

7.2.2 Recovery of Seedlings from an Experimental Burn
Potted A. ternata seedlings which had been raised in shadehouses and which varied in
height (4 cm 268 cm) and age (8 months 4.7 years) were subjected to either high-intensity
-

-

or low-intensity fire, or no fire, at CSIRO's Kapalga Research Station (12°40'S; 132°25'E),
180 km east of Darwin, within Kakadu National Park. The Kapalga region has been sub-
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divided into a number of management compartments, each of which has been subjected to one
of four fire regimes (Braithwaite 1990; Williams 1995). The present experiment utilised two
woodland sites within one of the compartments subjected to fire in September 1994, and a
further site which was not subjected to fire. Fire intensity at the two fire sites was
manipulated by selecting locations with different fuel loads

approximately 5 t ha' at the

-

high-intensity site, and 0.4 t ha 1 at the low-intensity site. The site of high-intensity fire was
characterised by a dense groundcover of cured but standing grass (Pseudopogonathe rum
contortum (Brongn.) A. Camus), 20 cm to 40 cm high. The low-intensity fire site was located
in a clearing amongst sparse speargrass (Sorghum spp.). The no-fire site was located in
woodland that had been burnt several months before the experiment.

7.2.2.1 Experimental procedure
A total of 106 seedlings (one seedling per pot) was divided into nine replicate groups.
Each group consisted of 11 or 12 individuals, and included at least
two 4.7-year-old seedlings in the> 100 cm height class (in 20 L pots)
two 2.7-year-old seedlings in the> 100 cm height class (in 20 L pots)
three 2.7-year-old seedlings between 4 cm and 67 cm tall (in 5 L pots)
four 0.7-year-old seedlings (all <20 cm; in 0.5 L pots).
Both the 4.7- and 2.7-year-old seedlings had been transplanted as recent germinants from
Allosyncarpia forest near Site Kl, and raised in a shadehouse in Darwin. The 0.7-year-old
plants had been germinated in a shadehouse from fresh seed collected at the same location. At
each of the three sites (the treatments), three seedling groups (the replicates) were arranged at
the apices of an equilateral triangle, 50 in x 50 in x 50 in.

Prior to the experiment, the seedlings had been growing in shadehouses in Darwin and
received daily irrigation. One week before the experiment, the seedlings were transported to
the main camp at Kapalga, where they were placed in the shade and watered nightly. To
minimise stress to the seedlings, all transportation and handling took place at night. An
enclosed trailer was used for the Darwin Kapalga move. During the night before the fire, the
-

seedlings were moved to the field sites (a distance of about 10 km) and placed (in their pots) in
prepared holes, which were then back-filled in such a way that the top of the pot was flush
with the surrounding ground surface.

Fire-line intensity (fuel load x fuel heat content x rate of spread of the fire front; Byram 1959)
was determined within a single, relatively uniform area of approximately 0.1 ha at each site.
Fuel weight (g m 2) was determined directly from five, 0.25 m2 quadrats within each sample
site. The heat of combustion of the fuel was assumed to be 20 000 kJ kg (Williams 1995).
Rate of forward spread was determined using an array of electronic, temperature residencetime meters (Moore et al. 1995). The timers were buried at the apices of equilateral triangles
(50 in x 50 in x 50 m), where the groups of seedlings had been placed. The difference in time
of arrival of the fire front between one point and the other two points in a triangle gave the
average rate of spread between these three points, using formulae given in Simard et at.
(1984). The methodology is described in more detail by Moore et al. (1995) and Williams
(1995).

On the evening following the fire, the seedlings, still in their pots, were excavated, transported
to a shady site at the Kapalga main camp, and watered every evening for one week. They
were then transported in an enclosed trailer to Darwin, where they were watered daily in a
shadehouse. Regrowth and leaf flushing were monitored weekly over the subsequent three
months. Survival was defined as the presence of green leaves at any time during this threemonth period, apart from the fortnight immediately following the fire. Thus, seedlings that
resprouted after the fire, but later died, were scored as "survivors", as were seedlings that
retained some green leaves through the monitoring period, without growing any new ones.
However, seedlings that appeared to survive the fire with some intact foliage, which died
during the subsequent fortnight, were scored as "non-survivors".

7.2.2.2 Statistical analysis
Two, two-factor ANOVAs were performed in turn to examine the effects of fire
intensity and either age or height-class on seedling survival. Seedlings from the 1990 age
group (4.7 years old) and the> 100 cm height class could not be examined statistically since
survival was almost 100%. Proportional results from each block (replicate) were transformed
(arcsin ()) for the analysis. All of the calculations above were carried out using Statistica
(Version 4.0) software.

In order to model the relationship between seedling survival and fire intensity, survival was
treated as binary data (1/0) and analysed using Generalised Linear Models, with a logit link
function in Genstat (Version 5.1; Collett 1991). Models were constructed only for the two fire
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treatments as the survival of unburnt seedlings was close to 100%, resulting in no variance in
some cells. In each analysis, the models were based on the response (lived/died) of individual
seedlings in the total population, rather than on the number of deaths in each replicate
population. Seedling height or seedling age was fitted first, as a co-variate; fire intensity (high
or low) was fitted subsequently as a fixed factor, followed by the height x fire intensity (or age
x fire intensity) interaction term. In designs such as this (also see Williams and Douglas
1995), the test statistic is the deviance, which is distributed approximately as chi-square.
Seedling age/height had one degree of freedom, as did fire intensity. Residual deviance was
between 0.95 and 0.99 in each model, indicating that the data were not substantially dispersed.
The final models, including interaction terms, were used to predict the probabilities of
survival across height classes (0.2, 0.5, 1, 1.5 and 2 m) and age classes (0.5, 1, 2 and 4
years).

7.3 Results
7.3.1 Recovery of Seedlings from Wildfire on the Koongarra Scarp
Site characteristics are summarised in Table 7.1. Environmental variables along the
escarpment transect are shown in Fig. 7.2. The 1993 wildfire burned almost all of the ridge,
including 90% of Site K3. Site K2 was not burned. At Site Ki, which was located in a dry
gully and partially protected from the general wildfire, a flame front crossed about half of the
seedling plot. In general, leaf-scorch height (and inferred fire intensity) decreased uphill from
a maximum of 6-12 in at the base of the scarp (near Site Ki) to 0-3 in on the ridge (Site 1(3),
probably because of decreasing fuel load with increasing rockiness. Particularly rocky parts
of the scarp, such as bluffs at Site K2, contained minimal leaf litter and remained unbumt.
Leaf-scorch heights indicated a fire of low to medium intensity (500 3 000 kW m'), similar
-

to early dry-season burns at Kapalga (Williams et al. 1994).

Numbers of tagged seedlings at each of the sites are given in Table 7.2. All 13 of the 1.5year-old, tagged seedlings occurring in a burnt portion of Site Ki were killed. By contrast,
87% of the sixty-nine, ~! 3.5-year-old seedlings recovered from fire damage over the following
wet season. Furthermore, mean RHGR in a group of seedlings, which as a result of the fire
had been either completely defoliated or burnt to the ground, was significantly higher (n = 27
(burnt), n = 17 (unburnt); P < 0.001) over the 1993-94 wet season than in a nearby group of
unburnt plants (0.0124 vs 0.0002 in (cm) day').
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Table 7.1 Site characteristics. An area of adjacent Acacia torulosa woodland is included for
comparison.

Site Ki

Site K2

Site K3

Woodland

scarp base

cliff ledges

ridge

sandplain

Location along
transect (m)

100

275

350

0

Slope
(degrees)

1-5

0-90

0-25

0-1

Substrate

sand

rock outcrop

rock rubble

sand

Rockiness (%)

0.4

58.4

27.4

0

Canopy height
(m)

21

13

15

8-12

Canopy cover
(%)

66

48

53

29

Stem density
(stems ha'

300

213

188

35

Basal area
(m2 ha')

12.2

11.1

5.1

0.7

427±46

163±37

765 ±60

1544±48

50

0

90

100

6-12

0

0-3

8-14

Topographic
situation

Litter(gm 2 )
mean ± s. e.
Ground scorch
after wildfire
(%)
Leaf scorch
height (m)
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Fig. 7.2 Variation in several environmental features along the scarp transect.
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Table 7.2 Density and mortality of A. ternata seedlings in burnt and unburnt parts of the Koongarra
scarp. Seedling plots at each site were approximately 80 m2. Column 2 shows the total number of
tagged seedlings (of a particular age-class) present at each site. Columns 3 and 4 show percentages
of seedlings in unburnt portions of the site, before and after the wildfire. Columns 5 and 6 show
percentages of seedlings in burnt portions of the site, before and after the wildfire.
young seedlings
established seedlings

young seedlings (1.5 years old)

Tagged
seedlings

Unburnt

Burnt

pre-fire

post-fire

pre-fire

post-fire

(%)

(%)

(%)

(%)

Site KI

43

70

67

30

0

SiteK2

0

0

0

0

0

Site K3

0

0

0

0

0

43

70

67

30

0

Total

established seedlings (at least 3.5 years old)

Tagged
seedlings

Unburnt

Burnt

pre-fire

post-fire

pre-fire

post-fire

(%)

(%)

(%)

(%)

SiteKi

90

53

53

47

40

SiteK2

25

100

92

0

0

Site K3

37

27

27

73

65

Total

152

55

53

45

39

34

9

9

91

88

1993 fire
1994 fire
(Site K3 only)
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Following the 1994 wildfire, leaf-scorch and stem-char heights at Site K3 were similar to
those resulting from the 1993 wildfire, suggesting a similar fire intensity. More than 95% of
the ground surface at Site K3 was scorched and most of the 34 A. ternata seedlings were
damaged. However, all but one of the burnt seedlings resprouted over the following wet
season (Table 7.2b).

7.3.2 Recovery of Seedlings from an Experimental Burn
Ambient air temperature at the time of the fires (approximately 1230 hours, 21/9/94)
was 37.0 T. Relative humidity was 21% (vapour pressure deficit was 5.0 kPa). At the highintensity fire site (Plate 7.1), mean fuel load was 4 820 g m 2. Local fire intensity was 11 000
kW m 1. All fuel was consumed and trees at the site were scorched to a height of 22 in. At the
low-intensity fire site, mean fuel load was 360 g m 2. Fire rate-of-spread could not be
determined at this site as two of the three timers failed. Intensity was estimated instead from
empirical relationships between intensity and heights of leaf scorch and stem char (Williams et
al. 1994). Char heights on trees within the clearing were approximately 0.3 m, suggesting an
intensity of approximately 500 kW in-'. The fire was patchy, with less than 80% of the fuel
consumed.

Immediate post-fire damage for the three sites is summarised in Table 7.3. At the lowintensity site, a few of the small (<20 cm) seedlings were burned to ground level, but most
were merely scorched. The intermediate (20-100 cm) and large (> 100 cm) seedlings were
scorched but not charred. At the high-intensity site, the sterns of all of the small and
intermediate seedlings were burned to ground level. The large seedlings were burned leafless,
so that only charred sterns remained. At the unburnt site, all of the seedlings survived and
there was no leaf loss.

Three months after the fire, overall seedling survival was 72%. Of the youngest seedling
cohort (0.7 years old), only 12 (4 1%) resprouted after fire, while all 11 seedlings in the
unburnt group survived and produced new growth (Table 7.4; compare Figs 7.3 and 7.4).
Significantly fewer of these young seedlings survived the high-intensity fire than the lowintensity fire (P = 0.006). For the 2.7-year-old seedlings, which varied in height from 4 cm to
169 cm, 83% of the two burnt groups and only 73% of the unbumt group survived. Analysis
of variance determined that this difference was not significant (P = 0.71).
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Plate 7.1 Experimental fire at the high-intensity site, Kapalga. Photo by M. Douglas.
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Table 7.3 Percentages of seedlings (tabled according to treatment and age/height) in each damage category
immediately after experimental treatment. Damage categories are: 0 = no damage; 1 = leaves scorched; 2 = all or
almost all leaves burned off, stem blackened; 3 = burned to the ground.

No fire
Damage

Height-

Low-intensity fire
2

High-intensity fire
3

2

0

1

>100

100

100

100

20-100

100

100

33

<20

100

56

4.7

100

100

2.7

100

93

0.7

100

3

class
(cm)

Age
(years)

28

17

67
100

100
0

176

7

44

56

Table 7.4 Seedling survival (presence of green leaves at any time during the three months (apart from the immediate
fortnight)) following experimental treatment. Individuals which resprouted after the fire but later died are scored as
survivors', as are those which retained some green leaves without growing any new ones. The three treatments were:
no fire, low-intensity fire and high-intensity fire. Figures in conventional type are actual seedling numbers. Figures in
bold type are percentages.

No fire

Low-intensity

High-intensity

(n)

(%)

(n)

(%)

(n)

(%)

Height-class

>100

11

92

10

100

9

90

(cm)

20-100

5

71

6

86

6

100

<20

14

88

10

56

8

40

Age

4.7

8

89

6

100

6

100

(years)

2.7

11

73

12

86

13

81

0.7

11

100

8

53

4

29

177

100
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Fig. 7.3 Mean seedling survival three months after experimental treatment for the three age
groups
4.7 years old
2.7 years old
0.7 years old
Experimental treatments are represented thus: solid bars = high-intensity fire; diagonal fill
=

low-intensity fire; open bars = no fire. Error bars show standard error.
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Fig. 7.4 Mean seedling survival three months after experimental treatment for the three
height-classes
>100cm
20-100cm
<20cm
Experimental treatments are represented thus: solid bars = high-intensity fire; diagonal fill =
low-intensity fire; open bars = no fire. Error bars show standard error.

In the modelling procedure, which took account of the two fire treatments only, mean survival
was slightly higher for the low-intensity fire than for the high-intensity fire (Fig. 7.5), but the
difference between fire treatments was not significant (Table 7.5). Seedling survival increased
significantly with increasing age (Fig 7.5a) and height (Fig 7.5b).

The probability of survival was greater than 50% for seedlings aged two years or more, or for
seedlings 50 cm tall or more. Indeed, for seedlings 1.5 in tall or more, there was no significant
effect of either fire intensity or seedling height. In the oldest cohort (4 years) and the tallest
height-class (2 m), survival was more than 90%.

Table 7.5 Summary deviance table indicating the significance of the effects of height (or age), fire
intensity, and height (or age) x fire intensity interactions on the survival of seedlings of A. ternata.
Deviance is distributed approximately as chi-square at the appropriate degrees of freedom.
df = degrees of freedom; P = probability; ns = not significant

Source of Variation

df

Deviance

P

height

1

19.2

0.001

fire intensity

1

1.0

ns

height x fire

1

2.9

ns

residual

67

64.9

total

70

88.0

age

1

20.9

0.001

fire intensity

1

1.7

ns

age xfire

1

0.3

ns

residual

67

65.0

total

70

87.9

ME

1.0

0.8 h Low intensity
-

0.6

>
Cl)

0.4

High intensity fire

0.0
0

1

2

3

4

5

Seedling age (years)

Low Intensity
1.0
0.9
0.8
>

0.7
Cl)

0.6
0.5
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0

50 100 150 200 250 300
Seedling height (cm)

Fig. 7.5 Modelled survival of A. ternata seedlings following low- and high- intensity fire at
Kapalga as a function of (a) seedling age (0.5, 1, 2 and 4 years) and (b) seedling height (0.2,
0.5, 1, 1.5 and 2 m). Bars represent standard error.
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7.4 Discussion
Compared with some tree species in northern Australia (Bowman 1991a), A. ternata
seedlings are relatively fire resistant. Even after complete stem death, many plants regrow
from lignotubers. However, seedling survival following a low- to medium-intensity wildfire
on the Koongarra scarp was clearly age-dependent; all young (1.5-year-old) seedlings died,
while 87% of established (~! 3.5-year-old) seedlings recovered. Experimental burning at
Kapalga also demonstrated high survival, particularly for the older and taller seedlings;
seedlings which were more than 1 in tall or three years old had a better than 75% chance of
surviving even a high-intensity (11 000 kW m') fire. Allosyncarpia ternata seedlings
therefore develop fire resistance at a relatively early age, with a> 50% chance of survival at
only two years.

The capacity of many rainforest plants for vegetative regrowth following fire has been
reported in North Queensland (Stocker 1981), the Amazon Basin (Kauffman 1991), Southeast
Asia (Woods 1989) and West Africa (de Rouw 1993). There is some evidence that rainforest
plants in seasonally dry forests coppice more readily than those in the per-humid tropics. For
example, Sampaio et at. (1993) reported that 93% of species in caatinga (dry, semi-deciduous
forest) in northeastern Brazil resprouted after a slash-and-burn treatment, whereas Kauffman
(1991) noted only 59% species survival following fires in a moist rainforest in eastern Brazil.
In an extensive survey of Northern Territory rainforest patches, Russell-Smith (1996) noted
that coppice regrowth forms a larger proportion of the sapling bank at seasonally dry sites
than at moist sites.

Russell-Smith and Dunlop (1987) observed that many monsoon forest species in the Northern
Territory recover vegetatively following fire. All but one of the ten most common tree species
in Allosyncarpia forest showed resprouting after a late dry-season fire at Baroalba Springs
(Bowman 1991 a). In that study, 61% of A. ternata individuals present at the time of
observation had resprouted. For most of the species examined at Baroalba Springs, there was
either no significant correlation or a weak positive correlation between stem diameter and
post-fire survival. For A. ternata however, Bowman (1991a) noted that fire-killed trees had
significantly higher dbh than either undamaged or resprouted trees, a phenomenon which he
attributed to a chimney effect in termite-hollowed trunks. Thus, although young A. ternata
plants are remarkably fire-resistant (once the seedlings have survived an initial, vulnerable
stage), large trees (whose trunks are invariably hollowed-out by termites) are more readily
killed by fire. Lonsdale and Braithwaite (1991) also observed that fire preferentially killed
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trees of large size-classes in some Top End savanna species. They suggested that firevulnerability decreased with age until maturity, then increased with plant senescence.

The ability of A. ternata to resprout from lignotubers may be primarily an adaptation to
drought or disturbance in general, rather than to fire. While it is not possible to test this
speculation with the data presented here, it was noted that stem mortality (as opposed to plant
mortality) was almost identical on the seasonally dry cliff ledges at Site K2, which remained
unburned throughout the entire study period, and the twice-burned Site K3 (84% and 76%
respectively; Section 5.3.3). Bowman (1994) reported similarly high rates of stem death in
large (stem diameter 1-5 cm) A. ternata seedlings and saplings at an exposed site on the
Arnhem Land Plateau.

Post-fire watering may be an important factor in the recovery of A. rernata seedling
populations. If a wildfire occurs late in the dry season (i.e. followed soon afterwards by wetseason rain), then survival may be higher than from a fire early in the dry season, despite the
higher intensity of late fires. In Top End vegetation, late dry-season fires normally burn with
a higher intensity than early dry-season fires (Duff and Braithwaite 1989; Williams et al.
1995), yet this study found no correlation between fire intensity and survival in established
seedlings. It should be noted that post-fire irrigation was carried out daily in the present
experiment, and this may have enhanced survivorship.

Wildfires have burned some parts of the Koongarra scarp several times during the past five
years, with the result that net seedling growth is very slow (Sections 1.3.4 and 5.3.3). During
the 1994 dry season, wildfire again damaged most of the seedlings at Site K3 (Table 7.2b).
Once again, there was a flush of new growth during the following wet season and, by April
1995 (at the beginning of the dry season), survival was 88%. Moreover, the height-class
structure of the seedling population in April 1995 was similar to what it had been in previous
years.

In the light of Bowman's (1991b) observation that the A. ternata seedling population was
severely depleted at a rock-free site on the Arnhem Land Plateau, it is apparent that frequent,
high-intensity fires can eventually bring about the demise of Allosyncarpia forest at certain
sites. Intense, late dry-season wildfires have burned large parts of the plateau in recent years
(Day 1985; Russell-Smith 1995). On the escarpment near Koongarra Saddle, however, where
the survival of at least some young seedlings is assured by the patchiness of wildfire in the
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broken and rocky terrain, Allosyncarpia forest does not appear to be under threat from the
current fire regime. Nevertheless, at savanna margins, where fires are inferred to be both
more intense and more frequent than they were in pre-European times (Braithwate and
Estbergs 1985), repeated burning of coppiced shoots and seedlings may be responsible for the
scarcity of A. ternata on some parts of the Arnhem Land Plateau (Russell-Smith and Dunlop
1987; Bowman etal. 1990).

Caution should be exercised in extrapolating the results of pot trials to Allosyncarpia forests.
The fires at Kapalga, while "natural" in as much as they passed through the sites in an
uncontrolled manner, nevertheless took place in lowland woodland, a habitat which A. tern ata
does not normally occupy. At Kapalga, the fuel was predominantly cured, annual grass; in
the "stone country" of the Arnhem Land Plateau, however, most of the fuel in Allosyncarpia
forest is leaf litter, with a highly variable component of sclerophyllous shmbs and perennial
grasses (such as spinifex). The seedlings used in the Kapalga experiment had been regularly
watered and fertilised throughout their lives and were taller and had more foliage and larger
lignotubers than most field-grown plants of the same age.

An implication for land management on the Arnhem Land Plateau and its outliers is that
A. ternata seedlings require a fire-free interval of at least three years following germination.
Due to the accumulation of fuel, the risk of accidental wildfire increases with each year of fire
protection, and a regime of absolute fire exclusion may be impractical in some areas,
particularly at forest margins adjacent to annually burned savanna. For this reason, I am
unwilling to recommend a fire-free interval of more than three years. However, given the
small sample size in this experiment and the unknown effect of repeated burning, I stress that
three years should be regarded as a minimum period. Slow-growing seedlings in particularly
dry habitats may require a somewhat longer fire-free interval to develop fire tolerance.
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CHAPTER 8 SYNTHESIS

8.1

Swnmary
At exposed sites, trees were generally shorter than trees on the ravine floor. They had

higher mean ratios of canopy width to height and were more frequently multi-stemmed. These
differences appeared to be associated with site differences in dry-season water-availability,
and were accompanied by significant differences in leaf xylem potential and bulk solute
potential at both full and zero turgor, as derived from P-V analysis. Site differences in leaf
characteristics and leaf assimilation rates were typical of sun vs shade leaves and were
probably related to the average irradiance environment experienced during growth. Leaves at
exposed sites had significantly lower mean specific leaf area, lower mean chlorophyll a and b
concentration, higher mean stomatal density, higher rates of light-saturated assimilation
(during part of the day at least) and lower apparent quantum yield. There was no difference
between sun-grown and shade-grown shadehouse plants in photosynthetic induction by
lightflecks. These results are in accordance with hypothesis (1) (Section 1.4.1) and, thus, the
hypothesis is accepted..

At the hilltop site (but not on the ravine floor), there were large seasonal differences in leaf
assimilation rates, apparent quantum yield, xylem water potential and stomatal conductance.
Furthermore, in the late dry season at the hilltop site, there was a significant afternoon decline
in both assimilation rate and stomatal conductance. This diurnal hysteresis is likely to be
related to an afternoon decline in soil and/or atmospheric moisture content. It is also
speculated that soil-to-leaf hydraulic conductance declines through the day in seasonally
droughted plants. Hypothesis (2) should be accepted.

Seeds were collected from the Koongarra scarp during seedfall events in 1992 and 1994.
Shadehouse trials showed that germination was highest (> 95%) in fresh seed and declined
rapidly iii seeds stored for more than two weeks. There was no dormancy and seed viability
was exhausted after storage at ambient temperature for six weeks. Seeds, once they had been
hydrated, were extremely susceptible to fungal attack, both under shadehouse conditions and
in the field; seed mortality up to 100% was observed on some parts of the Koongarra scarp.
Seedlings carpeted large parts of the Allosyncarpia forest and extended several tens of metres
beyond the forest canopy along runoff channels during the seedfall wet season. However, high

mortality, caused by fire and drought during the following dry season, confined seedlings
largely to shaded and fire-protected patches. These observations support hypothesis (3).

In a shadehouse experiment, A. ternata seedlings were raised in different irradiance
environments under controlled conditions with plentiful water. Seedlings grown for 12 months
under shadecloth transmitting 70% of ambient sunlight had higher growth rates, were taller
and produced more leaves, branches and stems than seedlings grown under shadecloth
transmitting either 30% or 10% ambient sunlight. The ecological significance of this growth
response to light environment is discussed in the following section. These results support
hypothesis (4) and the hypothesis is accepted.

On the Koongarra scarp, mortality and growth, monitored in three seedling cohorts, showed a
strongly seasonal pattern. In each year of the study, mean relative growth rate (measured in
terms of seedling height) peaked in the early wet season and reached minimum levels in the
early dry season. Leading stems of almost all tagged seedlings died at some stage during the
study period. Many plants entirely lost their aerial parts during the dry season, then
reappeared from lignotubers in the following wet season. Over the total five-year period,
absolute change in mean height was negligible. Hypothesis (5) should be accepted.

A conceptual model of punctuated seedling growth, originally proposed by Fensham and
Bowman (1992) for savanna eucalypts, was considered appropriate for A. ternata. Individual
seedlings typically spend many years (perhaps decades) as small, multi-stemmed plants on the
forest floor. Above-ground growth is very slow during this establishment stage; instead,
seedlings extend their below-ground parts

-

a large lignotuber and a deep root system. After a

number of years, when the lignotuber has grown large enough to sustain massive shoot
growth, when a suitable light gap becomes available, and presumably when roots eventually
reach reliable dry-season water supplies, a single stem becomes dominant and the "habitswitched" seedling undergoes rapid growth.

An experiment was carried out to examine root development in A. ternata seedlings under
different watering regimes. Recent germinants were grown in 2 in-long tubes that were split
along their length, and watered from access holes at depths of 1 in and then 2 m. A control
group, also in 2 in split-tubes, was watered only from the surface. These watering treatments
were intended to represent wet-season rain and the dry-season, falling water table. Seedlings
in both groups extended roots to the bottom of the tubes within six months (thereby supporting
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hypothesis (6)), while above-ground growth reached a height of only 30 cm. The watering
treatments produced only trivial (and non-significant) differences in leaf characteristics,
stomatal conductance, xylem water potential, growth rate, and biomass allocation between
roots, stems and leaves. It was speculated, therefore, that A. ternata is able to tap
groundwater supplies on the Arnhem Land Plateau. This speculation was consistent with the
field observation of a merely weak relationship between leaf-to-air vapour pressure difference
and stomatal conductance in A. ternata growing near Baroalba Springs, in contrast to many
studies of savanna trees in the Darwin region (Cole et al. 1994; Myers et al. 1997; Prior et al
1997).

Eucalyptus tetrodonta seedlings, grown under the same experimental conditions, also
demonstrated this capacity to utilise deep water. In their case, however, the ratio of fme roots
to coarse roots was much lower than in A. ternata. Because it is fine roots that absorb water
from the soil, it was suggested that A. ternata should be better able than E. tetrodonta to
survive thy-season drought on the Arnhem Land Plateau.

Measurements on the Koongarra scarp showed a clear relationship between lignotuber volume
and seedling age (further supporting hypothesis (6)). Seedlings that had resprouted after
losing their entire above-ground growth in a wildfire had larger lignotubers than unburnt
seedlings of the same age. This observation, together with records in Chapters 5 and 7 of
recovery by A. ternata seedlings after fire, strongly supports hypothesis (7).

Two dry-season wildfires on the Koongarra scarp caused severe damage to the seedling
population, but had no observed impact on either size-class structure or mean growth rate
over the following year. Most burned plants resprouted after the first rains of the dry seasonwet season transition. However, all "young' seedlings (1.5 years old at the time of the fire)
were killed by the fire and did not resprout. This age-dependent impact was verified in
subsequent field trials, when seedlings of different heights and ages were exposed to
experimental fires. A logit-linear model derived from mortality results showed that the
probability of seedling survival increased significantly with seedling age and height in "young"
seedlings but, once a plant reached a height of I in or an age of three years, survival was>
80%, irrespective of height, age or fire intensity. Hypothesis (8) is supported by these results
and should be accepted.
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In conclusion, this study has demonstrated that A. ternata is able to occupy diverse habitats
because the leaves adapt readily to different irradiance conditions and plant habit varies with
environmental water status. Associated with this variation in leaf characteristics and tree
physiognomy, A. ternata shows wide variation in CO2 assimilation and water relations, both
between micro-climatically contrasting sites and between times of day and year. These
observations effectively answer the first of the two questions posed in Section 1.1, "What
attributes of A. ternata allow the species to occupy such diverse habitats?"

The second question ("Why is A. ternata absent from other sandstone plateaux in northern
Australia?") cannot be answered, since the present study focuses on a single species and
geographical area. However, observations of infrequent seed production, poor seed dispersal,
high seed and seedling mortality, slow seedling growth, and low fire-tolerance support the
speculation that A. ternata is unsuited to a colonising (or recolonising) role.

8.2

Ecological and Palaeo-ecological Issues

As in much of monsoonal northern Australia, the predominant vegetation of the Top End is
Eucalyptus-dominated savanna (Story 1976; Wilson et al. 1990). Within this expanse of open
vegetation, rainforests (sensu Webb and Tracey 1981) occur as small, isolated patches (RussellSmith and Dunlop 1987). Many of these rainforest patches are associated with sites of locally
enhanced water supply (e.g. springs, groundwater seeps, riverbanks) or local fire protection (e.g.
rock outcrops, coastal cliffs, small offshore islands) (Bowman and Panton 1993a; Russell-Smith
1991). In such cases, the boundary between rainforest and adjacent vegetation is usually clearly
defmed.

Allosyncarpia forest, generally considered a distinct type of monsoon rainforest (Bowman 199 ib;
Russell-Smith 1991), is unusual amongst North Australian rainforests in that the dominant canopy
species, A. ternata, also dominates some open vegetation communities. Allosyncarpia ternatadominated vegetation forms a continuum from closed-canopy forest to woodland (Fordyce et al.
1995). Nevertheless, like other rainforests in the Northern Territory, Allosyncarpia forest occurs
not as a continuous belt, but as isolated patches varying in size from a few tens of square metres to
hundreds of hectares, typically separated by tracts of bare rock or savanna (Russell-Smith et al.
1993).
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Patchiness occurs at a range of scales as a clustering of individual plants at microsites within
-

Allosyncarpia forest, as forest isolates within the landscape, and regionally, as a forest type
endemic to the western Arnhem Land Plateau. Seeds and newly germinated seedlings are highly
susceptible to fungal attack (Sections 5.2.2 and 5.3.1). High mortality at this life stage results in a
clumped distribution of A. ternata seedlings following a seedfall event, even before the wet season
has ended. Fire and drought are typically dry-season events and their impact on A. ternata
seedlings varies with seedling age and height. In populations of young seedlings, the effect of fires,
by killing vu]nerable plants, is to enhance the pre-existing, fungus-caused clumping (see Sections
5.2.2 and 5.3.1). By contrast, established seedlings (i.e. those with a large lignotuber (Section
6.3.1)), are not readily killed by either fire (Chapter 7) or drought (Section 5.3.3). Rather, their
mortality results from stochastic events such as rockfalls, lightning strikes and sandslips. Fire and
drought are not strictly "disturbances" (sensu Pickett and White 1985) in most Top End
environments (including those parts of Allosyncarpia forest with established seedlings), but are
'stresses", in the sense that they reduce growth rate and/or fecundity.

On a landscape scale, the distribution of adult plants is also clumped. A. ternata trees tend to occur
in small, monospecific stands rather than as isolated individuals or as continuous forest tracts.
Where a group of trees is sufficiently large to be distinguished at a particular mapping scale, it is
recognised as a patch of Allosyncarpia forest. Typically, these forest patches are separated from
each other by bare rock or open vegetation, such as savanna or heath. The failure of A. ternata to
colonise these intervening spaces is due partly to poor seed dispersal (Bowman 1991b; RussellSmith etal. 1993; Section 5.3.1) and partly to the vulnerability of young seedlings to drought and
fire (conditions which are more likely to be encountered in open vegetation than in closed-canopy
forest) (Bowman 1991a, 1991b; Fordyce etal. 1997c; Sections 5.3.1. and 7.3.1). Fires are both
more frequent and more intense at patch margins than inside the forest itself, because of enhanced
light (and increased grass growth) at patch margins, proximity to regularly burned savanna and
increased opportunities for invasion by fire-promoting savanna plants. In most Allosyncarpia
forests on rocky parts of the Escarpment, fires are patchy and cause relatively minor long-term
damage. At patch margins, however, repeated fires can prevent regeneration of A. ternata
seedlings. Thus, fire regime is a major determinant of forest patchiness at a landscape scale.

Fire regime, and the present distribution of Allosyncarpia forest on the Amhem Land Plateau, is
linked to human occupation of the area. The antiquity of human occupation of the Escarpment is in
dispute. The oldest conventional radiocarbon dates, for organic material from rockshelters above
the lowest level containing human artefacts (the lowermost levels are barren of organic material

suitable for carbon dating) are between 20000 and 25 000 BP (Jones 1985a). This material is
considerably younger than bones in the Upper Swan valley, WA, which give a cluster of 14C dates
around 38 000 BP (Pearce and Barbetti 1981). Thermoluminescence and optically stimulated
luminescence studies of quartz from the deepest sediments in these same rockshelters have yielded
dates between 50000 and 60 000 BP (Roberts et at. 1990; Roberts and Jones 1994). However, the
validity of these early dates has been contested (e.g. Bowdier 1990; Hiscock 1990; Allen 1994).

Archaeological evidence suggests that the earliest occupants of the Escarpment area lived in semiarid conditions, far inland from the contemporary coastline, and hunted emus, kangaroos and
wallabies (Tacon and Brockwell 1995). With the Holocene sea-level rise and increase in rainfall
(from approximately 10 000 BP), existing river valleys flooded and mangrove swamps developed
over much of the coastal region (from approximately 7 000 BP; Woodroffe et at. 1985a, 1985b;
Russell-Smith 1985a). The development of freshwater swamps and floodplains (between 4500 and
1 500 BP; Hope et at. 1985; Woodroffe et at. 1985a, 1985b; Clark and Guppy 1988) was followed
by a dramatic increase in the Aboriginal population and a greater exploitation of lowland habitats
(Jones 1985a; Meehan et at.1985; Brockwell et at. 1995). The demographic pattern of dry-season
dispersal over the lowlands, alternating with wet-season retreat to shelters in the 'stone country",
continued until the 1940's, when Aboriginal people migrated to (or were forcibly relocated at) a
small number of European-operated centres.

The high concentration of people supported by freshwater-swamp and floodplain resources in the
Alligator Rivers and western Arnhem Land areas (population density estimated at between one and
two persons per square kilometre (Jones 1985a)) and the systematic occupation of Escarpment
shelters was accompanied by regular burning of the vegetation. Jones (1969) regarded Aboriginal
burning as a form of resource management, which he provocatively termed "fire-stick farming".
Haynes (1985) described traditional burning in contemporary Arnhem Land as a skilful and precise
procedure, which produced a mosaic of burnt and unburnt patches, preventing the spread of late
dry-season conflagrations at the same time as optimising the habitat for game. Haynes noted that
rainforest patches were deliberately left unburnt and were routinely given the protection of
firebreaks. Russell-Smith et at. (1997) also reported that contemporary Aboriginal burning in
western Arnhem Land tends to conserve rainforest patches.

Aboriginal people, sheltering on the Escarpment, no doubt took stores of plant foods with them.
However, before the wet season was over and the lowlands were again accessible, they would have
had to supplement their diet and material needs with local resources. While A. ternata itself has
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few documented uses in Aboriginal culture, Allosyncarpia forest contains many plant species used
by people currently inhabiting the area (Chaloupka and Giuliani 1984; Russell-Smith 1985b).
Usage includes food (fruits, cabbage (palm pith), and yams), medicines, mosquito repellants, fibres,
dyes, paints, ornamental seeds, and wood for a variety of purposes. In addition, Allosyncarpia
forest was an important source of animal protein (birds, fish, lizards, snakes and small mammals)

and of the beeswax used in rock-art and adhesives (Chaloupka 1993). Given the fire-sensitivity of
many of these resources, it is unlikely that Aboriginal people would deliberately burn patches of
Allosyncarpia forest (except for local hazard reduction) or allow wildfire to enter them. By
contrast, since the depopulation of the Arnhem Land Plateau and the cessation of Aboriginal
management, intense wildfire has become a frequent occurrence (Day 1985).

A particularly fire-sensitive vegetation type in the Top End is Callitris (cypress) forest, which has
taxonomic affmities with rainforest (Bowman and Hams 1995). Bowman and Panton (1993b),
using dendrochronology, dated the trunks of apparently fire-killed Callitris intratropica R.T. Baker
& H.G. Smith trees on the Amhem Land Plateau and found that most had died within the past 50
years. They attributed this recent increase in death rate to the breakdown of Aboriginal fire control.

On a regional scale, A. ternata is confined to an area of approximately 25 000 km2 (Section 1.2.3).

This narrow endemicity is due to the water-holding capacity of a single rock unit

the Middle

-

Proterozoic Kombolgie Formation. Sandstones within the Kombolgie Formation are highly porous
(Section 4.4.6) and provide a groundwater reservoir which sustains the deep-rooting A. ternata
(Section 6.3.2) through thy-season drought. Perennial artesian flows from this reservoir support
particularly dense patches of Allosyncarpia forest with rainforest understorey, such as the
rainforest at Baroalba Springs.

Other sandstone plateaux in the Top End, such as the Tolmer Plateau in the Tabletop Range and
Mt Douglas in the Mary River valley, may have also sustained Allosyncarpia forest in the past.
Certainly, the success of A. temata in amenity plantings in Darwin demonstrates that the species
has at least the physiological capacity to occupy a larger part of the Top End than it does at present.
However, there is no fossil record of A. ternata at these plateau sites. Long pollen records, such as
those at Lynch's Crater, North Queensland (Kershaw 1976), and the Murray-Lachian Rivers region
(Martin 1991), are not preserved in Top End sandstone terranes; nor has the promising plant-opal
technique (Fujiwara et al. 1985) been applied to the Top End region as a whole.
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Elucidating the past distribution of A. ternata may be an intractable problem. The reproductive
phenology (Section 1.2.4) does not appear to be attuned to the present climate. Mast fruiting has no
apparent advantage when the principal agent of seed mortality is fungus. Without detailed
knowledge of past conditions, to which A. ternata might have adapted, the question "which parts of
the continent did A. ternata once occupy?' can not be answered. The scenario described in this
section is purely speculative and does not generate any testable hypotheses.

There is some evidence that rainfall in northern Australia may have been higher during the early
part of the Holocene interglacial than at present (Lees 1992; Nott and Price 1994; Wende et al.
1997). High rainfall might be expected to favour Allosyncarpia forest by raising groundwater
levels, increasing artesian flow and encouraging dense, non-flammable understories. However, if
rainfall were restricted to summer wet seasons, then increased plant growth in adjacent savanna
would cure during intervening dry seasons and the inevitable fires would burn with sufficient
intensity to severely damage Allosyncarpia forest margins, if, however, Allosyncarpia forest
patches were protected by human intervention during this period of increased rainfall, then forests
might have indeed expanded.

In summary, the clumped distribution of A. ternata within Allosyncarpia forest results from the
extreme vulnerability of seeds and newly germinated seedlings to fungus. This confinement to
microsites occurs on a scale of days to weeks, and is accentuated over the months following
germination by the effects of fire and drought. Patchiness on a landscape scale is probably initially
inherited from the clumped distribution of A. ternata seedlings, but is currently imposed by the
lethal effects on both adult trees and seedlings of repeated fires at patch margins. The time scale
associated with this patchiness is years to centuries. Patchiness on a regional scale (the narrow
endemicity of A. ternata) may be due to climate changes over thousands to millions of years.
Allosyncarpia ternata's presence on the Arnhem Land Plateau and some of its outliers can be
related to water-retention in porous, sandstone units of the Kombolgie Formation. However, the
absence of the species from other areas in the Top End remains a mystery.

Thus, the widespread occurrence of Allosyncarpia forest on the western Arnhem Land Plateau is
probably a legacy of conservation by Aboriginal tenants. The current breakup of isolated forest
patches may be due to the depopulation of the plateau and cessation of Aboriginal fire management.
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8.3

Biogeographical Issues
As pointed out in Fordyce (1992), the association between A. ternata and rainforest plants

is an extremely variable one. On permanently moist ravine floors, A. ternata often constitutes a
large proportion of the canopy (approximately 70% at Baroalba Springs), but is entirely absent
from pool-edge situations. On the western Arnhem Land Plateau as a whole, fewer than 1% of
A. ternata individuals actually inhabit closed-canopy forest; most individuals grow in seasonally
dry situations, such as the Koongarra scarp, where the vegetation is more open and A. ternata's
local contribution to the canopy can be as high as 100%.

This greater canopy contribution at open sites, together with high rates of leaf carbon assimilation
(at least in the morning) observed at the cliff site, and the high growth rates achieved in urban
plantings in open parkland, suggests that A. ternata is primarily a cliff-dweller, which
coincidentally occupies physiologically suboptimal sites in neighbouring ravines. Opportunistic
rainforest plants colonise the shady forest floor beneath A. ternata canopy and can quickly (within a
decade) form a dense substorey. By further reducing insolation to the forest floor and enhancing
humidity (conditions which favour fungi), these rainforest plants coincidentally make the site
unsuitable for A. ternata seeds and seedlings. Rainforest emergents, such as Calophyllum sil Laut.
(Clusiaceae), Syzygiutn minutflorum (F. Muell.) Hyland (Myrtaceae) and Carpentaria acuminata
(Wendl. & Drude) Becc. (Arecaceae), might eventually replace A. ternata at wet sites. Fires,
however, occasionally enter even the wettest forest patch, where they cause catastrophic damage to
many rainforest species but have only a short-term impact on established A. ternata plants. An
intense fire can entirely remove the rainforest component from a site (pers. obs.). Coppice shoots
from A. ternata butts and lignotubers grow rapidly in the heightened light environment of a burnt
forest, while established seedlings (the "sapling bank" of Russell-Smith 1996 or the "advance
regeneration" of Bazzaz 1984) occupy openings in the canopy.

Allosyncarpia ternata possesses some characteristics typical of climax species (sensu Swaine and
Whitmore 1988) (e.g. large, poorly dispersed, non-dormant seeds (Garwood 1989); persistent
canopy dominance in rainforest vegetation (Whitmore 1984)), some of gap-specialist species (e.g.
high photosynthetic plasticity (Bongers et al. 1988); strong growth response of seedlings to light
(Canham 1989); episodic seedling growth (Brokaw 1985)), and some of pioneers (e.g. green
cotyledons (Osunkoya 1996); rapid growth in high-light conditions (Bazzaz and Pickett 1980);
tolerance of adults to fire (Christensen 1985)). Each of these characteristics is beneficial to some
A. ternata individuals at some stage in their life, with the possible exception of canopy dominance.
Perhaps pollinators were more difficult to attract in earlier Cainozoic times, so that mass flowering
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of closely spaced conspecifics was important to promote outcrossing. Alternatively, canopy
dominance may have massed seed in order to satiate some earlier seed predator. It is also possible
that the present predominance of A. ternata in forest canopies on parts of the western Arnhem Land
Plateau arose from the local extinction of competitors.

Bond and Midgely (1995) have recently proposed a mathematical model that might help to
rationalise canopy dominance in A. ternata. They proposed that genes promoting flammability
might eventually become widespread in a population of plants only if that population constitutes a
high proportion of the parent vegetation. It is possible that A. temata, with its sclerophyllous
foliage, high leaf oil content, termite-hollowed stems, lignotuberous seedlings and episodic growth
mechanism, possesses such a flammability trait, and maintains its dominant position in ravine-floor
situations by periodically carrying fire into rainforest environments.

Allosyncarpia ternata appears well suited to the low-nutrient substrate, plentiful groundwater,
variable light regime and occasional fires of the Escarpment country. Certain reproductive features
(e.g. mast fruiting), which seem irrelevant today, might have been more important in the past.
fronically, the apparently high level of phenotypic plasticity in A. ternata, which allows such wide
ecological amplitude, might have contributed to the narrow endemicity of the species

by buffering

-

the gene pool from directional selection (Sultan 1987; Levin 1988) and discouraging the very
genetic variability that might have produced stock to occupy the lowland expanses, when this large
habitat became available in the Miocene.

8.4

Management Issues
Allosyncarpia forest constitutes 41% of all monsoon rainforest in northern Australia

(Russell-Smith et al. 1993) and is the Northern Territory's only endemic rainforest community
(Bowman 199 ib). Approximately one third of the area supporting Allosyncarpia forest lies within
Kakadu National Park, which is managed by Parks Australia (PA; previously Australian Nature
Conservation Agency (ANCA)) under an agreement with Aboriginal traditional owners (Press et al.
1995). The remaining two-thirds is in Aboriginal Amhem Land.

Visitor numbers to Kakadu National Park have exceeded 200 000 annually since 1988. A majority
of visitors surveyed in 1993 nominated scenery and Aboriginal culture as the principal attractions
(Environment Science and Services 1994). Allosyncarpia forest provides the backdrop to many
scenic features and archaeological sites in the park, and is thus a tourism resource of the Northern
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Territory economy.

By custom, land management in Arnhem Land is the right and responsibility of individual clan
groups with inherited, custodial ties to the land. Community-based Land Management
Associations, which co-ordinate dry-season burning, are active in some of the settled areas (BirdRose 1995). However, in "stone country" on the Arnhem Land Plateau, which is stifi largely

inaccessible, few groups have the resources or resolve to reside permanently on traditional estates.
On much of the Arnhem Land Plateau, traditional management practices of burning, weed control,

maintaining sustainable harvests from certain plants, and protecting favoured sites have been
abandoned entirely or are intermittent (Jones 1985b).

In Kakadu National Park, responsibility for weed control and landscape-scale burning is usually
under the direct control of PA, under a periodically upthted management plan (Press et al. 1995).

Unsupervised individuals occasionally start unscheduled fires that affect Allosyncarpia forest
patches (e.g. a July 1994 fire in the upper Nourlangie valley, which burned parts of the Koongarra

scarp). PA's fire-management policy is to burn the lowland savanna on a roster system, according
to vegetation type. Most of this prescribed burning takes place during the period May-July (early
dry season), when fuel (grass, leaf litter and debris from wet-season storms) is still moist enough to

burn at relatively low intensity (Duff and Braithwaite 1989; Williams 1995). Relatively firesensitive vegetation on the Arnhem Land Plateau (e.g. rainforest, Callitris forest and sandstone
heath) is protected from destructive wildflres, which periodically enter the park on wide fronts from
the southeast (Day 1985), with a program of early dry-season, control burning of sandsheet
savanna. These strategic burns, which involve only a small proportion of the total plateau area,

appear to be effective in breaking up major wildfires (Russell-Smith 1995). At some sites (e.g.
Baroalba Springs and Banamundie Gorge), patches of Allosyncarpia forest are routinely protected
from fires by "back-burning" at the beginning of the dry season. These protocols for prescribed
burning have been adopted only recently and are not universally endorsed by park residents.

Russell-Smith and Dunlop (1987) drew attention to the fire-sensitivity of Allosyncarpia forest on
the Arnhem Land Plateau. In detailed local studies, Bowman et al. (1990) and Bowman (1991b)
provided evidence of fire-induced damage in Allosyncarpia forest and recommended the need for

fire protection. While acknowledging the capacity of many A. ternata individuals to coppice
following fire, these authors considered that frequent burning under the post-Aboriginal fire regime
was responsible for the death of adult plants and the failure of recruitment at some forest margins.
Russell-Smith et al. (1993), in a general study of A. temata-dominated vegetation, similarly
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recommended fire-protection as a means of conservation. Bowman (1994) and Bowman (1995)
pointed out the unsustainably high death rate amongst A. ternata stems (but see Section 5.3.3) and
stressed the urgency of the need for conservation.

In the present study, observations on the Koongarra scarp (Section 7.3.1) and the results of burning
trials (Section 7.3.2) showed that young A. ternata seedlings are highly susceptible to even lowintensity fire, and that they require a fire-free interval of at least three years to develop the relative
fire-tolerance of established plants. Thus, a seedfall event should be followed by a three-year period
of absolute fire-exclusion. At sites where established seedlings are already present in sufficient
numbers for canopy replacement, it might be possible to treat new germinants as expendable and to
allow local hazard-reduction burning. However, the importance to Allosyncarpia forest of each
seedling generation is not known and should be the subject of long-term, demographic studies.

Because patch boundaries appear to be sensitive to fire, while A. ternata itself, with its wide
ecological amplitude, is relatively insensitive to short-term climate variations, Allosyncarpia forest
stability is a unique bio-indicator of human impact on the Arnhem Land Plateau and of the
effectiveness of land-management practices.

8.5

Future Research
The present study has shown differences between sites in carbon assimilation (Chapter 3)

and water relations (Chapter 4) of adult A. ternata plants, and this has been interpreted as evidence
of phenotypic plasticity. However, it is not known whether this plasticity varies with plant age.
Nor is it known to what extent the apparent plasticity night in fact result from genetic variability
within the A. ternata population. In at least the Baroalba Koongarra area, differences between
-

plants at micro-climatically contrasting sites are unlikely to be genetically determined, since
populations are rarely isolated from one another. Branches of cliff and hilltop trees sometimes
overhang ravines, so that their seeds accumulate in ravine-floor situations. Similarly, canopies of
tall trees, rooted in moist ravines, sometimes merge with those of stunted hilltop trees. Furthermore,
the range of leaf characteristics observed in the field (Section 2.3.5 and Table 3.1) was reproduced
in seedlings that had been transplanted from a single location near Site Ki and raised in
shadehouses with different irradiance levels (Fordyce 1992).

All sites in the present study were located in the Baroalba Springs Koongarra Saddle area of the
-

Mt Brockman Massif. As discussed in Section 1.3.1, these sites were selected largely for their ease
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of access (i.e. their proximity to an all-weather road). It is possible, however, that A. ternata differs
physiologically at other localities or that Allosyncarpia forest in environments not represented here
may differ in their demography from forest on the Mt Brockman Massil.

8.5.1 Site Monitoring
There is anecdotal evidence that some Allosyncarpia forest margins have retreated in
historical times (e.g. L. Barnett, park ranger (pers. comm.), recalls that rainforest understorey was
more dense at the base of the Koongarra scarp when he first became a regular visitor to the area in
the mid- 1970s). In the course of the present study, I have attempted to plot forest changes on the
Mt Brockman Massif by comparing air photos from different decades. In most situations, standard
air photos are inadequate to distinguish between A. ternata canopy and topographic shading. There
is, however, coverage for much of the Escarpment area of high-quality, satellite-borne photography.
Satellite imagery, such as MSS, TM or SPOT, although it has the advantage of being available for
the entire region on a regular basis, may be too coarse for many monitoring applications. A spatial
resolution of less than 5 m can, at present, only be provided by airborne systems (Lifiesand and
Kiefer 1987; G. Hill, Northern Territory University, pers. comm.), although it is likely that future
earth-resource satellites will use smaller pixel widths than they do at present (W. Ahmad, Northern
Territory University, pers. comm.). Infrared imagery, combined on a GIS platform with a digital
terrain model, would provide a useful appreciation of forest variation with topography.

I suggest that a network of monitoring sites be established in A. ternata-dominated vegetation
throughout the species' entire range, including patches of Allosyncarpia forest on the Arnhem Land
Plateau and in the upper South Alligator valley. Clearly, there would be logistic difficulties in
working in some of these areas

-

because of remoteness, rugged terrain and the unwillingness of

some Aboriginal community groups to allow access. Recent advances in remote sensing might
partly overcome the need for extensive (and expensive) groundwork. For example, P-band radar
imagery has been shown to define stem diameter and the size-class structure of individual stands in
Top End savanna (R. J. Williams et al. 1997a). Stem diameter, in turn, can be related empirically
to canopy cover in some vegetation types (A. O'Grady and colleagues, Northern Territory
University, unpubi. data). Catling and Coops (1997), using airborne videographic techniques
described in Pickup et al. (1995), have demonstrated that aspects of forest structure can be
determined by manipulating near-infra-red image data.
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8.5.2 Recovery From Fire

Fire-damaged A. ternata plants have the ability to resprout from underground organs, so
that a single fire probably has little long-term impact on stand structure. However, the effect of
repeated fires on coppice regrowth is not known. Preliminary results from CSIRO's fire experiment
at Kapalga suggest that the frequency of burning may have as great an influence in effecting long-

term vegetation change as the intensity of single fires (R. J. Williams, CSIRO, pers. comm.).
Setterfield (1997) found that a regime of repeated fires reduced seed production in two savanna
eucalypts. In that study, both the timing of fires in relation to reproductive phenology and fire
intensity had a significant impact on "ovule success".

8.5.3 Plant Animal Interactions
-

Plant-animal interactions in Allosyncarpia forest are poorly understood. In Section 5.3.1,
I referred to visitation to A. ternata flowers by "bees and wasps". I am aware that the term "wasp"
includes a heterogeneous group of insects and that the distinction between bees (Apoidea) and

'wasps" may be morphologically fine and arbitrary in some families (e.g. Sphecidae) (Naumann
199 1). By the same token, I do not wish to imply that detailed entomological investigations were
undertaken in the present study. Allosyncarpia ternata flowers, with their radial symmetry, open

and shallow structure, reduced perianth, off-white colour, and massing in showy inflorescences, do
not conform to the 'specialised bee-pollinated" syndrome (Williams and Adam 1994). Rather, they
show a "general insect-pollinated" form. The massed, regional flowering of A. ternata on the
western Arnhem Land Plateau clearly promotes outcrossing between conspecific individuals.
Nothing is known, however, about the existence or extent in this species of mechanisms to prevent
seif-fertifisation (as described by Kress and Beach (1994) for Neotropical rainforest plants and by
Ha et al. (1988) for Malaysia). Self-incompatibility (the failure of seif-fertilised flowers to produce
viable seeds) may be a factor in the poor dispersal of A. ternata. Genetic variability and the
minimum dimensions of a self-sustaining population should be assessed experimentally and taken
into consideration when designing conservation strategies.

Unripe seeds are eaten in large quantities by red-winged parrots; however, I have not observed
ground-feeding birds, such as green-winged pigeons, eating the ripe seeds. Do A. ternata seeds
develop some kind of chemical defence, which makes them unattractive to potential predators? Is

this defence taxon-specific? I have occasionally observed seeds on the Koongarra scarp with bitemarks, which I interpreted as possible evidence of predation by beetles. How widespread is this
predation? What proportion of seeds are killed by invertebrates on the forest floor? Experiments
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should be carried out to quantify pre-dispersal and post-dispersal seed predation.

8.5.4 Fungus
Fungus appears to be the principal agent of mortality in seeds and newly germinated
seedlings (Section 5.3.1). This should be tested experimentally. Is the fungus truly "pathogenic", in
the sense that it satisfies the Cox postulates? Do certain seeds possess properties that confer
resistance to fungus? Are there particular climatic conditions or geographic/topographic/edaphic
situations where such resistance is enhanced? Seed mortality may vary with distance or direction
from the parent tree; the relationship between fungus and A. ternata offers an excellent opportunity
to test the Janzen (1970) hypothesis for the origin and maintenance of high species diversity in
tropical forests (see Section 1.2.3 and Augspurger 1983).

Mycorrhizal fungi may be important in maintaining Allosyncarpia forest. Ashwath and colleagues
(Office of the Supervising Scientist, unpubl. data) found that endomycorrhizae were critical in the
establishment of some savanna plants on disturbed ground near Jabiru. Their study focussed on an
area approximately 20 km north of Baroalba Springs and did not include A. ternata.

8.5.5 Physiology
The strong relationship between stomatal conductance and pre-dawn leaf water potential in

this study (Section 4.3.5), yet the weak relationship between stomatal conductance and leaf-air
vapour pressure difference (Section 4.3.6), raises questions about the relative importance in the wetdry tropics of soil moisture and atmospheric moisture as determinants of gas exchange. Can these
effects be reproduced experimentally by allowing the soil to dry out, independently of changes in
atmospheric humidity?

The distinct morning-afternoon hysteresis in A and g. (Chapters 3 and 4) has often been observed
in trees of the Top End's wet-dry tropics (e.g. Cole 1994; Myers etal. 1997; Prior etal. 1997), but
has not been commonly reported from other environments. In a study of the savanna canopy tree

Eucalyptus tetrodonta, Prior etal. (1997) showed that an afternoon decline in A was unlikely to be
due to photoinhibition, since there was no accompanying decline in the ratio of variable to

maximum chlorophyll fluorescence (FYFm). A possible explanation for the diurnal hysteresis in
both A and g in A. ternata at the open site is that plant hydraulic conductance (L,) declines in the

afternoon, with the result that the flow of water from soil to leaf becomes restricted. In conditions
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of high atmospheric evaporational demand, as exists at exposed sites during dry-season afternoons,
the resulting water shortage in the leaves causes stomatal closure. If hydraulic conductance is
indeed variable, then the Ohm's Law analogy for water flow through the plant-soil-atmosphere
continuum (which assumes a constant relationship between flow rate and transpiration (Passioura
1984)) may be unsuitable for A. ternata.

Another possibility for the observed afternoon decline in A and g5 is that groundwater, raised
overnight via deep roots by "hydraulic lift" (Richards and Caldwell 1987), might be redeposited in
dry, surface soil. This shallow store of water, which would become available to surface roots in the
morning, would be progressively depleted through the day until it was no longer sufficient to meet
transpirational demand. Hydraulic lift was originally postulated by Mooney et at. (1980) to explain
the presence of a moist, shallow root-mat in a desert plant growing in and soil. The mechanism has
since been verified in split-root experiments (van Bavel and Baker 1985; Corak et at. 1987) and in
field trials using deuterium-labeled water (Caldwell and Richards 1989; Dawson 1993). On the
basis of an experiment with Eucalyptus viminalis Labill. seedlings in growth tubes wetted at
different levels, Phillips and Riha (1994) suggested that hydraulic lift might also operate in eucalypt
vegetation, but this has not been verified in the field. Attempts to demonstrate hydraulic lift in Top
End savanna (B. Myers and colleagues, Northern Territory University, unpubl. data) and
Allosyncarpia forest (I. Fordyce, unpubl. data) have been inconclusive.

Implications of hydraulic lift that might be tested experimentally include (1) surface soil beneath a
canopy of plants that employ this mechanism should be consistently wetter in the early morning
than in the previous evening, to a greater extent than can be attributed to capillary moisture rise or
to the overnight wetting of roots; (2) deep soil should have a higher water content (or less-negative
water potential) than shallow soil in the evening but, at davu, the water content of the two soils
should be simil.. (3) isotopically labelled water, introduced at depth, might reappear in
,

neighbouring shallow-rooted plants.

In the present study, many of the differences between sites in tree physiognomy, water relations and
photosynthetic capacity might be interpreted as plant responses to embolism in the xylem stream.
Emboli (literally "obstructions") can develop in xylem vessels from cavitations (exsolved gas
bubbles), particularly during drought, and may severely restrict water flow to parts of the plant
(Tyree and Sperry 1989; Milburn 1991). Thus, the ability of a plant to withstand drought by
avoiding xylem dysfunction may depend on its vulnerability to embolism and its ability to restore
embolised xylem or to confme embolism-damage to redundant or expendable tissue (Tyree and
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Ewers 1991). Ultimately, these attributes are related to the plants hydraulic architecture (i.e. the
structure of its water transport system).

Koib et al. (1996) devised a technique to assess the degree of embolism in almost-entire root and
shoot systems by measuring the loss of hydraulic conductance. Using this technique, J. E. Williams
etal. (1997) demonstrated that higher mortality of seedlings vs coppice regrowth in the Californian
chaparral shrub Adenostomafascicultum Hook. & Am, during summer drought was accompanied
by a higher degree of embolism. A similar study could be carried out with A. ternata, comparing
embolism in seedlings from different habitats and with lignotubers of different sizes.

Despite differences between habitats in leaf characteristics of A. ternata (leaf area, SLA, stomatal
density, chlorophyll concentration, nitrogen content (Table 3.1)), as well as in indices of leaf carbon
assimilation (A,apparent quantum yield (Table 3.2)), there was no significant difference
between seedlings raised in high-light vs low-light conditions in induction to lightfiecks (Section
3.3.2). By what mechanism then is induction controlled?

While physiological differences exist between A. ternata plants at micro-climatically diverse sites,
these differences do not imply a causal relationship between the physiology of individual leaves and
the growth of whole plants or vegetation assemblages. Causal relationships seem likely between
plant water relations and tree physiognomy, and (at least in part) between leaf photosynthetic rates
and the plants presence in different habitats. However, differences between sites in growth form
might also be explained in terms of the relative costs and benefits of constructing and maintaining
leaves/stems/roots (Körner 1991). Comparative studies between A. ternata and potential
competitors might also provide useful insights about the presence and canopy-dominance of this
species in a number of habitats.

Correlations between floristic composition and indices indicative of fire intensity (distance from the
savanna margin and site rockiness; Section 2.3.2) may be entirely coincidental; the small sample
size in this study (35 quadrats x 25 species) makes such correlations of dubious generality.
Differences in A. ternata size-class structure between sites on the Koongarra scarp may have
developed in response to differential impacts of fire on the growth and survival of seedlings of
different ages, as speculated in Chapter 5. Alternatively, they may reflect environmental stress in
general, including both fire and drought.
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Perhaps the most interesting observation in the present study was the failure of deep-watering (vs
top-watering) treatment to elicit above-ground differences in A. ternata seedlings (Section 6.3.2).
This experimental result, together with the observation of rapid root development in shadehouse
pots and the presence of large lignotubers on the Koongarra scarp, suggest that below-ground
growth plays an important role in A. ternata growth and, by extension, in the demography of
Allosyncarpia forest. Further studies are required to assess how widespread this phenomenon is in
Australia's wet-dry tropics.

Neither photosynthetic characteristics nor water relations distinguish A. ternata from evergreen,
canopy trees in the Top End savanna environment (Cole et al. 1994; Duff etal. 1997; Myers etal.
1997; Prior etal. 1997). Furthermore, the pattern of internittent seedling growth and rapid
development of lignotubers is clearly different from most rainforest trees for which demographic
data are available, but is not dissimilar to that reported for Top End savanna eucalypts (e.g.
Fensham and Bowman 1992; Prior etal. 1997). The classification of A. ternata as a rainforest
species is based on (1) the closed canopy of some Allosyncarpia forest, and (2) the frequent
association with typical rainforest plants. However, the simplistic dichotomy of rainforest vs nonrainforest is not always clear in A. temata-dominated vegetation, which exists as a continuum from
closed forest to low, open woodland. This problem may be merely a semantic one. In future
botanical studies in the Top End, it might be constructive to regard Allosyncarpia forest as a
variant of savanna vegetation.
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