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ABSTRACT 

Field studies of CO2  assimilation, phyllode elemental analysis, stomatal densities, 

chlorophyll contents and growth rates, were carried out on three to four-year old trees 

of Acacia auricul?/'or,nis A. Cunn. ex Benth., growing in a seed production stand on 

Melville Island, Northern Territory, Australia. The trees were from three provenance 

regions: Papua New Guinea (PNG - Bensbach River and Morehead River provenances); 

Queensland (Qld); and the Northern Territory (NT). The PNG provenances were the 

largest trees and had accumulated the largest biomass. 

Significant differences in A, between provenance regions were observed 

diurnally, within a season, and between seasons. The Northern Territory provenance 

region generally exhibited the largest A and the least variation diurnally and between 

seasons; the PNG provenances the lowest A, and the Qld provenance region varied most 

in A.et  between seasons. Rankings of provenance regions by seasonal A, were opposite 

to rankings based on growth rates. Seasonal and annual A, of the provenance regions 

could be accurately modelled using the measures of Anet  at 0900 and 1500 hours, thus 

making time consuming diurnal studies unnecessary for determining annual carbon 

assimilation rates. Canopy areas of the PNG provenances were seven times greater than 

those of the NT provenances during the late dry season. It is concluded that the PNG 

provenances achieve their greater growth rates primarily by maintaining a larger canopy 

throughout the year. These results highlight the need for caution in extrapolating from 

measurements of assimilation of single phyllodes to infer comparative growth rates. 

Laboratory studies of CO2  assimilation were carried out to determine the effects 

of phyllode temperature (T), leaf-to-air vapour pressure difference (LA VPD), interstitial 

[CO2] (C1 ), and photosynthetic photon flux density (PPFD) upon net CO2  assimilation rate 

(A) of the various provenance regions. There were no differences between provenances 
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in the response of An,,  to LA VPD. Thus all provenance regions showed a Ca. 10% decline 

in A, as LAVPD increased from 1.0 to 4.5 kPa. This decline in An,,  appeared to be 

independent of stomatal limitations, and suggested a decline in An.,  in response to LA VPD 

per Se, perhaps in response to a root signal, and/or alternatively the results may reflect 

non-uniform stomatal closure. The response of A to T showed temperature optima for 

of between 25 and 28 T. Large declines in A. as T1  were increased above or 

reduced below the optimum (ca. 10% reduction per 3 °C change) were found. The 

response of An,,  to PPFD produced apparent quantum yield () values of Ca. 0.035, with 

no significant differences observed between provenance regions. Large differences 

between provenance regions were found for the light saturation point (LSP), and these 

differences were concluded to be the result of the larger nitrogen allocation to 

photosynthesis in the NT provenances. No significant differences between provenance 

regions were found in response of Ana  to C1. 

The narrow temperature optimum for photosynthesis in A. auriculformis places 

constraints on phyllode A because in the wet-dry tropics the T in most seasons and at 

most times of day was at least 5 °C above the optimum. Differences in A between 

provenances appear to be at least partly attributable to nitrogen allocation to 

photosynthesis, although the diurnal decline in A. in response to 7 and LA VPD, and the 

seasonal decline in A. in response to changes in 7, LA VPD, soil moisture status and 'Ic, 

appear far more important in determining differences in A, between provenance regions. 
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CHAFFER ONE INTRODUCTION 

1.1 Species description 

Acacia auricul?formis A. Cunn. ex Benth. is a tall spreading tree of the family 

Mimosaceae, with dense foliage and a full rounded crown. Trees of the species are capable 

of growth, on favourable sites, to heights in excess of 30 metres, and trunk diameters of 

more than 1 metre (Pinyopusarerk 1991). More commonly, tree form consists of a crooked 

stem or multiple stems with heavy branching. The bark is dark in colour in mature 

individuals (light grey in juvenile individuals) and deeply fissured toward ground level 

(Brock 1988). The species is a typical Acacia, possessing phyllodes instead of leaves, 

representing the outgrowth of the petiole of the former bipinnate leaves. The dark green, 

glossy phyllodes are positioned alternately on the stem, and are highly variable in size (10-

20 cm long, by 2-4 cm wide), with three prominent veins. There is an extra-floral nectary 

positioned at the base of the blade of the phyllode. 

Flowers are borne in dense axillary spikes which appear in the dry season (May to 

July). Two flowerings per year are quite common and the second flowering is usually less 

profuse than the first. Flowering can be erratic in juvenile trees, commencing after 18 

months of age. Flowering also varies greatly between provenance regions, with Australian 

provenances trees flowering younger than trees from PNG (Pinyopusarerk 1990). Fruits are 

twisted and woody pods containing two to ten glossy black seeds (approximately 2.4 mm 

diameter) (Simmons 1981), attached to the pod by an orange funicle. Fruiting occurs in mid 

to late dry season (August to October). Seeds generally require pre-treatment for 

germination, due to the tough and impervious seed coat. Effective methods to increase 

germination success include scarification by acid, mechanical abrasion, or boiling water 

treatment (Pinyopusarerk 1990). 
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1.2 Species distribution 

A. auricul?formis  grows in monsoon forest verges and riverine sites, and on some 

sites may attain heights of 30 metres (Boland et al. 1984). It is only found in areas with 

permanent or semi-permanent soil water, such as high water-table habitats (riverine), 

catchment verges (billabongs and lagoons) and coastal swamps. The riparian populations 

of A. auriculfonnis  are the most abundant and wide ranging in the species' distribution 

(Boland et al. 1984). The species is generally found in riverine or rainforest verge sites 

(Brock 1988) and is adapted to lowland sites with tropical humid climates, but does not 

perform well in elevated and cooler sites such as Hawaii (Brewbaker 1987). 

The tree is native to the Northern Territory (NT), far North Queensland (Qld), 

Papua New Guinea (PNG) and parts of Eastern Indonesia. Within the Northern Territory, 

the species is widely distributed from the Gulf of Carpentaria in the South-east to Darwin 

and environs in the North. The NT range includes some offshore islands including Melville 

Island, 60 kilometres north of Darwin, where trees in native riverine stands exceed 30 

metres in height (Plate 1). In Queensland it is confined to the Cape York Peninsula north 

of Cairns, and the Torres Strait Islands (Pinyopusarerk 1990). In PNG, it is confined to the 

southern shores of the island, generally within 20 km of the coast, and includes Western and 

Central provenances, and some offshore islands (Boland et al. 1984). The distribution in 

Indonesia is reportedly poorly documented (Boland et al. 1984), but is known to include 

areas of Irian Jaya close to the border of PNG, and some of the islands of the Eastern 

archipelago north of Australia. 

The extensive but disjointed distribution described above may be attributed to past 

changes in sea level and rainfall patterns (Doutch 1972, Boland et al. 1990). Isozyme and 

seedling morphology studies (Pinyopusarerk et al. 1991, Wickneswari and Norwati 1993) 

have indicated the existence of three major provenance regions (NT, Qid, and PNG), with 

significant phenotypic differences such as branching habit, trunk form, flowering and growth 



Plate 1. Natural stand of Acacia auriculifonnis A. Cunn. ex Benth. in a riverine 

forest aspect on Melville Island, NT Australia. Pictured trees have 

attained a height in excess of 25 metres and 1 metre girth. 
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rate (Ryan and Bell 1989, Pinyopusarerk et al. 1991). No differences in salt tolerance have 

been found between provenances (Ganeson 1989). 

1.3 Economic Uses 

Aboriginal uses of A. auricul?formis relate primarily to the strength and durability 

of the timber of the species, which make it suitable for production of spear heads, spear 

throwers and axe handles. Additionally, several medicinal uses have been recorded, 

including phyllode preparations for body pain relief and crushed pods as a soap. A potent 

fish poison is produced from crushed seeds (Brock 1988). 

A. auriculforinis is considered to be important as a forestry species, and has been 

widely planted throughout South-East Asia and China (Pinyopusarerk 1990). The fast 

growth and adaptability of A. auriculfonnis to a wide range of environments (Aswathappa 

et al. 1987, Pinyopusarerk 1990), suggest it might be suitable for timber production for 

building and furniture (Chomcharn et al. 1986, Kumar et al. 1987), paper pulp (Guha and 

Pant 1966, Logan 1987), fuelwood (Reddy 1981, Gough et al. 1989), and recovery and 

reafforestation of eroded, degenerated or cleared land (Prasad and Shukla 1985a, b) It is 

also recognised as promising for site rehabilitation and erosion control (Mitchell 1957, 

Pinyopusarerk et al. 1991), due to its hardy nature, nitrogen fixing capability (Reddell and 

Warren 1987) and rapid growth (Ryan et al. 1987, Neil 1989, Pinyopusarerk 1989). 

The species is now grown or being trialled for re-afforestation purposes in many 

countries, including China (Pan and Yang 1987), USA-Hawaii (Brewbaker 1987), India 

(Kushalapa 1988), Kenya (Milimo 1989), Nepal (Dixit 1985), Philippines (MacDicken and 

Brewbaker 1988), Sabah (Nicholson 1965), Sri Lanka (Midgeley and Vivekanandan 1987), 

Tanzania (Kessy 1987), Thailand (Boontawee and Kuwalairat 1987, Pinyopusarerk 1987) 

and Zimbabwe (Gwaze 1989). Trials within Australia have also been evaluated (Ryan et 

al. 1987, Harwood et al. 1991). Significant differences in growth performance at different 
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locations are apparent. Early estimates of growth performance for the species were 

extremely encouraging, and superior growth or equally good growth to a range of other 

species of Acacia and Eucalyptus (Boland et al. 1989, Pinyopusarerk 1990), and drought 

tolerance (Chandra Babu et al. 1987) were observed. Recent studies have shown that the 

growth rate of A. auriculfonnis  is less than some other Australian forest trees such as 

Eucalyptus camalduensis and Acacia mangium (Anuar 1987, Brewbaker 1987, Neil 1989). 

The hybrid of A. auricul?formis and A. man gium has consistently outperformed the 

individual species in field trials (Lapongan 1988, Pinyopusarerk 1989). This fast growth 

rate has been attributed to the effects of hybrid vigour (Pinyopusarerk 1989). 

1.4 Climate of the Top End of the Northern Territory 

The climate of the Top End of the Northern Territory is monsoonal, influenced by 

the North-west monsoon and associated trough during the period November to March (the 

Wet season). During the remainder of the year, the Top End is mostly under the influence 

of the South-east trade winds emanating from the dominant high pressure systems passing 

over the continent during this time. These high pressure systems, when centred over the 

continent, direct dry and cool air flow over the entire width of the continent in a North-

easterly direction. This combination of dry air and cloud-free skies ensures little rainfall 

during the period. Therefore, the wet-dry tropics are characterised by extreme seasonal 

variation in water availability between the wet and dry seasons. These differences are 

extreme in the Darwin area, where the wet season (November to March) accounts for 90% 

of the annual rainfall and is characterised by frequent heavy rainfall, increased cloud cover 

and low atmospheric vapour pressure deficit. The dry season (April to October) features 

sporadic rainfall, high light levels and large atmospheric vapour pressure deficits. The dry 

season extends for up to eight months, when the high atmospheric evaporative demand 

negates any light sporadic rainfall. The dry season is likely to constitute a major constraint 



upon the productivity of plant species in this region. Previous studies of the growth and 

forestry potential of other species, including grains for fodder, have highlighted the 

unreliability of the wet season, both in timing and magnitude of rainfall, as a major 

constraint on species productivity and economic potential (Muchow et al. 1980, Wiebel et 

al. 1993). 

13 Melville Island - unique features 

Melville Island is located approximately 60 km north of Darwin NT, Australia, at 

approximately 12° South and 131° East. The island is large enough (75 x 40 km) to have 

a modifying influence on the climatic pattern of the environs. Typically, the climate of the 

island is cooler than that of the mainland (Darwin) in the dry season nights and warmer 

during the day. More importantly, wet season rainfall is more abundant and more evenly 

distributed, especially during the late dry season to early wet season transition. The 

development of adiabatic uplift over the island caused by the high day temperatures warms 

the air above, leading to replacement with cooler and more humid air flowing in from the 

ocean. As this air rises it condenses to form an extensive cumulonimbus cloud-base, which 

leads to frequent heavy rainfall. The series of thunderstorms are so common at this time 

of year that they are colloquially referred to as "Hector'. Apparently during WWH, aircraft 

pilots returning from sorties in the Timor Sea found the storm to be a reliable radar 

navigation aid, named it, and used it on the return to Darwin. Many areas of the island 

therefore receive at least 50% more rainfall than Darwin. Consequently, the dry season 

may extend for only 3 to 4 months (May to August), compared with up to 8 months in 

Darwin (May to October). This climatic feature combined with the absence of the native 

giant termite (Mastotermes darwiniensis) from the tree-less plains (Haines 1986) makes the 

island more suitable for forestry than the nearby coastal mainland. 
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1.6 Forestry on Melville Island - An overview 

Forestry trials and plantings were carried out on Melville Island only recently in 

comparison to other States and Territories of Australia (Haines 1986). The first small 

planting on Melville Island occurred in 1961, and consisted of the native Cypress pine 

(Callitris intratropica). Growth rates of this pine were not sufficient for commercial 

viability, and 200 different species were planted by 1966. The Carribbean pine (Pinus 

carribaea) was one of the more promising species, and was subsequently adopted as the 

major plantation species for the Top End of the Northern Territory. 

Melville Island was chosen as a site for forestry trials because rainfall is more 

abundant and reliable, and the dry season is shorter compared to the nearby mainland. 

Rainfall at Yapilika on Melville Island is typically 30 - 50% larger than for Darwin on the 

mainland. Additionally, at many sites, a high water table allows sufficient water for plant 

growth all year round. The plantation site at Yapilika is marked by low relief 

(approximately 20 m above sea level), and is referred to colloquially as the "Treeless 

Plains" due to a lack of large trees. Dominant vegetation consists of a mixture of Acacia 

shrubs and Grevillea pteridfolia. 

Low incidence of the native giant termite (Mastotermes darwiniensis) on the island 

was another reason for continuation of the scheme (Haines 1986). The severe damage 

caused by this pest was one constraint that led to the abandonment of plantations on the 

mainland. There have been no incidences of the termite at the Yapilika area in the 20 year 

history of the trials. 

The close involvement of the local Tiwi Island people, landowners of the island, was 

a key factor in the development of the project. The project, through a 50% equity 

agreement, is intended to provide employment and financial benefits for community 

development. 

The inclusion of tropical native trees with forestry potential in field trials for seed 
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production began on the island in the 1980's (Harwood et al. 1991). Early plantings of A. 

auriculformis at approximately 8 years old, showed growth potentials comparable to the 

Caribbean pines. The faster growth of the PNG compared to the NT provenances was 

immediately apparent on all but the driest sites. Co-planting of A. man glum and other fast 

growing native trees (including A. crassicarpa and Eucalyptus pellita) has increased since 

1990, and trials of a number of promising species are now being evaluated. Earlier co-

plantings of A. man glum and A. auriculformis have led to chance hybrid crossings 

germinating in the scrub surrounding the plantations. 

1.7 Comparisons between provenances of A. auriculiformis 

The natural range of A. auricul?fonnis extends from New Guinea to North 

Queensland, the Northern Territory, and some islands of Eastern Indonesia (Boland et al. 

1984, Pinyopusarerk 1990). The disjointed nature of the range has allowed distinct 

differences between populations to develop, such as tree form and phyllode appearance, and 

in genetic diversity as estimated by isozyme analysis (Pinyopusarerk et al. 1991, 

Wickneswari and Norwati 1993). 

Data from growth trials of A. auriculformis from various countries have been 

published (see Page 3), and provenance trials of A. auriculformis have been 

undertaken in several countries (Ryan and Bell 1989, Pinyopusarerk 1990, Harwood et al. 

1991, Luangviriyasaeng et al. 1991, Pinyopusarerk et al. 1991, Yang and Zeng 1991). 

Genetic improvement programs have commenced in many areas (Pinyopusarerk et al. 1991). 

In the majority of the provenance trials for A. auriculjfor,nis, trees from the PNG 

provenance region outperform those from the NT and Qld (Ganeson 1989). Superior 

growth rates, as measured by height, trunk diameter and canopy size were evident in the 

PNG provenances. These differences in growth rates between provenances were also seen 

in A. man glum (Atipanumpai 1989). There is a contrast between growth rates of 
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provenances and light saturated net CO2  assimilation (A) in A. man gium, with the fastest 

growing provenances showing the smallest A. This was attributed to possible differences 

in diurnal and seasonal patterns of A., thus allowing for differences in A. to match the 

relative growth rates of the provenances (Atipanumpai 1989). 

1.8 Ecophysiology and constraints on growth rate 

Ecophysiology has become recognised as a useful tool for the forestry industry, as 

the science seeks to understand the limitations to growth and survival of plants caused by 

the physical environment. In contrast to the available information on growth performance 

and ecology of A. auriculformis, there is little published information on its ecophysiology 

(Sheen et al. 1984, Sun 1987). The usefulness of ecophysiology in the study of plant 

productivity has recently been recognised in the literature (Korner 1991). Korner (1991) 

suggested that in order to understand the role of the environment in the functioning of the 

flora within that environment, the factors influencing the productivity of single species of 

the flora need to be investigated. Photosynthetic performance of commonly distributed 

species need to be determined over extended periods, as these frequently represent the 

dominant proportion of the biomass in each environment. Field studies of gas exchange are 

an integral part of these investigations (Atipanumpai 1989). Additionally, studies of 

adaptation to climate and soils have recently been identified as priority research topics 

(Haines et al. 1991). 

Environments represent an assemblage of interacting variables, such as 

photosynthetic photon flux density (PPFD), air temperature (Tj, soil moisture status, leaf-

to-air vapour pressure difference (LA VPD), nutrient availability, soil type, etc. All of these 

variables can act on the plant, and can change both diurnally and seasonally. Additionally, 

many of these variables may interact synergistically. 
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1.8.1 Light 

The response of net photosynthesis to light follows a non-rectangular hyperbolic 

function, with the initial slope in the approximate PPFD range of 50 - 200 imo1 m 2  s' 

being linear, and representing the quantum yield (4)  of photosynthesis (Oquist et al. 1978, 

Evans 1989, McMurtrie et al. 1992). The quantum yield for a range of C3  species is 

generally within the range 0.047 - 0.055 mol mo1' (Ehleringer and Pearcy 1983, 

Kirschbaum and Farquhar 1987), and is temperature dependent (Ehleringer and Björkman 

1977, McMurtrie et al. 1992). In contrast the 4  of C4  species is independent of temperature 

(Ehleringer and BjOrkman 1977). The 4'  of a large range of species including nitrogen 

fixing grasses and shrubs (Ludlow 1980, Oberbauer and Strain 1985, Osborne 1989) and 

Australian species (Turnbull 1991) have been found to be similar to the data of Ehleringer 

and Pearcy (1983). 

Recently, evidence has emerged that some tropical tree species show lower 4'  than 

the primarily temperate species described above, including Garcinia man gostana (Wiebel 

et al. 1993), Eucalyptus tetrodonta (Eamus et al. 1994) and a number of rainforest species 

(Langenheim et al. 1984). 4', a measure of the efficiency of light utilisation, may in some 

cases be used as an indicator of damage to the electron transport system of photosynthesis 

(Sharkey 1985). The lack of increased 4'  at lower growth PPFD levels in the tropical plant 

studies mentioned above would tend to preclude photoinhibition as the cause of the lower 

4'. The effect of photoinhibition is to reduce 4)  at large PPFD levels, by slowly reversible 

damage to the photosynthetic apparatus, and is not seen at lower PPFD (Sharkey 1985, 

Osmond and Chow 1988). Additionally, increased temperature depresses 4'  by causing 

increased diversion of captured quanta to oxygenations by rubisco (Sharkey 1985, Brooks 

and Farquhar 1987, McMurtrie et al. 1992), utilising excess excitation energy (Osmond and 

Chow 1988), in the process of photorespiration. This deflection of excitation energy would 

appear not be the cause of the lower 0 in tropical compared to temperate species as the 
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experiments described were carried out at the optimum temperature for photosynthesis, and 

greatly increased 4)  was not seen in low growth irradiance grown leaves (Wiebel et al. 

1993). 

Wiebel et al. (1993) concluded that more research is needed to determine the 

reasons for the lower 4)  in tropical species, and possible research should include influences 

of Abscisic acid (ABA) on stomatal aperture (Downton et al. 1988), stomatal aperture 

heterogeneity (Farquhar 1989) and leaf nitrogen content (Sheriff and Nambiar 1991). 

The maximum rates of light saturated assimilation (A,) of tropical species were 

considered low compared to those of temperate species because the tropical environment was 

considered to be more stressful (Black 1971). Also the rates of assimilation of tree species 

were considered to be inherently low compared to shrubs (Larcher 1969) until the 

observations of Nelson (1984). However since this time A. of tropical tree species adapted 

to full sunlight conditions have been observed to be comparable to or larger than those 

recorded for temperate species (Okali 1977, Nelson 1984, Sun Jisheng 1986, Sheriff and 

Nambiar 1991, Berryman et al. 1994, Eamus et al. 1994), except in cases of adaptation to 

low light levels (Wiebel et al. 1993). The maximum rates of CO2  assimilation recorded are 

still lower than for C4  species such as Zea mays (Kalt-Torres et al. 1987). 

Comparative studies of a range of species grown under different growth irradiances 

have generally found significant differences in a range of parameters. Under high growth 

irradiances, plants have thicker leaves (low specific leaf area - SLA), lower chlorophyll 

contents, and larger A (Givnish 1988, Eamus et al. 1994). Similar results were apparent 

for A. mangium (Atipanumpai 1989), and interestingly differences in these phyllode 

parameters were found between genetically distinct provenances from New Guinea and 

Queensland. The close relationship between A. man gium and A. auriculfor,nis,  and the fact 

that A. auricu!formis shows a more disjointed range (Boland et al. 1990) and significant 

genetic diversity (Wickneswari and Norwati 1993), could allow similar variation of these 
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parameters within the species as has been observed in A. inangium. 

There appears to be no published information on the growth performance of 

seedlings of A. auricu1for,nis  in different growth irradiances (GI). Although the species can 

adapt to full sunlight conditions and grows rapidly with adequate water supply, it is common 

for seedlings to either require environmental conditions that are different from saplings or 

mature trees, or to be exposed to different conditions because of their location in the sub-

canopy. There is a need to quantify the GI that leads to maximum height and girth increase 

in this species, during the growth phase from seed planting to a height suitable for planting 

out to the field (approximately 500 mm). This will lead to improved design of shadehouses 

which should reduce the time required to grow seedlings to a size suitable for planting-out. 

1.8.2 Temperature 

Evidence of the effects of temperature on net photosynthesis of many temperate 

species are widely available (Kumar and Tieszen 1980, Ludlow 1981, El-Sharkawy et al. 

1984, McMurtrie et al. 1992), but data for the wet-dry tropics are rather few (Wiebel et al. 

1993, Eamus et al. 1994). Leaves have an optimum temperature at which net 

photosynthesis is largest, with a decline in A as temperature is changed from this optimum. 

A majority of species show a broad temperature optimum with a gradual decline as T1  is 

varied from the optimum (Moore et al. 1973, Mahon et al. 1977, Watson et al. 1978, Imai 

et al. 1982, El-Sharkawy et al. 1984, Lloyd et al. 1991, McMurtrie et al. 1992). However 

in some species, is more temperature sensitive, and the optimum range of T is narrower 

(Ludlow and Wilson 1970, Kumar and Tieszen 1980, Sun and Ehleringer 1986). 

The reduction in A as 7 is varied from the optimum has been used to model A. 

(Hall and Björkman 1975, McMurtrie et al. 1992), and this reduction in been shown to be 

due to changes in the quantum yield (4,  Ehleringer and Björkman 1977, Ludlow 1981, 

McMurtrie et al. 1992), and carboxylation efficiency of photosynthesis (Tenhunen et al. 
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1984). The change in A. in response to 7 is thus at least partially direct. The decline in 

0. with increased temperature has been attributed to increased oxygenase activity of 

RUBISCO, and the possibility exists that oxygenase activity is larger in tropical species, than 

temperate species. Osmond and Chow (1988) describe the effects of dissipation of excess 

excitation energy under large PPFD loads on the photosynthetic apparatus, in reducing 4, 

thereby preventing photosynthetic reaction centre damage. The role of the xanthophyll cycle 

in this process has been suggested (Demmig et al. 1987). It is possible that species from 

tropical and other high irradiance environments may show reduced /a  in vivo because of 

larger activities of these energy dissipating pathways. The increased relative solubility of 

02  compared to CO2  at high temperatures has been implicated in the decline in 0. with 

increasing temperature (Brooks and Farquhar 1985). 

Midday closure of stomatal aperture is often a feature of species from climates 

featuring high air temperatures (Ta ) and large relative humidities (RH) during the day, such 

as in European Mediterranean schlerophylls (Tenhunen et al. 1984). The midday decline 

of A €  in some species and g is often not followed by a decline in C (Tenhunen et al. 

1984). Under these circumstances it would appear that the stomata are closing in response 

to reduced A, to retain a constant C1  (Cowan, 1977, Farquhar and Sharkey 1982, Sharkey 

1984). This attribute may confer a physiological advantage to these species by increasing 

water use efficiency (Cowan 1977, Cowan and Farquhar 1979, Tenhunen et al. 1984). The 

decline in A, of some species of the wet-dry tropics with changing T1  appear to occur 

independently of changes in g, (Berryman et al. 1994, Eamus et al. 1994). 

Evidence also suggests a direct temperature effect on stomatal conductance. This 

can lead to reduced Anet  as CO2  becomes limiting (Tenhunen et al. 1980, 1981, 1984, 

Downton et al. 1987). In these studies, a decline in g reduced water loss, and led to a 

reduction in C1 , due to increased limitations to CO2  diffusion through the stomatal pore. 

Decline in G will cause a decline in A if CO2  supply is limiting. However, in many 



13 

species, the effect of C1  upon A is not large enough to explain all of the reduction in A 

as T is varied from the optimum. Thus, in Vitis vinfera, only 20-40% of the change in 

assimilation rate was accounted for by the decline in C1  (Downton et al. 1987). 

T1  is frequently different from T, especially in environments which feature large 

PPFD levels, and low relative humidities (Chiariello 1984, Schulze 1986). The T.  - T1  

differential may create situations where the leaf may be exposed to significantly increased 

water loss. If T rises above T, the leaf is exposed to a larger LAVPD, which may lead 

to reduced stomatal aperture and a concomitant fall in C1 . The fall in C1  that constrains  Anet 

may be significantly larger than under conditions where T1  is closely coupled to 7, and may 

be more important than the direct temperature effect on A. Under conditions of low 

LAVPD it is more common for the majority of the decline in A, to be due to non-stomatal 

limitations to photosynthesis (Downton et al. 1987). The role of ABA in the reduction of 

Anet  in Vitis vin?fera was found to be accounted for fully by reductions in g. 

The relatively large T.  found throughout the year in the wet-dry tropics of Northern 

Australia (typically 32-36 °C), is complemented by diurnally large fluctuations in 7. 

Tropical species generally show temperature optima that are larger than for temperate 

species. In Acacia nangium, the optimum T was 30 °C (Atipanumpai 1989), while in 

Eucalyptus tetrodonta the optimum T1  was determined to be 29 °C (Eamus et al. 1994). 

Despite these species being native to the wet-dry tropics of Northern Australia, these optima 

are below the maximum daily T., ir  by up to 7 °C. The optima for these tropical species 

appear to be more closely coupled to the 24 hour mean daily temperature, rather than the 

mean temperature of the photoperiod, and therefore during daylight hours T is generally 

above the optimum. Additionally, leaf over-temperature compared to T'&  caused by large 

solar radiation loads (Hsiao 1973) means that in this climate a substantial reduction in A,, 

due to T1  is possible. As T.  is rarely at Tc,ç,t , and is often much higher than T()1,t , species with 

broad T.,  may have an ecological advantage over species with narrow T.P,  as the effects of 
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T are minimised. Thus any species showing a large reduction in A,, with change in T 

would be expected to have productivity at least partially constrained by 7. 

1.8.3 Water vapour pressure deficit (VPD) 

The use of VPD as a measure of the evaporative demand of the atmosphere has 

supplanted the use of RH because the latter is not a precise measure of atmospheric water 

content (Aphalo and Jarvis 1991). This is due to the significant changes in water vapour 

capacity of the air as T,, i,  varies. LAVPD measures the evaporative demand of the air and 

is based upon the temperature and water vapour pressure gradient between leaf and air. The 

close correlation between LA VPD and T is due to T1  being the driving force for evaporation 

from the leaf surface. 

It is often difficult to dissociate the effects of large PPFD and high T on A from 

the co-varying changes in LAVPD (Chiariello 1984, Woodrow et al. 1990), especially in 

field data. Large PPFD will generally increase T1 , while T1  will reflect the magnitude of T.  

and the cooling effect of transpiration and wind, with the magnitude of the over-temperature 

driven by the rate of evaporative cooling associated with leaf transpiration. The changes 

in PPFD, T1 , and LAVPD are most apparent within the canopy of a closed forest (Chiariello 

1984), but can be very significant in wet-dry tropical environments, because of the large 

diurnal changes in PPFD, 1, and LAVPD that occur in these climates (Wiebel et al. 1993). 

Nevertheless, effects of LAVPD upon stomatal aperture, independent of leaf water potential 

have been widely reported (Ludlow and Wilson 1970, Watson et al. 1978, Muchow et al. 

1980, Mooney et al. 1983, Mooney et al. 1984, Turner et al. 1984, Sharkey 1984, 

Tenhunen et al. 1984, El-Sharkawy and Cock 1986, Grantz and Meizner 1990, Assmann 

and Gershenson 1991, Aphalo and Jarvis 1991, Chaves 1991, Ellsworth and Reich 1992, 

Wiebel et al. 1993, Eamus et al. 1994). The closure of stomata in response to increased 

LAVPD represents an efficient method of controlling transpiration, and thus leaf water status 
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(Cowan 1977, Muchow et al. 1980, Ellsworth and Reich 1992). Low boundary layer 

conductance has been seen to reduce the stomatal response to LA VPD by reducing the range 

of the LA VPD effects on g at the leaf surface (Grantz and Meizner 1990). Stomatal closure 

may constrain if assimilation becomes substrate limited. It could be predicted that as 

stomata close, C, will decline due to the consumption of CO2  by photosynthesis. As C, 

declines, the rate of photosynthesis will also decline as CO2  becomes more and more 

limiting to photosynthesis. 

The optimisation hypothesis (Cowan 1977, Cowan and Farquhar 1979, Farquhar and 

Sharkey 1982, Sharkey 1984, Tenhunen et al. 1984) suggests that the ratio of C1  to C. 

remains relatively constant over a wide range of environmental conditions, allowing C, to 

remain on the shoulder of the CO2  response curve between rubisco limitation and saturation 

(Farquhar et al. 1980, Farquhar and Sharkey 1982). The value of C1/C2  remained constant 

as ambient humidities varied greatly both in laboratory data (Farquhar et al. 1980) and field 

data (Field et al. 1981). Thus a less frequently observed effect of large LAVPD is a 

reduction in Aper se (Raschke and Hedrich 1985, Wong, Cowan and Farquhar 1985, 

Downton et al. 1987, Eamus et al. 1994). In these observations, small reductions in leaf 

conductance (g1), and small changes in C, were accompanied by significant changes in A.. 

Thus the changes in A., were largely independent of g1. These declines in have been 

attributed to the negative impact of high LAVPD upon the biochemistry of photosynthesis 

(Sharkey 1984), and thus the midday controls on g, may be different from those acting on 

Anet  (Tenhunen et al. 1984). Farquhar and Sharkey (1982) concluded that the reduction in 

g in response to increased LAVPD may be due to changes in leaf water potential. Effects 

of LAVPD upon g, have been attributed to the rate of water loss from the leaf (Turner et al. 

1984, Grantz 1990, Nonami et al. 1990, Mott and Parkhurst 1991), and in particular the 

epidermal layer reducing the back-pressure exerted on the guard cells by neighbouring cells, 

allowing more rapid stomatal responses to LAVPD (Assmann and Grantz 1990). The 
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reduction in A,  due to large LAVPD has been attributed to accumulation of the stress 

hormone ABA (Tenhunen et al. 1984, Downton et al. 1987, Grantz 1990). The additional 

effect of increased ABA leading to heterogeneous stomatal closure (Raschke and Resemann 

1986) has been suggested as the cause of an apparent decrease in A. in response to large 

LAVPD (Chaves 1991). It is pertinent to note that Bunce (1981) found that the sensitivity 

of g1  to LAVPD was directly correlated with the ratio of length of the root system to plant 

leaf area. This may then permit some population variation in response of g to LAVPD 

through differences between genotypes in the root to shoot ratio of the plant. Other 

observations reporting no reduction of An,,  as LAVPD was increased when T1  is constant tend 

to relate only to observations in the lower range of LAVPD, typically below 2.0 kPa 

(Delillis and Sun 1990). 

In an environment such as the wet-dry tropics, any effect of LAVPD upon per 

se may be important to plant productivity because of the magnitude of the fluctuations in 

LAVPD to which plants are exposed, both diurnally and seasonally. In this climate, 

combinations of large LAVPD and high T (and thus T1 ) lead to LAVPD extremes of up to 

6 kPa in the mid-afternoon (Wiebel et al. 1993). 

1.8.4 Carbon dioxide 

The effects of drought and leaf temperature upon stomatal aperture have been widely 

documented (see 1.8.2 and 1.8.3 above). One of the results of stomatal closure can be a 

reduction in C1, with resultant limitations to net photosynthesis (Tenhunen et al. 1984). The 

response of assimilation of the leaf to C1  is thus important for an understanding of the effects 

of water deficit on plant assimilation. Additionally, the CO2  response curve can provide 

information on the limitations to photosynthetic capacity (Farquhar and von Caemmerer 

1981, Wiebel et al. 1993). 

The responses of A to [CO2] have been investigated for a large number of species 
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(Ludlow and Wilson 1970, Tenhunen et al. 1984, Teskey and Shrestha 1985, Downton et 

al. 1987, Sage et al. 1988) but fewer studies of tropical species have been undertaken 

(Mooney et al. 1984, Atipanumpai 1989, Wiebel et al. 1993, Berryman et al. 1994, Eamus 

et al. 1994). The initial slope of the curve represents the carboxylation efficiency, the in 

vivo activity of rubisco (Farquhar and Sharkey 1982). Species or leaves adapted to shade 

conditions generally increase light absorption at the expense of electron transport, thus 

limiting ribulose-1,5-bisphosphate (RuBP) regeneration (Evans 1987), because large electron 

transport capacities are rarely needed in shaded habitats. The allocation of nitrogen is 

critical to the photosynthetic system (Evans 1989), and nitrogen levels are often significantly 

larger for plants grown under conditions of full sunlight, because of the nitrogen needed for 

large pools of proteins and enzymes needed to maintain high assimilation rates characteristic 

of sun leaves. The strong correlation between nitrogen content and photosynthetic capacity 

(Mooney et al. 1984) is evidence of this dependence of the assimilatory process on nitrogen 

availability. Carboxylation efficiency has also been shown to decline under conditions of 

water stress, which may be associated with midday depression of photosynthesis (Tenhunen 

et al. 1984, Downton et al. 1987). 

At larger [CO21, the limitation to photosynthesis switches from carboxylase 

efficiency to RuBP regeneration (Farquhar and von Caemmerer 1981, Farquhar and Sharkey 

1982). Because of the larger nitrogen contents of leaves adapted to full sunlight, the 

maximum CO2  saturated rate of net photosynthesis is usually larger than for shade adapted 

leaves. 

The importance of midday closure of stomata, and associated depression of 

photosynthesis in water-limited climates, in improving water use efficiency has been 

evaluated by Cowan and Farquhar (1979), and Cowan (1982). The mechanism of midday 

closure involves reduced carboxylation efficiency and an increased CO2  compensation point 

(Tenhunen et al. 1984). The wet-dry tropics of Northern Australia may be such an water 
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limited environment, as the climate features large diurnal changes in LAVPD and T1 , similar 

to the diurnal changes seen in a Mediterranean climate (Tenhunen et al. 1984, Downton et 

al. 1987), and also large seasonal changes in water availability. The response of A to 

[CO2] in A. auriculforinis needs to be determined because of the nature of the Top End 

climate, and the possibility that stomatal limitations to photosynthesis may be imposed by 

diurnal changes in LAVPD and T1 . 

1.8.5 Water availability 

Seasonal variation in water availability has been suggested as a major constraint on 

productivity of plant species in the Top End of the Northern Territory (Section 1.4). Large 

seasonal differences in LAVPD, and soil moisture availability occur. These seasonal 

differences in LAVPD and soil moisture are reflected in seasonal differences in 'Ic. 

Diurnal fluctuations in LAVPD and temperature can, in this environment, be larger than 

seasonal differences (Schaper and Chacko 1993). Indeed, one of the features of the wet-dry 

tropics is the larger diurnal differences in environmental parameters compared to seasonal 

differences. In contrast, PPFD is frequently non-limiting and often at levels in excess of 

double the requirements for saturation of assimilation of C3  plants. The relative lack of 

study of the ecophysiology of species of the wet-dry tropics compared to temperate ones is 

apparent from the relative lack of literature on the topic. Recent studies of the gas exchange 

of Acacia mangium (Atipanumpai 1989), Garcinia man gostana (Mangosteen) (Wiebel et al. 

1991), Maranthes corymbosa (Berryman et al. 1993), and of Eucalyptus tetrodonta (Eamus 

et al. 1994) represent the only published information of gas exchange for this environment, 

of which I am aware. Data for the wet tropics is more abundant (Fonteno and McWilliams 

1978, Björkman 1981, Langenheim et al. 1984, Mooney et al. 1984, Givnish 1988, 

Osmond and Chow 1988, Riddoch et al. 1991, Turnbull 1991), and even though significant 

differences between these two climatic regimes exist, the information is of value for 
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comparisons with the environment of the wet-dry tropics. 

Unfortunately, at this time little published information is available as to the use of 

carbon isotope discrimination of trees in the wet-dry tropics environment (Woo et al. 1994), 

although recent information for grain legumes has become available (Udayakumar and 

Prasad 1994, Wright and Nageswara Rao 1994). Assimilation discriminates against the 

heavier 13C isotope, and a relationship between water use efficiency and carbon isotope 

composition has been found (Farquhar and Richards 1984, Farquhar et al. 1989, Wright and 

Nageswara Rao 1994). Documented effects of reduced soil moisture (Masle and Farquhar 

1988) and large LAVPD (Farquhar and Richards 1984) in reducing the isotope discrimination 

(Farquhar et al. 1989) would appear to make the technique of value in determining the 

relative tolerance of provenance regions of A. auriculfonnis to low water availability. 

1.9 Correlation of growth rate with net photosynthesis 

Whole plant productivity must reflect plant net carbon fixation, as assessed on an 

annual basis. This is because 80 - 95% of plant dry matter is represented by carbon, 

hydrogen and oxygen, as carbohydrate, the products of CO2  assimilation. It could be 

expected that with the large dependence of plant dry weight on assimilation, the growth rate 

of the plant would be correlated with the assimilation rate of the plant. Interestingly, the 

CO2  assimilation rate measured per unit leaf area may or may not be an accurate measure 

of plant growth and productivity. Campbell and Rediske (1966), as quoted in Atipanumpai 

(1989), found a high genotypic correlation between leaf net photosynthetic rate and dry-

weight gain in Douglas fir. It was suggested that net photosynthetic rates could be used as 

a criterion in selection for rapid growth. Bickman (1973) found that biomass production 

correlated positively with net photosynthetic capacity when leaf density was not too high. 

Basshan (1977, cited in Sun 1986) indicated that plant yields could be increased through 

improvements in net photosynthetic rates. Sun (1986) found that superior growth of 
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seedlings of A. auriculfonnis and Eucalyptus citriodora when compared to A. confusa and 

E. exserta indicated a direct correlation between growth rates and leaf net photosynthesis 

rates of these species. 

In contrast, in many species the relationship between leaf net photosynthesis and 

biomass production is not significant (Gifford and Evans 1981, Atipanumpai 1989). 

Consequently, a lack of positive correlation can exist between relative growth rate and net 

photosynthesis rate (Poorter 1989). Total plant leaf area has been considered to be of more 

significance in determining differential growth rates than net photosynthesis rate alone 

(Postuka and Nelson 1986). 

Use of Leaf Area Index (LAI), a measure of the ratio of leaf area to ground area 

covered by the canopy has been identified as a method for determining relative canopy size 

in trees (Givnish 1984, 1988). Measurement of, and selection for, large canopy area has 

proved highly successful in studies aimed at improving the growth and yield of small plants 

(Loomis et al. 1971, Leopold and Kriedemann 1975), as the light interception of a species 

can be enhanced by increasing LAI. In species with a larger LAI, a larger proportion of 

light will be intercepted, as more layers of leaf material exist for capture of photons. Of 

course the energetic break-even point of the species will govern the number of layers of 

leaves and survival at different irradiances (Björkman et al. 1972, Björkman 1981), through 

the net return to the plant (Givnish 1984). Metabolic and investment costs of support tissue 

will ensure that ecological compensation points (defined as the respiratory support costs of 

non-photosynthetic tissues) of trees will be greater than for shrubs and herbs because of the 

greater amount of support tissues (Givnish 1984). 

For A. auriculfor,nis, the range of the species extends from drier regions in the NT 

to wetter regions in PNG (Boland et al. 1984). The whole plant perspective (Givnish 1988) 

seeks to evaluate the respiratory costs of non-photosynthetic tissues to the plant and the 

relationship between growth rates, assimilation rates and respiration rates of the plant. This 
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perspective suggests that on wetter sites piants may have lower ecological compensation 

points, due to the smaller roots system required for water uptake (Givnish 1984). If such 

root to shoot ratios are genetically controlled, at least to some extent, then some advantage 

to the provenances originating from wetter sites (PNG) compared to provenances from drier 

locations (NT) may be seen. Indeed, in most field trials the PNG provenances outperform 

the NT provenances, except in the driest sites (Pinyopusarerk 1990). Studies of the effects 

of canopy size and dry matter allocation will be necessary for A. auricul?formis, to develop 

an understanding of the causes of differences between provenance regions of the relative 

growth rates, and how survival of different provenance regions may be affected by 

environmental conditions. 

The significance of gas exchange studies in the determination of growth rates of 

plants may have been overestimated because the significant influences of dry-matter 

partitioning, leaf life span and cost benefits, on whole plant CO2  assimilation rate, have been 

overlooked (KOrner 1991). Furthermore, canopy structure, effects of herbivores, and fine 

root turnover may complicate the assessment of growth rate based upon measurements of 

net leaf photosynthesis rate (A) alone. To increase productivity, it may be more important 

to select for a larger canopy, rather than for a large A. per unit leaf area (Helms 1976). 

The partitioning of material (root to shoot weight ratio) is also considered to be a strong 

determinant of overall growth rate and yield (Poorter 1989, Körner 1991). Atipanumpai 

(1989) found no relationship between A, and growth in A. man giwn. The provenances with 

the lowest net photosynthesis rates (New Guinea) exhibited the highest growth rates. 

Similar results have been found for the tropical hardwood Triplochiton scierosylon (Ladipo 

et al. 1984), and for Poplar tree clones (Ceulemans et al. 1980). Campbell and Rediske 

(1966) using phenotypes in Douglas fir, found poor correlation between growth rate and leaf 

photosynthesis. Clearly, extrapolation of single leaf measurements of net photosynthesis to 

whole tree carbon gain, and thus biomass production, is not always possible. 
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Models of assimilation which allow extrapolation from single leaf measurements to 

whole tree canopy have been reviewed recently (Agren et al. 1991). It is pertinent to note 

that realisation of the importance of effects of changes in climatic variables (such as [CO2]) 

has led to increased interest in modelling systems, especially with respect to forestry 

applications. Wang and Jarvis (1990) developed a model (MAESTRO) to determine canopy 

assimilation based on a user defined crown arrangement, and using hourly measurements 

of air temperature and PPFD, and it has been evaluated for Eucalyptus globulus (Jarvis et 

al. 1989). McMurtrie et al. (1990) produced a model of forest growth (BIOMASS) based 

on assimilate partitioning and stand water balance, using a Pinus radiata forestry stand. 

These modelling systems have been discussed with relation to the effects of elevated [CO2] 

(McMurtrie et al. 1992), and the use of canopy shape, size and LAJ in determining canopy 

assimilation is crucial to the success of the models. 

In a seasonally dry climate, such as the wet-dry tropics, the importance of the 

degree of deciduousness of a species is enhanced because the severity of the dry season 

varies significantly from year to year. The cost-benefit relationships between deciduous and 

non-deciduous species will govern the relative success of the species in the wet-dry tropics 

(Sobrado (1991). This is because deciduous species often show larger A. when compared 

to evergreen species (Sobrado 1991), but overall return in terms of carbon gain per unit 

invested nitrogen may be greater in evergreens because the leaves are photosynthetically 

active for longer periods, and these plants may therefore produce more carbohydrate 

resources with which to grow and reproduce (Givnish 1984). These resources may be 

diverted into larger root systems compared to deciduous plants, to enable the evergreen to 

support a larger canopy area through the dry season (Sobrado 1991). Nevertheless, in the 

drier tropical climates, this advantage for evergreens may be offset by higher leaf 

construction costs, as evergreen leaves are often thicker and larger, and may involve 

investment of larger amounts of reserves into secondary products for protection against 
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herbivory (Sobrado 1991). Additionally, the significantly greater transpiration rates 

associated with retaining leaves during the dry season in drier climates may offset the longer 

period of active photosynthesis, if the assimilation rate is reduced significantly by lower g, 

in evergreen species with reduced propensity to shed leaves during periods of low water 

availability. The higher leaf costs result in a lower nitrogen use efficiencies (Sobrado 1991) 

of evergreen versus deciduous habit. The cost benefits of deciduous versus evergreen habit 

may therefore reflect the balance between construction costs, water use efficiency and 

carbon gain (Cowan 1981, Givnish 1984). 

1.10 Thesis aims and structure 

1.10.1 Thesis aims 

The specific objectives of the study can be identified as follows: 

To describe the wet-dry tropics environment in terms of the seasonal 

variation in factors including PPFD, T, T1  and LAVPD. 

To determine the gas exchange characteristics of A. auriculiformis under 

laboratory conditions. In particular, the response of A to PPFD, T1 , C 

and LAVPD will be evaluated, for the purpose of comparison with species 

from other climates, and to ascertain whether these species may have 

particular adaptations for survival in the wet-dry tropics. 

To evaluate differences provenance regions in gas exchange under 

laboratory conditions. Different provenance regions will be evaluated to 

determine differences between provenance region response of to PPFD, 
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T1 , C, and L4VPD. 

To investigate the reasons underlying observed differences in the growth 

rates of different provenance regions of A. auriculij'ormis, in field 

conditions. Site investigations will concentrate upon diurnal changes in 

of phyllodes of the most phenotypically different provenance regions, from 

the PNG and NT. 

To evaluate growth of seedlings of different provenance regions under 

controlled conditions. A primary concern of the present study was to 

determine whether seedlings of A. auriculforinis from PNG, Queensland 

(Qld) and the NT still show the differences in growth rates that were seen 

in the field trials at Melville Island, and overseas, when the seedlings are 

exposed to conditions of abundant water supply, adequate fertilisation, and 

a uniform light environment. 

To determine the relative importance of the environmental parameters in 

limiting A throughout the annual wet-dry cycle. In addition to the 

seasonality of water availability in the soil, seasonal differences in light and 

cloud cover, minimum air temperature, phyllode temperature, and leaf-to-

air vapour pressure difference have been identified for the climate of the 

wet-dry tropics. 

1.10.2 Thesis Structure 

The thesis is composed of eight chapters. The first Chapter is a general introduction 

to the topic, via a literature review. Chapters two to four evaluate the field performance 
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of A. auriculfor,nis  at the Melville Island site. Chapter 2 focuses on measurements of A 

of a number of provenances over a twelve month period to determine the existence, or 

otherwise, of provenance differences in A. This is followed by Chapter 3, in which 

provenance regions with the most different are compared diurnally and seasonally, and 

the data compared to measurements of growth rate. In Chapter 4, growth and A,, of the 

best provenances of A. auriculfor,nis are compared to several other fast growing native 

trees. 

Chapters 5 and 6 evaluate the gas exchange of the species under controlled 

laboratory conditions. In Chapter 5, the gas exchange of the NT provenances are reported, 

in particular the response of A to PPFD, T1 , C1  and LAVPD. Chapter 6 compares the gas 

exchange of four provenance regions to determine whether differences in responses to these 

parameters exist. 

Chapter 7 concentrates on growth rate of the NT provenances under different light 

irradiances, and of four provenance regions grown under the same growth irradiances. This 

was done to compare the field growth differences observed in the field with controlled 

conditions in the shadehouse. 

Chapter 8 is a general discussion of the significant findings of the investigations, 

with particular reference to the Thesis objectives outlined above. 
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CHAPTER TWO FIELD MEASUREMENTS OF SEASONAL MAXIMUM NET 

PHOTOSYNTHESIS AND RELATED PARAMETERS 

2.1 Introduction 

The wet-dry tropics are characterised by extreme seasonal variation in water 

availability between the wet and the dry seasons. These differences are extreme in the north 

of the Northern Territory, where the wet season (October to March) accounts for 90% of 

the annual rainfall, and is characterised by frequent heavy rainfall and low atmospheric 

vapour pressure deficits. These features, when combined with increased cloud cover, 

contrast sharply with the dry season (April to September) when rainfall is sporadic, and high 

levels of light and atmospheric vapour pressure deficits prevail. In the NT, the dry season 

effectively extends for up to eight months because of sporadic rainfall and high atmospheric 

evaporative demand, in the early and late wet season. Thus the dry season may constitute 

a major constraint upon the productivity of plant species in this region. 

Provenance trials of A. auriculforinis have been undertaken in several countries 

(Pinyopusarerk 1990, Harwood et al. 1991, Luangviriyasaeng et al. 1991, Pinyopusarerk 

et al. 1991, Yang and Zeng 1991), and genetic improvement programs have commenced 

(Pinyopusarerk et al. 1991). Generally, the results of these studies indicate the superior 

growth rates of the PNG provenances when compared to the NT provenance region. In 

contrast to the focus of information on growth performance and ecology of the species, there 

is little published information on ecophysiology, including photosynthetic performance and 

response to the environment (Sheen et al. 1984, Sun 1987). Studies of adaptation to 

climate and soils have recently been identified as priority research topics (Haines et al. 

1991). Data of the soil and climatic features of the Melville Island open "Treeless" Plains 

(Wilson 1991) and the tropical Eucalyptus dominated forest (Fensham 1990) provides 
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background information for the study site. The present study examines the gas exchange 

characteristics of trees derived from four different natural provenance regions growing on 

a common site, to test the hypothesis that differences in relative growth rates between the 

provenance regions are reflected in their rates of carbon fixation. Furthermore, the seasonal 

pattern of CO2  fixation was examined to determine the effects of marked seasonal variation 

of environmental parameters such as phyllode leaf-to-air vapour pressure difference (LA VPD) 

and temperature. 

2.2 Materials and Methods 

2.2.1 Study site 

Experimental data were collected in a seed production stand of A. auricul4fonnis 

located in the Yapilika area near Maxwell Creek, Melville Island, Northern Territory, 

Australia 01° 34' S, 1300  34' E) (Haines 1986, Harwood et al. 1991). The climate is 

seasonally wet-dry tropical with a mean annual rainfall of 1750 mm, of which more than 

90% falls in the wet season (November to March). The soils are sandy earths over laterite 

(Harwood et al. 1991). 

2.2.2 Genetic material 

The stand was established initially as a provenance/progeny trial of 144 seedlots with 

six complete replicates of five tree line plots. The trees were planted in December 1988, 

and were thinned to one in five trees in 1991, yielding a spacing of approximately five by 

five metres. The undergrowth was slashed in February 1992, and trees were fertilised as 

outlined in Harwood et al. (1991). Observations were carried out between September 1991 

and August 1992, within one replicate of the provenance/progeny trial. Three trees from 

each of the NT and Qld provenance regions were used for the gas exchange studies, together 
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with six from the PNG provenance region (three each from Morehead River (M) and the 

Bensbach River (B) provenances). In each of these four groups, the three trees were from 

different family seedlots. 

2.2.3 Environmental parameter measurement 

Photosynthetic photon flux density (PPFD), dry bulb air temperature (T), and 

relative humidity (RH) were measured simultaneously with CO2  assimilation using a LI-COR 

quantum sensor, a LI-COR leaf temperature sensor (T1 ), and a Vaisala Humicap sensor 

(HMP-35A, RH) of the Li-6200 portable photosynthesis system (LI-COR, Lincoln, USA). 

Phyllode LAVPD were calculated by modified system programming of the Li-6200, using 

T, T1  and RH. Results are described as means of the sample period for each provenance 

region ± standard errors (s.e.). 

2.2.4 Gas Exchange measurements 

Rates of phyllode photosynthesis were determined with a LI-COR Li-6200 portable 

photosynthesis system, on five phyllodes per tree, for each of the three trees per provenance 

region. Gas exchange was measured between 0800 hours and 1030 hours when 

photosynthetic rates were greatest. At this time PPFD was above the saturating levels of 

PPFD, determined in this species to be 700-800 imol m 2  s' (Chapters 4 and 5). In this 

period (0800-1030 hours), T and LA VPD were lowest for the diurnal period of light 

saturation. The values represent maximum net CO2  assimilation rates (A,) on each 

measurement day. Observations were made in September 1991 (end of the dry season), 

February 1992 (mid wet season), April 1992 (late wet season) and July 1992 (mid dry 

season). Ratios of phyllode interstitial [CO2] to atmospheric [CO2] (Ct /Ca) were computed 

from measurements of both parameters by the Li-6200 gas analyser. 



2.2.5 Phyllode sampling 

Phyllode sampling for all analyses consisted of three phyllodes per sample and ten 

samples per tree. For elemental analysis using Inductively-Coupled Plasma Atomic Emission 

Spectroscopy (ICP-AES), samples were dried at 70 °C, ground by mechanical mortar and 

pestle, then split into two sub-samples. Reference material (NBS 1572) was also analysed 

to ascertain recovery efficiency, which was typically 85-95%. Samples were digested in 

concentrated nitric acid (1.0 ml) and concentrated perchloric acid (4.0 ml) at 180 °C, then 

filtered (Whatman #2 filter paper), with results expressed per gram dry weight. Phyllode 

nitrogen was analysed by the Kjeldahl method, with the distillant compared to a glycine 

standard curve. Phyllode chlorophyll was determined in chilled 80% acetone at 645 and 664 

nm wavelengths (Coombs et al. 1985). Phyllode stomatal densities were determined using 

stomatal imprints on quick drying adhesive (Selleys Multigrip, Selleys, Padstow, Australia), 

and viewed under an Olympus CH light microscope calibrated against a stage graticule (400x 

magnification). Five replicate counts on each side of each of five phyllodes per tree were 

made for three trees per provenance region. The stomatal counts were made on phyllodes 

used for gas exchange measurement. 

2.2.6 Phyllode water relations 

Phyllode water potential was determined in the late dry season (September) and late 

wet season (March), with a pressure chamber (Soil Moisture Corporation, USA), on excised 

branchlets of two to four phyllodes. Three samples from each provenance region were 

collected, sealed in plastic bags, and measured within 15 minutes, at dawn (0630 hours) and 

mid-afternoon (1400-1530 hours). 

2.2.7 Tree size and canopy area 

Tree heights were measured with an adjustable height pole, and diameter at breast 
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height (DBH) with dendrometer bands, in February 1992. Six trees from the NT and Qid 

provenance regions and twelve from the PNG provenance region were measured, including 

all the trees used for gas exchange measurements. 

Tree canopy areas were estimated in September 1992 on the same 24 trees used for 

height measurement. Each tree was visually divided into main branches, sub-branches, and 

branchiets. Phyllode numbers were counted on a sample of ten branchlets per tree, and 

canopy phyllode numbers were determined by multiplying the average phyllode count per 

branchiet by the number of branchiets, sub-branches, and main-branches. Average area per 

phyllode of each provenance region was measured on a sample size of 60, using a leaf area 

meter (Delta-T Devices, UK). Canopy areas were estimated from tree phyllode counts and 

the mean phyllode area. 

Photographs of the study trees are shown in Plates 2-5. The PNG trees were larger, 

and had a more dense canopy than the NT and Qid trees. Trunk appearance of the study 

trees are shown in Plates 6-9. The PNG trees are characterised by reddish-brown trunks 

when compared to the NT and Qid trees which have a greyish-white trunk. Note the larger 

trunk diameters of the PNG trees compared to the NT and Qld trees. 

2.2.8 Statistical analysis of results 

Data are presented as means ± standard errors in all Tables and Figures. Linear 

and quadratic regressions in Figs. 14 were determined using the Sigmaplot regression 

facility (Sigmaplot Version 4, Jandel Corporation, USA). Comparison of means within and 

between treatments was made using analysis of variance (usually 2 way). Bartlett's test of 

homogeneity of group variances was performed. Slopes of linear regressions were compared 

using analysis of covariance using CSS (Complete statistical systems, release 2.1, Statsoft 

Inc. USA). Prior to use of the analysis of covariance, the relationship between the 

dependant variable and the covariate were tested for linearity. Where statistical differences 
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between treatments were found using the ANOVA, post-hoc comparisons between means 

were made using the Students' t-Test, and differences denoted by different symbols in the 

results tables. Probability of 0.05% was used in all statistical tests as the level for rejection 

of the null hypothesis (H0 ). 

2.3 Results 

2.3.1 Environmental parameters. 

PPFD, T, and LAVPD data for the five observation periods are shown in Table 1. 

Whilst PPFD varied with time of year, all measurements of CO2  assimilation were at 

saturating light levels (PPFD> 1000 jmol m 2  s'). T varied with time of year, but not 

significantly between provenance regions for individual observation periods. LA VPD varied 

with time of year and between provenance regions for individual observation periods. 

2.3.2 Physiological parameters 

2.3.2.1 Rates of light saturated assimilation (A) 

A.  of phyllodes from the four provenance regions varied significantly with time of 

year (Table 2). The rates were highest during the wet season (Feb 1992, 21.4 - 26.2 Jimol 

s'), and lowest at the end of the dry season (Sep 1991, 3.5 - 14.5 tLMOI m 2  s'). Most 

generally, the NT provenances had the highest rates, and were least affected by season (14.5 

- 24.8 umol m 2  s-'), whilst the PNG provenances had the smallest rates and significantly 

greater seasonal differences (3.6-24.8 tLMOI  m 2  s 1). A. for the Qld provenance region 

were intermediate between the NT and PNG provenance regions, but varied most with 

season (3.5 - 26.2 zmo1 m 2  s'). 

A. decreased linearly with increasing LAVPD (Fig. 1). Provenance region 
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Renabach River 

2/92 4/92 7/92 

Northern Territory Queensland Morehead River 

9/91 2/92 4/92 7/92 9/91 2/92 4/92 7/92 9/91 2/92 4/92 7/92 

PPFD [iunol  rn 2  0] 1614' 1130' 1877' 1500b 1774' 1509' 1768' 1505b. 1455"  1573" 1795 1405" 1764 1219' 1970k  1509' 
± g.e. ±32.0 ±68.7 ±26.4 ±19.0 ±8.2 ±70.9 ±57.2 ±27.8 ±75.2 ±68.6 ±56.7 ±48.0 ±34.2 ±80.0 ± 19.4 ±37.4 
T, ('C] 36.6" 32,0' 34.4' 29.9" 35,55 32.7" 34.2• 29.3' 3741 33.0' 34 ,6f 29• 9b 37•31 33.2' 34.8k  29.9" 
± g.e. ±0.1 ±0.18 ±0.1 ±0.1 ±0.12 ±0.14 ±0.3 ±0.3 ±0.1 ±0.09 ±0.1 ±0.1 ±0.08 ±05 ±0.2 ±0.2 
LAVPD [kPa] 4.56" 1.21' 1.91' 1.72' 3.83' 1.42' 1.78" 1.60' 4.80' 144b 2.29k 1.68' 445" 132 b 1.96' 1.629  
± s.c. ±0.07 ±0.04 ±0.03 ±0.04 ±0.06 ±0.07 ±0.06 ±0.03 ±0.04 ±0.03 ±0.05 ±0.02 ±0.08 ±0.05 ±0.04 ±0.03 



Table 2. Gas exchange data for phyllodes of A. auriculiforinis from four different provenances, growing at Melville Island. 

For each row, numbers followed by the same letter are not significantly different (P > 0.05). 

Refer to Table 1 or to methods section of Chapter 2 for statistical methodology. 

Data are means ± standard error (n = 45). 



Bensbach River 

9/91 2/92 4/92 7/92 1  

Northern Territory Queensland Morehead River 

9/91 2/92 4/92 7/92 9/91 2/92 4/92 7/92 9/91 2/92 4/92 7/92 

,,, j 
± g.e. 

.,..,u-  
±0.52 

£1.F9 
±0.79 

2U.67" 15.37' 14.54' 24.76' 22.96' 22.23 3.49' 26.19' 19.21 17.03 A 5.35' 21.37" 22.18 184d 

±0.55 ±0.62 ±0.66 ±0.95 ±0.51 ±0.48 ±0.47 ±0.69 ±0.42 ±0.52 ±0.57 ±0.98 ±0.52 ±0.49 

g, [mol m 2  a'] 
± g.e. 

0.08' 1.17' 1•02k 0.41"  0.27 1.0' 1.36' 0.73' 0.074' 1.0( 0.62r 0.49' 0.125" 1.14' 1•05L' 0.40' 
±0.01 ±0.07 ±0.05 ±0.08 ±0.02 ±0.08 ±0.07 ±0.03 ±.009 ±0.05 ±0.03 ±0.08 ±0.01 ±0.10 ±0.03 ±0.06 

PhyllodeE 
[mmol m 2  a'] ± g.e. 

3.41' 
±0.32 

10.54 
±0.43 

15.6' 
±0.47 

9•88,d 10.74' 19.19k 12.87' 3.48' 11.70' 12.76' 11.52' 5.36" lO.34 16.90k 9.62' 
±0.66 ±0.47 ±0.54 ± 1.10 ±0.37 ±0.38 ±0.43 ±0.48 ±1.6 ±0.35 ±0.68 ±0.50 ±0.71 

T, ['C] 
± s.c. 

37.8' 
±0.2 

31.76' 34.11' 30.3" 35.59' 32.7' 33.61' 29.37' 38.68" 32.81" 34.83' 30.03" 38.15' 32.81" 34.48. 3015" 
±0.12 ±0.08 ±0.1 ±0.16 ±0.18 ±0.24 ±0.24 ±0.08 ±0.08 ±0.16 ±0.10 ±0.16 ±0.09 ±0.14 ±0.15 

c/c. ratio 
± s.c. 

0.743" 
±.014 

0.856°"' 0.8480 0.902' 0.656° 0.824° 0.866' 0.893' 0742'.b  0.831° 0.79D 0.906' 0.747" 0.833° 0.84.6° 0.889" 
±.016 ±.005 ±003 ±011 ±011 ±.004 ±.006 ±038 ±.007 ±005 ±.003 ±.013 ±.015 ±.003 ±.002 



Fig. 1. Phyllode CO2  assimilation rate measured in the field versus leaf-to-air vapour 

pressure difference for A. auriculiformis from four provenances growing at 

Melville Island. 

Linear regression: 

A.  = 29.86 - 5.28(LAVPD) 

= 0.917. a = 16. 
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differences in response were not significant, and the data is pooied for presentation. 

Similarly, there were no effects of provenance region on the relationship between g, and 

A, so the data for all provenance regions is pooied in Fig. 2. A. reached a maximum 

at a g, of approximately 1.0 mol m 2  s1. 

2.3.2.2 Phyllode conductance (g) 

Seasonal changes in g, (Table 2) followed the same trend as those of A. The 

highest g8  were observed during the late wet season to mid dry season, and lowest g, at the 

end of the dry season. g8  of the NT provenance region (0.27 - 1.36 mol m 2  s') were, at all 

sampling times, higher than the PNG provenances (0.08 - 1.17 mol m 2  s'), with the Qld 

provenance region (0.07 - 1.00 mol m 2  s') intermediate. Seasonal variation was greatest 

in the Qld and Bensbach R. provenances and least in the NT, while the Morehead R. 

provenance was intermediate. 

Significant linear responses of ln(g) to LAVPD (Fig. 3) were found for all 

provenance regions, but the differences between the provenance regions were not significant. 

2.3.2.3 Transpiration rate (F) 

Transpiration rates (Table 2) varied in a similar pattern to g1, with significant 

variation between seasons. E was lowest at the end of the dry season, and highest during 

the wet season. At the end of the dry season (September), E of the trees of the NT 

provenance region was significantly greater (0.3 - 0.5 times) than for the other three 

provenance regions (3.41 - 9.54 mmol m 2  s'). By February, E had increased, and there 

was no significant differences between provenance regions, except for slightly larger E in 

the Qld provenance region. The largest Evalues (12.76- 19.91 mmol m2 1)  were obtained 

at the end of the wet season (April), with the NT provenance region significantly greater 

than the PNG provenances, which were significantly greater than the Qld provenance region. 



Fig. 2. Phyllode CO2  assimilation rate measured in the field versus stomatal 

conductance for A. auriculifor,nis from four provenances growing at Melville 

Island. 

Rectangular hyperbolic regression: 

A.  = 28.0 - (35.0/(1 + 5.3(g))) 

= 0.97. n = 16. 
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Fig. 3. Stomatal conductance rate versus leaf-to-air vapour pressure difference 

measured in the field for A. auriculiformis from four provenances growing at 

Melville Island. 

Naturai logarithmic regression: 

in (&) = 0.948 - 0.699 (LAVPD) 

r2  = 0.914. n = 16. 



Cr) 
2 

0 

bC 
Cl) 

—2 

—j 

 

u 1 2 3 4 5 6 
LAVPD (kPa) 



33 

The July (mid dry season) E values were intermediate, with the NT provenance region 

significantly greater than the PNG provenances, and the Qld provenance region intermediate. 

E declined markedly with increased phyllode temperature (T1 ) (Fig. 4) above 

approximately 35 °C with no apparent differences between the provenance regions. Between 

30 - 35 °C, the change in E due to 7 was not significant. However, it is not possible in 

field studies to separate the impact of changes in 7 on g1  (and hence E and A,,,), from the 

co-varying change in LAVPD. 

2.3.2.4 Phyllode temperature (T) 

Differences in phyllode temperatures between seasons (Table 2) followed an inverse 

trend to A, with largest T1  at the end of the dry season (September), and lowest in the mid 

dry season (July). The wet season (February-April) data were intermediate between these 

extremes, and in April there were no differences between provenance regions. In September 

the NT provenance region phyllodes had significantly lower T than the PNG provenance 

region trees, which were significantly lower than the Qld provenance region trees. During 

the other sample times, T between the provenance regions were usually not significantly 

different. However, in July, the T1  of the Nt provenance region trees were lower than the 

other provenances due to the rapid changes in T.  during the morning at this time of year. 

2.3.2.5 Ci/Ca  ratio 

The ratio of CJC0  (Table 2) varied significantly with time of year. Values were 

lowest in the late dry season (0.66 - 0.74), and highest in the late wet season to mid dry 

season (0.80 - 0.91), for all provenance regions. In the late dry season, the NT provenance 

region had the lowest CI Ca  ratio (0.66), while the other provenance regions had significantly 

higher values (0.73 - 0.74), which were not significantly different from each other. C11 Ca  

ratios determined in the mid wet season were larger (0.83 - 0.86), with no significant 



Fig. 4. Transpiration rate versus phyllode temperature measured in the field for A. 

auriculiformis from four provenances growing at Melville Island. 

Natural logarithmic regression: 

in (E) = 0.95 (T) - 14.45 

r2  = 0.884. n = 16. 
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differences between provenance regions. Ci/Ca  ratios determined in the late wet season, 

were similar to the mid wet season (0.80 - 0.87), with the values for the Qld provenance 

region significantly lower (0.80) than the other three provenance regions (0.85 - 0.87). The 

mid dry season values were intermediate (0.77 - 0.79), and there were no significant 

differences between provenance regions. 

2.3.2.6 Phyllode water potentials (Iç) 

'Ic (Table 3) showed marked variation with time of day in both seasons. 'Ic was 

highest (-0.05 to -0.30 MPa) at pre-dawn in both seasons, falling to -1.80 to -2.47 MPa in 

the mid-afternoon. Significantly different values were obtained between provenance 

regions, but they may not represent physiologically significant differences. 'Ic  was 

invariably lower in the dry season than the wet season at both sampling times, for all 

provenance regions. 

2.3.2.7 Tree groh and canopy area 

The diameters of the tree trunks (Table 4) differed significantly between provenance 

regions. Largest diameters were seen in the PNG provenances (74.0 - 75.2 mm) and 

smallest in the NT provenance region (52.6 mm). The Qld provenance region was 

intermediate in diameter (60.4 mm). Tree heights (Table  4) followed a similar trend to trunk 

diameters, with the PNG and Qld provenance regions being the tallest (5.8 - 6.7 m), and the 

NT provenance region shortest (4.8 m). Mean phyllode areas varied between provenance 

regions, with the largest in the Morehead R. provenance, and smallest in the Qld provenance 

region. The NT provenance region and Bensbach R. provenance were intermediate in 

phyllode area. Tree canopy areas (Plates 2-5) varied significantly between provenance 

regions. Largest canopy areas were observed in the PNG provenances (78.5 - 82.7 m2), and 

smallest in the NT provenance region (11.4 m2). The Qld provenance region also had 



Table 3. Water potential data (MPa) from phyllodes of A. auricuhforinis from four provenances, growing at Melville Island. 

Within a row, numbers followed by the same letter are not significantly different (P > 0.05). 

Refer to Table 1 or to methods section of Chapter 2 for statistical methodology. 

Data are means ± standard error (n = 5). 



Phyllode water potential (MPa) 

Ben sbach Northern Queensland Morehead 
River Territory River 

Late Dry season 

Pre-dawn 0.30b 019,b 020I,b 0.16a 
±0.06 ±0.03 ±0.04 ±0.05 

Mid-afternoon 2406,b 242b 220' 
±0.02 ±0.04 ±0.03 ±0.09 

Late Wet season 

Pre-dawn -010 -0.05' 0.15b -010 
±0.03 ±0.03 ±0.03 ±0.03 

Mid-afternoon -2. 00 -1.90' -1.80' -2.05' 
±0.09 ±0.10 ±0.03 ±0.07 



Table 4. Tree size and canopy estimates for A. auriculiformis from 

four provenances, growing at Melville Island. 

Data are means ± standard errors. 

Refer to Table 1 or to methods section of Chapter 2 for 

statistical methodology. 

Numbers followed by the same letter are not significantly 

different (P> 0.05). 



Bensbach Northern Queensland Morehead 
River Territory River 

Trunk diameter (mm) 752b 52.6' 60.48  740b 

(n=8) ±2.7 ±3.7 ±5.1 ±5.3 

Tree height 6.7 4.8' 5 • 8b 

(m) (n=3) ±0.5 ±0.4 ±0.6 ±0.4 

Total phyllode count 23500k' 3550' 4900' 19600b 

(n=15) ±1500 ±300 ±1300 ±2500 

Average phyllode area 334b 32.2b 25.2' 42.2c 
(cm2 ) (n=150) ±2.5 ±1.5 ±1.6 ±1.7 

Total canopy area 78.5b 11.4' 12.3' 827b 

(m2  (tree)-') ±5.0 ±1.0 ±3.3 ± 10.6 



Plate 2. Sapling of the Bensbach provenance of the PNG provenance region of 

A. auricul(fonnis. Age 3 years. 

Plate 3. Sapling of the Morehead provenance of the PNG provenance region of 

A. auriculzj'ormis. Age 3 years. 





Plate 4. Sapling of the Queensland provenance region of A. auriculiformis. Age 

3 years. 

Plate 5. Sapling of the Northern Territory provenance region of A. 

auriculiformis. Age 3 years. 
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relatively small canopy areas (12.3 m2). Trunk appearances are shown in Plates 6 to 9. 

2.3.2.8 Spec?fic phyllode area (SLA) 

SLA (Table 5) showed small differences between season in the Qld and Morehead 

R. provenances (7.4 - 9.0 m2  kg-'). At the end of the dry season, the PNG provenances 

showed the smallest SLA (7.0 - 7.4 m2  kg-'), and the NT and Qld provenance regions the 

largest (8.5 - 8.9 m2  kg-'). At the end of the wet season, the PNG provenances had smaller 

SLA (8.0 - 8.3 m2  kg') than the Qld and NT provenance regions (8.8 - 8.9 m2  kg'). In the 

middle of the dry season, the NT provenance region had similar SLA to the PNG provenance 

regions, of 7.4 - 8.0 m2  kg-'). Largest seasonal differences in SLA were observed in the NT 

provenance region (7.4 - 9.4 m2  kg-') and smallest in the PNG provenance region (8.2 - 8.9 

m2  kg-'). 

2.3.2.9 Stomata! density 

The phyllodes of NT provenance region consistently had the highest stomatal 

densities in both seasons (Table 6). Generally, stomatal densities were greater in dry season 

phyllodes than wet season phyllodes. Counts for the upper surfaces were in most cases 

greater than for the lower surfaces, although only in some cases were the differences 

significant. 

2.3.3 Biochemical parameters 

2.3.3.1 Nitrogen determinations (N) 

Table 7 shows phyllode N content at the end of the dry and wet seasons. Values for 

the dry season were significantly lower than those of the wet season. Data for the dry 

season showed that the NT provenance region had greater phyllode N concentration [N] 



Plate 6. Trunk appearance of the Bensbach provenance of the PNG provenance 

region of A. auriculiforinis. Age 3 years. 

Plate 7. Trunk appearance of the Morehead provenance of the PNG provenance 

region of A. auricuitformis. Age 3 years. 
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Plate 8. Trunk appearance of the Queensland provenance region of A. 

auriculifornus. Age 3 years. 

Plate 9. Trunk appearance of the Northern Territory provenance region of A. 

auriculiformis. Age 3 years. 





Table 5. Phyllode chlorophyll and mass data for A. auriculiformis from four different provenances, growing on Melville 

Island. 

Data are means ± standard error (n = 15). For each row, numbers followed by the same letter are not significantly 

different (P > 0.05). 

Refer to Table 1 or to methods section of Chapter 2 for statistical methodology. 



Bensbach River 

9/91 2/92 4/92 7/92 

Northern Territory Queensland Morehead river 

9/91 2/92 4/92 7/92 1 9/91 2/92 4/92 7/92 9/91 2/92 4/92 7/92 

Total Chlorophyll 5.02' 2.15' 5.22d  39gb 54 2.77' 4944 391b 386b 2.19' 5 •48d 4•53 5.091AA 2.51'' 5219 377b 

Lmg(gdw)9± s.c. ±0.49 ±0.11 ±0.49 ±0.24 ±.40 ±0.11 ±0.31 ±0.17 ±0.16 ±0.12 ±0.36 ±0.30 ±1.12 ±0.19 ±0.20 ±0.17 

Total Chlorophyll 0.71'' 0.70' 0.63' 0.53' 566" 084" 0.53' 0.53' 0.46' 0.68' 0.60' 0.54' 0.67' b 0.83" 0.63' 0.47 
[g rn21 ± B.C. ±0.07 ±0.04 ±0.05 ±0.02 ±.062 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.03 ±0.03 ±0.12 ±0.07 ±0.03 ±0.02 

SLA 7.02 84g.b 8.00" 7.39' 8.96' 9.33' 8.84 7.41' 8.45' 8.95' 8.75' 8.17' 7.38' 8.35'.b  831b 799 
[m2  kg'] ± g.e. ±.05 ±.15 ±.51 ±23 ±59 ±.20 ±.37 ±.15 ±.32 ±.15 ±51 ±.28 ±.60 ±.24 ±29 ±.20 



Table 6. Stomatal counts for upper and lower surfaces of phyllodes 

of A. auriculiformis from four provenances, growing at 

Melville Island. 

Data are means ± standard error (n = 45). Numbers 

followed by different letters were not significantly different 

(P> 0.05). 

Refer to Table 1 or to methods section of Chapter 2 for 

statistical methodology. 



Phyllode 
Side 

B (PNG) NT Q (M PNG) 

Nov 1991 

Upper 49436d 56090b 53374C 49979d 

±854 ±740 ±775 ±481 

Lower 514732C 560911 52152C 47942d 
±963 ±817 ±738 ±930 

Jun 1992 

Upper 53048c 59703a 51418C 505760  

±698 ±574 ±601 ±754 

Lower 53619d 57910b 50441c 49327d 
±716 ±573 ±574 ±695 



Table 7. Phyllode elemental analyses for A. auricultj'ormis from four different provenances, growing on Melville Island. 

Data are means ± standard error (n = 30). For each row, numbers followed by the same letter are not significantly 

different (P > 0.05). 

Refer to Table 1 or to methods section of Chapter 2 for statistical methodology. 



Provenace 
region 

Element Time of year 

Benabach 
River 

11/91 6/92 

Northern 
Territory 

11/91 6/92 

Queensland 

11/91 6/92 

Morehead 
River 

11/91 6/92 

Nitrogen [% dry weight] 2.03' 251d 2.53 4 2.82° 2.26° 2.82' 2•16b 2.46' 
± s.c. ±0.04 ±0.05 ±0.04 ±0.05 ±0.07 ±0.05 ±0.04 ±0.05 

Phosphorus [zg (g dw)'l 652.4 1132b 939.6' 1230 740.4k 1252h.i 755.8 1147" 
± s.c. ± 15.7 ±39 ±21.5 ±53.6 ±34.9 ±52 ±30.3 ±34 

Magnesium [jig (g dw)'] 2487" 3606' 1559k 2499' 1931' 3395' 1808' 3198' 
± s.c. ±156 ±153 ±49 ±156 ±102 ±169 ±87 ±138 

Potassium (zg (g dw)'J 3619' 6187° 7915' 8343' 3904' 6610°' 5703° 6361° 
± se. ±244 ±330 ±339 ±284 ±395 ±333 ±403 ±312 

Zinc [jig (g dw)'] 201q 31.4 23.lr 36.6 18.9' 30.7 188' 32.5 
± se. ±1.2 ±1.2 ±0.8 ±1.0 ±0.9 ±0.8 ±0.8 ±1.5 

Boron [jig (g dw)'J 198q 19.9' 212q 21.8' 18.5" 16.0° 19.5' 23.8' 
± s.c. ±1.0 ±1.3 ±0.8 ±1.2 ±1.1 ±1.1 ±1.1 ±1.5 

Calcium [jig (g dw)'l 4685' 7879' 2054' 8243' 3496' 7752' 3550' 8882' 
± s.c. ±476 ±385 ±157 ±391 ±451 ±423 ±572 ±494 

Manganese [jig (g dw)'] 27.6' 50.7 15.1' 52.0 19.6' 54.1' 23.0' 62.2' 
± s.c. ±2.7 ±2.4 ±0.9 ±9.2 ±1.9 ±3.5 ±2.7 ±3.9 

Iron [jig (g dw)'] 60.2' 68.9° 50.0' 63.0° 54.4' 73.0° 55.8' 70.1° 
± s.c. ±2.4 ±1.71 ±2.1 ±3.4 ±1.7 ±1.8 ±2.2 ±2.2 

Copper [jig (g dw)'] 4.86" 9.5' 4.60' 9.03' 5.03" 9.37° 4.28' 9.11  
± s.c. ±0.37 ±0.71 ±0.18 ± 1.58 ±0.43 ±0.34 ±0.17 ±0.4 

Sodium [pg (g dw)-'] 2296" 1888' 1556k 1366 1950' 2228" 1754' 1326' 
± s.c. ±135 ±83.9 ±76.4 ±82 ±125 ±97 ±122 ±79 
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(2.53%), and the Bensbach R. provenance the smallest [N] (2.03%). The values for Qid and 

Morehead R. provenances were intermediate (2.26%; 2.16% respectively). At the end of 

the wet season, the NT and Qid provenance regions had the largest [N] (2.82%), and the 

Bensbach R. (2.5 1%) and Morehead R. (2.46%) provenances the smallest [N].  The least 

seasonal variation in [N] was found in the NT provenance region, and the greatest in the 

Bensbach R. provenance. 

2.3.3.2 ICP elemental analysis 

The results of the ICP analyses are displayed in Table 7. In all of the elements 

except Boron and Sodium, end of wet season levels were 5-400% higher than in the end of 

dry season phyllodes. Phyllode phosphorus (P) levels compared to the dry season increased 

between 30 - 70% depending on origin, with the highest levels at the close of the wet 

season. Differences in P levels were greatest in the PNG and Qld provenances, and least 

in the NT provenances. At the close of the dry season, the NT provenances had significantly 

higher P (940 ug (g dw)') than the Qid (740 Ag (g dw) 1) and Morehead R. provenances 

(756 jg (g dw) 1). The Bensbach R. provenance had the lowest P content (652 Ag (g dw)'). 

Levels were typically 60 - 70% of the citrus standard. At the end of the wet season, all 

provenance regions had similar levels of P, which were close to levels in the citrus standard 

(1100-1250 Iq (g dw)'). 

Phyllode magnesium (Mg) levels increased between 45 - 76% in the wet season from 

the dry season levels, depending on provenance origin. At the end of the dry season, the 

Bensbach R. phyllodes had the highest levels (2487 Ag (g dw)'), significantly higher than 

the Qid and Morehead R. provenances which were not significantly different. The NT 

provenances were lowest in Mg (1559 g (g dw)'). At the end of the wet season, the PNG 

and Qid provenances had similar phyllode Mg levels (3200 - 3600 Ag (g dw) 1), significantly 

higher than the NT provenances (2500 Ag (g dw)1). Phyllode levels ranged from 40 - 60% 
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of the citrus standard levels at the end of the dry, to 50 - 70% at the close of the wet. 

Potassium (K) levels increased between the end of the dry season and the end of the 

wet season, from 5 - 70% depending on seedling origin. Increase in K with season was 

largest in the Qld and PNG provenances, and least in the NT provenances. At the end of 

the dry season, the NT provenances had significantly larger K (7915 jig (g dw)1), with the 

Morehead R. provenances intermediate (5703 jLg (g dw)1), and significantly larger than the 

Qld and Bensbach R. provenances (3904 tq (g dw)'; 3619 jg (g dw) 1). The K levels were 

typically 15-60% lower than the citrus standard. At the close of the wet season, the NT 

provenances again had significantly higher levels of K (8343 jig (g dw)') than the other 

provenance regions, which were not significantly different from each other (6187-6610 jig 

(g dw)'). The phyllode K contents were 30-60% lower than the citrus standard. 

Phyllode zinc (Zn) levels were 56 - 73% larger at the close of the wet season (30.7 - 

36.6 ag (g dw)'), compared to the dry season (18.8 - 23.1 jig (g dw)1). The NT 

provenances had the largest Zn levels in both seasons (23.1 ILg (g dw) 1, 36.6 Ag (g dw) 1), 

significantly larger than the other provenance regions. The levels of Zn in both seasons 

were lower than the citrus standard by 20 - 30%. 

Phyllode boron (B) levels did not change significantly with season, except in the Qld 

and Morehead R. provenances. Significant differences between the provenance regions in 

B levels were apparent only in the wet season samples, with the Qld provenances (16.0 Ag 

(g dw) 1) lower than the Morehead R. provenances (23.8 jg (g dw)'), and with the NT and 

Bensbach R. provenances intermediate in B content (21.8 Ag (g dw)'; 19.9 jg (g dw)'). 

B levels were uniformly low compared to the citrus standard (30 - 40% lower). 

Phyllode calcium (Ca) levels increased between 68 - 300% between seasons, 

depending on provenance origin, with the highest levels in the wet season phyllodes. At the 

end of the dry season, Ca levels were greatest in the Bensbach R. phyllodes (4685 Ag (g 

dw)'), significantly larger than the NT phyllodes (2054 Ag (g dw)1). The Qld and 
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Morehead R. phyllodes were intermediate in Ca and not significantly different (3500 tq (g 

dw)'; 3550 jLg (g dw)'). At the end of the wet season, the phyllode Ca levels were uniform 

between all provenances (7750-8880 jLg (g dw)'). In comparison to the citrus standard, the 

four origin groups were uniformly low, from 6 - 15% of the citrus value in the dry season 

phyllodes, to 25 - 30% of the citrus value in the wet season phyllodes. 

Phyllode manganese (Mn) levels were 84 - 244% higher at the close of the wet 

season, compared to the dry season. Largest Mn levels in the dry season were found in the 

Bensbach R. provenance (27.6 jLg (g dw)'). These results were significantly greater than 

the levels in NT provenances (15.1 jig (g dw)1). Morehead R. and Qld provenances were 

intermediate and not significantly different in Mn content (19.6 - 23.0 tig (g dw)'). At the 

close of the wet season, Mn levels were uniform between provenance regions (50.7 - 62.2 

g (g dw) 1). The Mn levels were similar to the citrus standard in the dry season, but in the 

wet season the phyllode levels were 2 - 3 times greater than the citrus standard. 

Phyllode iron (Fe) levels were 14 - 34% larger at the close of the wet season 

compared to the dry season. At the end of the dry season, the Bensbach R. provenance had 

the largest Fe levels (60.2 jig (g dw)'), significantly larger than the NT provenances (50.0 

g (g dw) 1). The Qld and Morehead R. provenance groups were intermediate in Fe content 

(54.4 - 55.8 14g (g dw) 1). At the end of the wet season, the PNG and Qld provenances were 

similar in Fe content (68.9 - 73.0 jq (g dw)'), significantly larger than the NT provenances 

(63.0 ug (g dw)'). In the dry season, phyllode Fe levels were 20 - 30% lower than the 

citrus standard, and 10 - 15% lower in the wet season samples. 

Phyllode copper (Cu) levels were 86 - 112% larger in the wet season compared to 

the dry season. There were no significant differences in Cu content between the origin 

groups, in either the end of dry season (4.3 - 5.0 g (g dw)'), or end of wet season samples 

(9.0 - 9.5 Ag (g dw)'). Phyllode Cu levels ranged from 25 - 30% of the citrus standard in 

the dry season, to 60 - 70% in the wet season. 
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Phyllode sodium (Na) levels changed significantly with season in most provenances, 

with a general trend of largest values in the late dry-season, and smallest values in the late 

dry season. At the end of the dry season, the PNG and Qid provenances contained 

significantly greater Na than the NT provenances (1750 - 2300 Ag (g dw)1), compared to 

1556 Ag (g dw) 1). At the end of the wet season, Na levels were, in most cases, smaller. 

The Qid and Bensbach R. provenance regions had the largest Na (2230 jg (g dw)'; 1890JLg 

(g dw)'). The NT and Morehead R. provenances were similar and significantly smaller in 

Na content (1330-1370 g (g dw)'). The Na levels were consistently higher than the citrus 

standards, of the order of 8 - 12 times. 

2.3.3.3 Chlorophyll content 

Chlorophyll content, expressed per square metre of phyllode area, differed between 

seasons, within a provenance (Table 5). All provenance regions showed the same seasonal 

pattern of largest and most variable contents in the mid wet season (0.68 - 0.84 g m 2), and 

smallest contents with the least variation in mid dry season (0.47 - 0.54 g 1112). The 

chlorophyll content declined during the dry season, and increased during the late dry and 

early wet seasons. The NT provenance region and Morehead R. provenances had the most 

variable but greatest chlorophyll contents in the mid wet season (0.83 - 0.84 g rn-2). 

2.4 Discussion 

2.4.1 Seasonal variation in A.  

A.  varied significantly between seasons, and between provenance regions (Table 2). 

However, variation in PPFD with time of year is not considered physiologically significant, 

as PPFD was above saturation levels of 700 - 800 ILmol n12  s4  for assimilation in this 

species (Chapters 4 and 5). A smaller SLA may be expected to result in a greater 



assimilation rate expressed per unit phyllode area, if the decrease in SLA is the result of 

more mesophyll (that is, thicker phyllodes) per unit phyllode area. However, the provenance 

region with the greatest SLA (NT) showed the greatest A,. Differences in SLA cannot, 

therefore, explain the variation in A. There was a noticeable decline in phyllode elemental 

content in all provenance regions toward the end of the dry season (Table 7). Low nutrient 

availability due to low soil moisture status may be a factor in the decline of element content 

during the dry season, as may be the recovery of nutrients prior to phyllode replacement. 

Low chlorophyll contents and A, values for the end of the dry season may reflect the 

reduced nutrient content of the phyllode at this time, compared to the wet season data. 

It is proposed that seasonal variation in LAVPD was the principal factor causing 

variation in A,,. Fig. 1 shows the linear relationship between A.  and LAVPD for all 

provenance regions. No differences in this relationship between provenance regions could 

be determined. Several predictions can be made, based on the proposal that variations in 

LAVPD cause variations in A. Firstly, as LAVPD increases, g may decline. Such 

declines have been observed in a range of species (Schulze 1986, Guehl et al. 1989), and 

represent an efficient mechanism by which phyllode water status can be maintained, as daily 

and seasonal variations in LAVPD influence evaporative demand. In the NT, both daily and 

seasonal variations in LAVPD are large, with up to 6.0 kPa variation between early morning 

and mid-afternoon being recorded in Darwin (150 km south of the study site). Fig. 3 shows 

that in (ge) declined with increasing LAVPD. Phyllode temperature may also be expected to 

increase due to decreased evaporative cooling of the surface as rates of evaporation decline 

due to a decline in g1. Table 1 shows that phyllode temperature was highest in the end of 

the dry season when E was lowest, and that E declined with increasing phyllode temperature 

(Fig. 4). As g, declined with increasing LAVPD, carbon dioxide influx declines, and thus 

the Cj/Ca  ratio should decline, if the assimilatory process per se is unaffected. It is possible 

that if g8  declines and there is a smaller decline in assimilation, this assumption would not 
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be valid. A decline in g and a smaller decline in assimilation, may lead to a decrease in the 

Cl /Ca  ratio. Indeed from Table 2, it was apparent that the average decline in g1  between the 

wet and dry seasons (87%) was larger than the average decline in assimilation (71%). So 

the relationship between g1  and the Ci/Ca  ratio is suggestive rather than fact. The ratio of 

C/ Ca  did indeed decline at the end of the dry season for all provenance regions (Table 2), 

suggesting that the assimilatory process was less affected than the gg. In contrast, Lauer and 

Boyer (1992) have shown that when leaf water potential ('') declined, C/ Ca  increased due 

to the negative impact of reduced phyllode 'Ic  on the assimilatory processes per Se. 

Phyllode water potential in the four provenance regions followed a similar trend in both 

seasons, with high 'Ic recorded at dawn, and low by mid-afternoon. There were small 

differences in 'Ic, between seasons and no significant differences between the provenance 

regions. It can therefore be concluded that a decline in phyllode 'Ic,,, caused by soil and 

atmospheric drying did not directly cause the decreased A. observed in all trees in the dry 

season. A decline in 'Ic, between early and late morning could have contributed to the 

decline in g observed over this time. During this period, LAVPD also increased 

substantially (Fig. 3). Since the change in 'Ic, was similar for all provenance regions within 

a season, but there were significant differences in g, between provenance regions and 

between magnitude of the change in g, between seasons (Table 2), it is unlikely that the 

changes in 'Ic, were significant determinants of changes in g. 

Increased phyllode temperature may also have contributed to the decline in A.,,,, in the 

dry season. Phyllode temperature was typically 4 °C greater in the dry season than the wet 

season (Table 2). Laboratory based studies on A. auriculforinis (NT provenance region) 

have shown a narrow temperature optimum for photosynthesis in this species (26 - 29 °C) 

and a deviation of 4 °C from the optimum caused a 10% decline in CO2  assimilation rate 

(Chapters 4 and 5). 
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2.4.2 Provenance differences in A. and growth rate 

Chlorophyll contents on a phyllode area basis were generally greater in the PNG 

provenance regions, possibly reflecting the smaller SLA of these provenances, if the decrease 

in SLA can be ascribed to increased mesophyll tissue per unit phyllode area. However this 

cannot account for the lower A.  of the PNG provenance region, as the measurements of 

A were performed at saturating levels of PPFD. In contrast, the higher N contents of the 

NT provenance region were associated with larger A, and conversely the lower N contents 

of the PNG provenances were associated with the lowest A. It is therefore postulated that 

differences in N allocation to photosynthesis can explain the differences in A between 

provenance regions. It is pertinent to note that foliar N concentration and A.  rates have 

been positively correlated in previous studies (Medina 1984, Evans 1989). Other elements, 

while significantly different between provenance groups, are unlikely to cause such large 

recorded A differences. In only Ca and Mg are the PNG provenances greater than the 

NT. The role of Ca in the cell wall matrix may explain the differences in phyllode [Ca], 

and follows the trend of smaller SLA in the PNG provenances. There is thus a difference 

between provenance groups in phyllode elemental allocation, but they are unlikely to be the 

primary cause of such large differences in A.  between provenance groups. Phyllode 

condition declined for all provenance regions toward the end of the dry season. Low 

nutrient availability due to low soil moisture status at this time may be a factor, as may be 

the recovery of phyllode nutrients prior to their absciss ion. Low chlorophyll and A,, results 

for the end of the dry season reflect the low phyllode nutrient status. 

The greatest stomatal densities (Table 6) were found in the NT provenance region, and 

were thus associated with the highest A, further supporting the proposition that limitation 

of CO2  influx may limit A. Differences in A between provenance regions cannot 

account for the difference in growth rates between provenance regions, since the highest 

growth rate was observed for the PNG provenance region, which had the lowest A and 
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the lowest stomatal densities. The PNG provenances had approximately 7 times the phyllode 

canopy area of the NT and Qid provenance regions during the late dry season (Table 4). 

Furthermore, the NT provenances were more deciduous than the PNG provenances at the 

study site, and showed a type B response, whereby phyllode fall increased with daily water 

stress before significant rainfall. In contrast the PNG provenances were of the type C 

response, with partial phyllode fall during the dry season and seasonal exchange of phyllodes 

at the onset of the wet season (Reich and Borchert 1984). It appears that the large canopy 

size in the PNG provenances compensates for the lower A. observed. Assuming minimum 

self shading, calculations based on seasonal values of A. and canopy area indicate that total 

carbon fixed per tree in the PNG provenances was 2 - 3 times greater than the NT and Qid 

provenance regions. Due to the small size of the trees, this assumption is considered valid. 

These estimates of whole tree CO2  assimilation figure agree with the growth data in Table 

4. 

In conclusion, the higher growth rates of the PNG provenances (Pinyopusarerk 1990, 

Harwood et a! 1991, Luangviriyasaeng et a! 1991, Pinyopusarerk et al 1991, Yang and Zeng 

1991), were not supported by higher photosynthetic activity on a phyllode area basis. 

Rather, a larger canopy size (and presumably greater phyllode longevity) throughout the wet-

dry cycle ensured that the total carbon fixed per tree was greater on an annual basis in the 

PNG provenances, compared to the NT and Qld provenance regions. This result highlights 

the difficulty previously encountered (Helms 1976, Postuka and Nelson 1986) in 

extrapolating from single phyllode measures of carbon fixation to whole canopy carbon 

fixation. This difficulty is further compounded by the lack of information about respiration 

rates, partitioning of carbon to roots and rates of fine root turnover in tree species. 
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CHAPTER THREE DIURNAL AND SEASONAL CHANGES IN NET 

PHOTOSYNTHESIS AND RELATED PARAMETERS 

3.1 Introduction 

The productivity of a plant is ultimately related to whole plant net carbon fixation, 

as assessed on an annual basis. Campbell and Rediske (1966), as quoted in Atipanumpai 

(1989), found a high genotypic correlation but a low phenotypic correlation, between net 

photosynthesis rate and dry-weight gain in Douglas fir. They suggested that net 

photosynthetic rates could be used as a criterion in selection for rapid growth. Bickman 

(1973) concluded that biomass production correlates positively with net photosynthetic 

capacity when leaf density is not too high. Basshan (1977, in Sun 1986) infers that yield can 

be increased through improvements in net photosynthesis rates. The superior growth of 

seedlings of A. auriculforinis and Eucalyptus citriodora when compared to A. confusa and 

E. exserta indicates that the growth of seedlings in these species was positively correlated 

with leaf net photosynthesis (Sun 1986). 

Conversely, there is evidence in many species that the relationship between leaf net 

photosynthesis and biomass production is not significant (Gifford and Evans 1981, 

Atipanumpai 1989). Consequently, there is often a discrepancy between relative growth rate 

and net photosynthesis (Poorter 1989). Total leaf area, and thus potential total 

photosynthetic production per tree, is considered to be of greater significance in determining 

differential growth rates than net photosynthesis alone (Postuka and Nelson 1986). 

Furthermore, the value of gas exchange studies in the improvement of understanding of the 

growth rates of plants has been overestimated because of the significant influences of dry-

matter partitioning, leaf life span and cost benefits on whole plant CO2  assimilation rate 

(Körner 1991). In addition, canopy structure, the effects of herbivores, and fine root 

turnover greatly modify and complicate the assessment of growth rate. To increase 
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productivity, it is often more important to select on the basis of inherent capacity to develop 

a larger canopy, rather than on single leaf net photosynthesis rates (Helms 1976). Field 

observations of A. auricu1formis support this hypothesis (Chapter 2). The partitioning of 

material (root to shoot weight ratio, or auto to heterotrophic plant material ratio) is 

considered to be a strong determinant of overall growth rate (Poorter 1989, Körner 1991). 

Atipanumpai (1989) found no relationship between net photosynthesis and growth in A. 

man gium. In fact, the provenances with the lowest net photosynthesis (New Guinea origin) 

exhibited the highest growth rates. Similar results were determined for A. auriculformis 

(Chapter 2), the tropical hardwood Triplochiton scierosylon (Ladipo et al. 1984) and for 

Poplar tree clones (Ceulemans et al. 1980). Clearly, caution must be exercised in 

extrapolating single leaf measurements of net photosynthetic rate to whole tree carbon gain 

and biomass production. 

In order to understand the role of the environment in the functioning of the flora 

within that environment, the factors influencing the productivity of single species of the flora 

need to be compiled (Körner 1991). Photosynthetic performance of key species must be 

determined over extended periods, including the major climatic junctures, and field studies 

of gas exchange are an integral part of these investigations (Atipanumpai 1989). 

The aims of this investigation are to correlate diurnal whole-tree A. with changes 

in PPFD, T and LA VPD, to compare the seasonal variation in A with seasonal changes in 

water availability, and to determine why the provenances of A. auriculforinis that exhibit 

the lowest A., are the fastest growing trees (Atipanumpai 1989, Chapter 2). Finally the 

hypothesis that canopy area, in conjunction with measurements of allow a more reliable 

prediction of growth rate in this species than either measurement alone is tested. 
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3.2 Materials and methods 

3.2.1 Study site and plant material 

Data were collected in the genetic conservation and seed production stand of A. 

auriculformis located on Melville Island, Northern Territory, Australia, as described in 

Harwood etal. (1991) and Chapter 2. The four year old trees of A. auricul4formis studied 

during the twelve month period were selected to represent material from the most 

geographically diverse locations of the range of this species, as indicated by a previous study 

(Chapter 2). The provenances were from the Northern Territory Provenance Region (NT 

Conservation Commission accession numbers 189, 213, 267) and the Papua New-Guinea 

Provenance Region (NT Conservation Commission accession numbers 5, 22, 59). 

Measurements were conducted monthly to obtain a detailed description of the pattern of 

change in gas exchange characteristics throughout the four major seasons of the wet-dry 

tropics. The stand had been thinned prior to the start of the study, with a final spacing of 

approximately 10 x 10 metres. The canopy of the trees remained small with minimal 

shading of neighbouring trees throughout the study. 

3.2.2 Gas exchange measurements 

Gas exchange data were collected using a LI-COR Li-6200 portable photosynthesis 

system (LI-COR, Lincoln, USA) and provenances were monitored from dawn to dusk on 

each day. Data for dark respiration were also collected, generally in the evening, 2 hours 

after sunset. Replication consisted of five phyllodes per tree, with three trees per 

provenance, for each observation time, with approximately hourly readings each day. 

3.2.3 Environmental datalogging 

Dry bulb air temperature (T), relative humidity (RH) and photosynthetic photon 
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flux density (PPFD) were logged over a twenty-four hour period using a LI-COR Li-1000 

datalogger (LI-COR, Lincoln, USA), coupled to two LI-COR quantum sensors and two 

Vaisala Humicap (HMP-35A) RH and T sensors. RH and T j,  data were converted to leaf-

to-air vapour pressure differences (LA VPD), using provenance region phyllode temperature 

data in the calculations. Samples were averaged every fifteen minutes from data collected 

every minute. Results described are the mean of the two sensors, for the period 0600 - 2000 

hours. Rainfall was measured on each site visit with a modified Nylex 1000 rain gauge 

(Nylex Corporation, Australia). The modification consisted of mounting the gauge collector 

assembly on a 1.5 metre section of 100 mm plastic drainage pipe. This increased the 

capacity of the rain gauge from 250 mm to approximately 1200 mm. Peak rainfall in this 

climate can approach 250 mm per day on occasion. 

3.2.4 Tree size measurement 

Tree size was determined by three methods. Height measurements were carried out 

at the start (September 1991) and finish (March 1993) of the experiment. Tree diameter at 

breast height (DBH) were determined by dendrometer bands fitted to the trunks of individual 

trees at a height of 0.5 metres. DBH data were collected monthly, and at the close of the 

1993 wet season (March, 1993). Total canopy area was determined in March 1993, from 

the mean phyllode area (n= 100), and the total phyllode count, as described previously 

(Chapter 2). 

3.2.5 Phyllode water potentials 

Diurnal phyllode water potential ('I',,) was determined five times throughout the 

experimental period. Three replicate phyllodes of each family of each provenance (nine 

phyllodes per provenance) were measured hourly from pre-dawn to sunset. For brevity, 

only data for the two environmental extremes are presented (March and July, 1992). 
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3.2.6 Statistical analysis 

Statistical analyses were carried out according to the methodology described in 

Chapter 2, with the following additions. Non-linear regressions were compared using the 

Ross combined curve method (Ross 1981). 

3.3 Results 

3.3.1 Environmental parameters 

Significant variations in PPFD (Table 8a), T (Table 8b) and LAVPD (Table 9) were 

apparent diurnally both within and between each season. The diurnal differences in each 

parameter were greater than the variation between seasons. Data are presented for five 

major seasonal periods. These are the late dry season (September 1991), late dry season to 

early wet season transition (November 1991), mid wet season (February 1992), the late wet 

season to early dry season transition (April 1992), and the mid dry season (July 1992). 

Peak PPFD maximum varied from 1700 jimol m 2  s4  in the mid dry season to 2200 

tmol m 2  s in the early wet season. Typical dry season days remained cloud free, in 

contrast to early and late wet season days where mid-afternoon cloud cover frequently 

occurred, and to the mid wet season days which had cloud cover for most of the day. Day 

length varied only ±1 hour between the mid dry season and the early wet season. 

T minima exhibited significantly more variation between seasons than T j,  maxima. 

Mid dry season minima dropped below 10 °C pre-dawn, while in the early to mid wet 

season, overnight temperatures remained above 20 °C. During the dry season, T j,  often 

remained below 25 °C until 0900 - 0930 hours. Maximum T k  varied from 30.7 °C in the 

mid dry season to 36.8 °C in the late dry season, and in the period from September 1991 

to April 1992 daily maximum Tai,  varied from 33.4 °C to 36.8 °C. 

LAVPD maxima varied between seasons, and between provenance regions, within 



Table 8a. Photosynthetic photon flux density (PPFD, 14mol m 2  s') measured diurnally at the Melville Island study site. 

Data are means of two sensors and four replicate observations. Largest s.e. observed was ± 50 jLmol m 2  s 1. 

Table 8b. Air temperature (°C) measured diurnally at the Melville Island study site. Data are means of two sensors and 

four replicate observations. Largest s.e. observed was ± 0.2 °C. 



PPFD (mol rn2  s) Time of Day 

Month 0600 0700 0800 0900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 

September 1991 0 187 920 1136 1722 1787 1895 1766 1784 1540 1318 875 125 0 0 

November1991 0 93 515 1010 1559 1831 1710 1856 1721 1543 1225 519 152 1.0 0 

February 1992 0 7.3 199 737 967 1295 1799 1757 1430 1423 1151 680 160 26 0 

April 1992 0 4.2 173 809 1256 1622 1800 1836 1675 1425 1020 178 86 0.8 0 

July 1992 0 0.3 113 588 1060 1363 1626 1611 1563 1333 941 206 113 0.5 0 

T(°C) 

Month 0600 0700 0800 0900 1000 1100 1200 

Time of Day 

1300 1400 1500 1600 1700 1800 1900 2000 

September 1991 17.7 18.5 25.0 31.8 31.7 35.3 36.2 36.4 36.8 34.3 34.0 32.0 28.6 26.7 25.8 

November 1991 18.6 21.1 26.3 31.2 32.9 34.2 34.6 33.8 33.0 33.2 32.4 30.2 28.0 25.5 23.7 

February 1992 23.6 23.0 26.1 31.5 32.8 33.4 33.2 33.2 31.0 29.3 28.9 26.6 27.5 25.4 24.1 

April 1992 20.7 20.9 24.7 31.1 33.6 35.6 36.1 35.6 35.6 36.4 34.7 32.7 28.5 24.7 22.8 

July 1992 9.1 9.9 12.5 20.2 25.9 27.7 
- 

29.0 29.9 30.4 30.7 30.0 26.7 23.0 16.9 14.8 



Table 9. Leaf-to-air vapour pressure difference (LAVPD, kPa) measured diurnally at the Melville Island study site. 

Data are means of two sensors and four replicate observations. Largest s.e. observed was ± 0.08 kPa. Numbers 

followed by different letters within a row are significantly different. 

Refer to Table 1 or to methods section of Chapter 2 for statistical methodology. 



LA VPD (kPa) Time of Day 

Origin Month 0700 0800 1000 
- 

1100 1300 1500 1600 1700 

September 1991 or .50' 1.30' 2.55" 2.89' 2.80' 2.35° 1.62' 
±.01 ±.01 ±.03 ±04 ±.04 ±.04 ±04 ±.02 

NT November 1991 .04' .68' 3.00"° 3.53' 3.89' 3.23° 2.38° 1.51" 

L4VPD ±.0I ±.03 ±.08 ±.03 ±.06 ±.07 ±.05 ±.02 

(kPa) February 1992 .oD .09" .4P •351 1.00' 1.67'°' 1.99' .83" 
±.02 ± .02 ±.02 ±.02 ±.05 ±.07 ±.06 ±.04 

April 1992 .12° 1.17" 1.55' 1.96' 2.56" 3.23°'' 3.11° 2.81' 
±.01 ±.01 ±.03 ±.04 ±.04 ±.05 ±.04 ±.05 

July 1992 •21" .40° 1.62' 2.85' 3.25°" 3.76"' 3.67" 2.77' 

±.01 ±02 ±.03 ±.06 ±06 ±.05 ±.03 ±.02 

September 1991 .17' .86" 1.86 3.72-' 3.76" 3.321  2.75' 1.46" 

±.01 ±.04 ±.08 ±.09 ±.05 ±.04 ±.03 ±.02 

PNG November 1991 .08" 1.16' 3.70" 4.20' 4.13vw 3.60' 2.56" 1.44" 

LAVPD ±.01 ±.04 ±.06 ±.06 ±.05 ±.07 ±.03 ±.01 

(kPa) February 1992 .05" .15" 17d 39 1.26' 1.43" 1.89" .66' 

±.02 ±.01 ±.02 ±.02 ±.05 ±.08 ±.07 ±.04 

April 1992 .45 1.20 1.71' 2.34° 2.80' 3.49" 3.14° 2.79' 

±.03 ±03 ±.04 ±.08 ±.05 ±.09 ±03 ±.05 

July 1992 .19" .80" 2.10' 3.58' 3.96"° 4.29' 4.00 2.34° 

±.01 ±02 ±.03 ±.04 ±.06 ±.04 ±05 ±.04 
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a season. The maximum level of LAVPD was experienced in all seasons between 1200 hours 

and 1500 hours. In all seasons, LAVPD reduced to minimal levels overnight, although in 

the dry season, large LAVPD remained until 2100 hours. Significant and immediate relief 

from LAVPD was apparent with the onset of afternoon storms in the wet season, prior to the 

commencement of rainfall. In most seasons, the PNG trees were exposed to significantly 

larger LAVPD than the phyllodes of the NT trees, and the size of the LAVPD difference 

between provenance regions varied with season. In February (wet season), both provenance 

regions were exposed to small LAVPD (daily maximum 2.0 kPa, but most of the day below 

1.0 kPa). Largest LAVPD was found in April (late-wet to early dry season transition), July 

(mid dry season), and November (late dry to early wet season transition). In these months, 

LAVPD experienced by the PNG provenances were 7% - 32% larger than those experienced 

by the NT provenances, because of the larger phyllode temperatures of the PNG 

provenances. 

Total rainfall for the study period (20/09/91 - 23/03/93) was 3175 mm. This rainfall 

was unequally distributed over the seasons, with 2901 mm falling in the period November 

to March (91%) and 273 mm falling in the period April to October (9%). 

3.3.2 Tree growth 

The study trees grew linearly in diameter (Fig. 5) during the course of the 

investigation, and the PNG provenances increased in diameter at a significantly more rapid 

rate than the NT trees. The PNG trees were taller than the NT trees (Table 10), and as the 

height of the seedlings were similar when first planted in December 1988, height growth rate 

of the PNG trees was faster. During the wet season, the trees increased in height more 

rapidly than during the dry season, due to the seasonality of phyllode flushing (personal 

observations), in contrast to the linear growth in girth throughout the year. Mean phyllode 

areas (Table 10) were not significantly different between provenances, but total canopy areas 



Fig. 5. Trunk diameter growth increments (mm) during the study of two provenances 

of A. auriculiformis growing at Melville Island. 

Data are means of six trees ± s.e. 

Regression equations for the two provenances are: 

PNG Diameter 0.071(Time) + 77.36 (r2  = 0.987) 

NT Diameter = 0.042(Time) + 60.58 (r2  0.995) 

The slopes are significantly different (P< 0.05). 
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Provenance Region NT PNG 

Tree height (m) 5.6' ± 0.6 8.9b ± 0.6 
+ s.e. 

Mean phyllode area 31.6' ± 2.0 35.6' ± 3.2 
(cm2) ± s.e. 
Number of phyllodes 6300' ± 2700 73500' ± 3600 
(tree)-' ± s.e. 
Canopy area (m) 19.9' ± 8.5 261.6" ± 13.0 

+ s.e. 

Table 10. Height and canopy data for trees of two provenances of 
A. auriculiformis growing at Melvifie Island. Data are means 
of six trees ± s.e. Numbers followed by different letters within 
a row are significantly different. 
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at March 1993 were significantly larger (13 times greater) for the PNG provenances (261.6 

± 13.0 in2) than for the NT provenances (19.9 ± 8.5 m2) (Table 10). 

3.3.3 Net photosynthesis 

Net photosynthesis Table 11) varied between provenances within a season, and 

between seasons within a provenance. Anet  reached maximum values in both provenances 

typically between 0800 hours and 1100 hours. The highest values of Are  were found during 

the mornings of the mid to late wet season (February, April) for both provenance regions 

(17.89 - 21.14 jmol m2 1)  The lowest morning rates of light saturated A fl(  were found 

in the late dry season (September) and late dry to early wet season transition (November) for 

both provenance regions (8.12 - 12.01 Itmol m 2  s'). Decline in light saturated A from the 

morning to the afternoon occurred in all seasons in both provenance regions. During the dry 

season (July to September), the decline in A..1 , between morning and afternoon was larger (Ca. 

25 - 35%) than in the early wet season (November), when this decline in A was Ca. 20%. 

Significant declines in A were found between morning and afternoon in February (mid wet 

season), when extensive cloud cover occurred, causing PPFD and phyllode temperature to 

decline. During April (late wet season to early dry season transition), showed the least 

diurnal decline (ca. 15%). 

For all sample periods, the morning rate of light saturated of the NT 

provenances were consistently larger than those of the PNG provenances. The difference 

was largest in the dry and early wet seasons, where morning for the NT provenances 

were typically 10 - 86% larger than the morning for the PNG provenances. During the 

late wet season (February) and late wet season to early dry season transition (April), the NT 

provenances exhibited a morning Ane, approximately 10% larger than those of the PNG 

provenances. 

These trends are further illustrated in Fig. 6a, where the largest morning and 



Table 11. Seasonal mean morning and afternoon data of A,, g, E, and A/ g for trees of two provenances of A. 

auricuitformis growing at Melville Island. Data are means for five phyllodes on each of three trees ± s.e. 

Numbers followed by different letters within a row are significantly different. 

Refer to Table 1 or to methods section of Chapter 2 for statistical methodology. 

N.R. = Regression between and g, not significant. 



Provenance region NT PNG 

Month Sep. 1991 Nov. 1991 Feb. 1992 Apr. 1992 Jul. 1992 Sep. 1991 Nov. 1991 Feb. 1992 Apr. Jul. 
1992 1992 

A1 ,, ± s.e. a.m. 12.01 11.58 19.88 21.14i 14.52f 9.58e 17.899  19.17 11•37cf 

(Lmol m 2  s) ± .47 ± .48 ± .64 ± .34 ± .42 ± .33 ± .32 ± .68 ± .34 ± .40 

p.m. 10.47e 11.16 12.17 18.65 12.17 5.11' 5.95' 8.62U 16•98h 7.410 

± .38 ± .30 ± .37 ± .35 ± .45 ± .18 ± .22 ± .32 ± .36 ± .25 

g, ± s.e. a.m. Ø•99St' 079f,g 1.54 0.989  0• 79f,g 060r 0.74' 1.35 0.84 0.47e 

(mol m 2  s') ± .06 ± .04 ± .08 ± .03 ± .04 ± .06 ± .08 ± 0.05 ± .02 ± .03 

p.m. 0.330 0.77 f 100 0.75 0.39' 0.11' 0.510 1.06h 0.61 0.19b 

± .01 ± .03 ± .04 ± .02 ± .02 ± .01 ± .02 ± .04 ± .02 ± .01 

E ± s.e. a.m. 6.20c 12.139  10•9 13.71k  8.14 452b 745d,e 9739 12.38"J 6•96d 

(mm01m 2 s') ± .18 ± .58 ± .41 ± .34 ± .35 ± .14 ± .34 ± .43 ± .33 ± .31 

p.m. 8.15 19.80; 456b 19.05' 12• 219 3.341 14.83' 4.53" 16•40k 713d 

± .21 ± .45 ± .20 ± .32 ± .29 ± .12 ± .36 ± .16 ± .31 ± .19 

curve daily 17.2m 2.17° N.R. N.R. 24.40  13.7m 4.38° N.R. N.R. 21.00  

slope (r2) (.71) (.83) (.90) (.75) (.90) (.92) 



Fig. 6a. Maximum and minimum net CO2  assimilation rate (A,.J 

encountered in each of the diurnal studies in phyllodes of two 

provenances of A. auricuhformis growing at Melville Island. 

Data are means of five phyllodes from each of three trees ± s.e. 

Fig. 6b. Daily net carbon gain per unit phyllode area (A) calculated 

from the area under the curves of the diurnal studies (data not 

shown), and estimated Ad.  using the regression determined from 

morning and afternoon A for the study year (1991-1992). 

The regression used was 

Adg  = 0.0154(morning A) + 0.01878(afternoon A) - 0.075 

(r2= 0.73, P< 0.001). 
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smallest afternoon A,, for each month are displayed. The NT provenance region trees 

consistently maintained a higher morning A, than the PNG provenance region trees 

throughout the year. The seasonal pattern of afternoon A, followed the same seasonal trend 

as the morning An ,,  with a larger decline in the dry season seen in afternoon A, compared 

to morning A., Afternoon Anet  of the NT trees were, in all seasons, greater than those of 

the PNG trees, and dry season declines in afternoon A were larger in the PNG trees. Data 

of the integrations of over each day are presented in Fig. 6b, along with the calculated 

Ada  (see below). These data represent the daily carbon gain per unit phyllode area (Ada). 

Differences in CO2  assimilation between the two provenances are enhanced in this graph as 

Ada  takes into consideration the greater decline in A of the PNG provenances during the 

afternoon. 

The effectiveness of morning and afternoon measures of A as predictors of A4g  was 

evaluated. The Ada  was calculated from the area under the diurnal curves of A versus time 

of day (data not shown). In addition, the largest rate of light saturated assimilation observed 

in the morning, and the lowest value of light saturated assimilation observed in the 

afternoon, were determined from the same data. For each provenance region, a regression 

was calculated between Ada  and maximum and minimum values of light saturated 

assimilation. Provenance region did not influence the regression significantly and data for 

both provenance groups was pooled. The multiple regression estimation of Ada  using both 

morning and afternoon A (r2= 0.86, P< 0.001), was more precise than the use of 

morning A fl(  and afternoon A.,  separately in the linear regression equation (r2= 0.73, r2= 

0.68, P< 0.001 respectively). Fig. 6b shows that the estimated Ad,  from the multiple 

regression equation Ada  = 0.0154 (morning A) + 0.01878 (afternoon A) - 0.075, (r2= 

0.73, P< 0.001), followed reasonably closely the calculated A, calculated as the area under 

the diurnal curves of assimilation versus time of day. Indeed a regression of measured Ada  

versus estimated Ada  yielded r2  values of 0.874 for the NT provenances, and 0.933 for the 
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PNG provenances. Integration of the measured Ada  data for the annual study (Fig. 6b) gives 

annual carbon gain per unit phyllode area (A) (Table 12). The A uw  of the NT 

provenances were found to be 24.8% larger than that of the PNG provenances, as expressed 

on a phyllode area basis. 

3.3.4 Phyllode conductance 

The pattern of variation in phyllode conductance (ge) between the morning and 

afternoon changed with season (Table 11), but was similar in both provenance regions. 

Largest values in g were found in the wet season (November, February, and April), and the 

smallest values during the mid dry season (July) and late dry season (September). In the late 

dry season, g, remained stable at low levels for most of the day following a morning peak. 

In the dry to wet season transition, g8  declined during the morning, to minimum values at 

1100 hours, followed by increased g5  as afternoon cloud cover increased, and LAVPD 

decreased. In the mid wet season, and the late wet to early dry season transition, g, 

remained similar for most of the day. In the mid dry season, g, continued to decline for 

most of the day. The NT provenance had the largest g. at most times during the diurnal 

studies, and the PNG provenance the smallest. The difference between provenances was 

greatest in the dry season, and least in the wet season. This pattern is evident in the mean 

daily g8  data (g1  , Table 13). g, d. was greatest in the early and mid wet season, and least 

in the mid dry season, in both provenance regions. The NT provenance region g dm  was 

in all seasons larger than the PNG provenance region, but not significantly different between 

provenance regions in the wet season (December - February). 

The slopes of the A,/g, curves for each season are presented in Table 11. In each 

season, the slopes obtained were similar for each provenance region. Both provenance 

regions showed significant variation in the A./g slope with season. During the dry season 

(September) and the transitions between dry and wet seasons (November), there was a linear 



NT PNG 

(mol rn 2  year1) 228.4 183.0 

A1 p (mol tree-' year') 4550 47900 

Table 12. Estimated CO2  assimilation, on an annual basis (A uai ), in 
phyllodes of two provenances of A. auriculiformis growing at 
Melville Island. Data are calculated from integrating the diurnal 
curves of A (data not shown), to yield the Adg data (Fig. 6b). 
Integration of the Adg  data yields annual CO2  assimilation rate (mol 
m 2  year') which when multiplied by the mean phyllode area 
(estimated from one hundred phyllodes), and number of phyllodes 
per tree (sample size six trees), gives mean annual CO2  
assimilation rate (A,; mol tree' year') 
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relationship between A,, and g1. The slope of the A/g, curve varied with season, being 

largest in the late dry season and smallest in the transitions from dry to wet season. In the 

wet season (February), and wet to dry season transition (April), variations in A, were 

independent of g1. 

g, declined significantly as LAVPD increased (Fig. 7). There was no significant 

difference in the slopes of the in g1  versus LAVPD between seasons and between 

provenances, and therefore data were pooled in Fig. 7. 

3.3.5 Phyllode transpiration 

Phyllode transpiration rates (E) in both provenances varied between the morning and 

the afternoon within a season (Table 11), and followed a similar trend in all seasons, with 

smallest values in the morning, and largest during the mid afternoon. When cloud cover was 

present, Edeclined significantly (February 1992, afternoon). Significant variations of E with 

season were recorded, with the largest E in the transitions from wet to dry and dry to wet 

seasons, and lowest E in the mid dry and mid wet seasons. The NT provenances exhibited 

the largest E in all seasons. The difference in E between provenance regions were largest 

in the dry season, and smallest in the wet season. 

3.3.6 Ci /Ca  ratio 

Mean daily C11 Ca  ratio (Table 13) varied with season in both the NT and PNG 

provenances, with largest CICa  ratios found in the wet season, and smallest ratios in the mid 

to late dry season, but the differences were not significant. The C11 Ca  ratios within seasons 

were not significantly different between provenance regions. 

3.3.7 Phyllode temperature 

Phyllode temperature (T) varied between the morning and the afternoon in both 



Fig. 7. Plot of In (g)  versus LAVPD for two provenance regions of A. 

auricuhformis growing at Melville Island. Data were pooied for both 

provenance regions and all seasons. 

Data regression: g, = 0.24 - 0.187 x (in (LAVPD)). 

(r2  = 0.764, P< 0.001). 
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Table 13. Mean daily phyllode conductance (g , mol m 2  s') and mean daily phyllode internal CO2  to atmospheric CO2  

(C/CJ ratio of phyllodes of two provenances of A. auriculiforinis growing at Melville Island. Data are 

calculated from the area under the curves of the seasonal diurnal curves of g6  (data not shown). Data points are the 

means ± s.e. Numbers followed by different letters are significantly different. 

Refer to Table 1 or to methods section of Chapter 2 for statistical methodology. 



Time of Year 

Sept. 1991 Nov. 1991 Dec. 1991 Feb. 1992 Mar. 1992 Apr. 1992 Jun. 1992 Jul. 1992 Sep. 1992 

C/Cs  ratio 0.81' 0.86' 0.91' 0.93' 0.89,  0.85' 0.80 0.83' 0.85' 

(± s.c.) ±.06 ±.03 ±.06 ±.06 ±.05 ±.04 ±0.05 ±.03 ±.03 
NT 

0.56 0.78 1.409  0.95' 0.87 4 050b 0.45 b 0.98 

(mol m2  s' ± s.c.) ±.05 ±.03 ±.05 ±06 ±.02 ±.02 ±.02 ±01 ±02 

C/Ce  ratio 0.77' 0.87' 0.92' 0.93' 0.91' 0.84' 0.80' 0.82' 0.87' 

(± s.c.) ±.07 ±.10 ±.06 ±.05 ±.07 ±.02 ±.05 ±.04 ±03 
PNG 

0.22' 0.48k' 1.50 1.298  1.14 0.71° 0.46b 0.27' 0.85 

(mol rn 2  s ± s.c.) ±.03 ±.03 ±.05 ±06 ±.03 ±02 ±.01 ±.01 ±02 
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provenance regions in all seasons (Table 14). Lowest T values were found pre-dawn (0600 

hours), rising during the morning to peak values in the mid-afternoon. During periods of 

cloud cover, T1  was lower. Diurnal variation in T was largest in the dry season, and lowest 

in the wet season. The magnitude of the differences in 7' between provenance regions varied 

with time of day and with season. The NT provenances had lower 1 than the PNG 

provenances, and the difference was larger in the dry season. 

3.3.8 Phyllode water relations 

Phyllode water potential ('I',,) varied diurnally in both the NT and PNG provenances 

(Fig. 8), in all seasons. 'Ic was largest pre-dawn (mean values -0.05 to -0.10 MPa in the 

wet season, -0.33 to -0.35 MPa in the dry season), declining rapidly during the morning, 

to minimum values mid-afternoon (mean values -2.02 to 2.40 Mpa in the wet season, -2.35 

to -2.37 MPa in the dry season). For brevity, only data for the most extreme seasons (late 

dry season, and mid wet season) are displayed. The diurnal change in 'I' was similar in both 

provenance regions, and both seasons, but lower pre-dawn and midday values, and slower 

recovery overnight were recorded in the dry season. The diurnal curves for the two 

provenance regions were found to be not significantly different within a season, but curves 

for each provenance region were significantly different between seasons, as determined by 

the Ross Combined Curve technique. 

3.4 Discussion 

3.4.1 Disparity in growth rates 

The PNG provenances were larger as measured by height and DBH than the NT 

provenances, supporting findings from previous studies (Pinyopusarerk 1990, Harwood et 

al. 1991, Luangviriyasaeng et al. 1991, Pinyopusarerk et al. 1991, Yang and Zeng 1991). 



Table 14. Diurnal T1  for trees of two provenances of A. auriculiformis growing at Melville Island. Data are means of 

forty-five samples ± s.e. from each of the seasonal diurnal curves of 7 (data not shown). Numbers followed by 

different letters are significantly different. 

Refer to Table 1 or to methods section of Chapter 2 for statistical methodology. 



T, (°C) Provenance Time of Day 
Region 

Time of Year 0700 0800 1000 1100 1300 1500 1600 1700 

September 1991 NT 19.3' 25.81  30.9' 35.4' 35.7' 34.1' 31.8" 28.9" 
± 0.4 ± 0.1 ± 0.2 ± 0.2 ± 0.1 ± 0.1 ± 0.1 ± 0.1 

PNG 22.4' 27.8' 32.5' 37•91 37 4w 35.4' 33.0' 28.7" 
± 0.2 ± 0.2 ± 0.2 ± 0.2 ± 0.1 ± 0.1 ± 0.1 ± 0.1 

November 1991 NT 21.3" 288" 36.6v 37.6- 36.7' 36.7' 34.2' 30.2 
±0.1 ±0.1 ±0.1 ±0.1 ±0.1 ±0.2 ±0.1 ±0.1 

PNG 233d 30•31 36.9' 38.6' 38.5' 37.8 35.0's 29.9' 
± 0.1 ± 0.2 ± 0.1 ± 0.1 ± 0.2 ± 0.2 ± 0.1 ± 0.1 

February 1992 NT 25.3f  28.9 33.7 35.3' 31.0' 28• 8k 28.6'" 28.4 
±0.1 ±0.1 ±0.2 ±0.1 ±0.1 ±0.1 ±0.1 ±0.1 

PNG 25.88  27.5k 32.9' 34.5' 33.4' 29.0" 28.4'" 28.3 
± 0.1 ± 0.1 ± 0.1 ± 0.2 ± 0.2 ± 0.1 ± 0.2 ± 0.1 

April 1992 NT 23 ,1d 29.6' 32.4' 33.5' 34.8' 35.0" 33.6' 29.2" 
± 0.1 ± 0.1 ± 0.1 ± 0.1 ± 0.1 ± 0.1 ± 0.1 ± 0.1 

PNG 24.0' 30.7' 33.6' 34.81 35.7' 34.8' 34.0' 28.8" 
±0.1 ±0.1 ±0.2 ±0.1 ±0.1 ±0.1 ±0.1 ±0.1 

July 1992 NT 13.0' 14.2' 26.0 31.1° 33.1'' 31.9" 30.11 27.0' 
±0.1 ±0.1 ±0.1 ±0.1 ±0.1 ±0.1 ±0.1 ±0.1 

PNG 13.4' 21.3 b 29.1" 33.2' 34.4' 33.0' 31.4° 26.0' 
±0.1 ±0.2 ±0.1 ±0.1 ±0.1 ±0.2 ±0.1 ±0.1 



Fig. 8. Diurnal phyllode water potential ((ca,) of two provenances of A. 

auricuhj'ormis growing at Melville Island, for the wet and dry seasons. 

Error bars shown are largest found in each diurnal study and represent ± 

s. e. 
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In this species, the PNG provenances have the lowest while the slowest growing 

provenances (NT) have the highest (Chapter 2). A similar result has been reported for 

A. mangium, and Atipanumpai (1989) concluded that A. per se is not the primary factor 

determining biomass production. The larger canopy area of the PNG provenances compared 

to the NT provenances (Chapter 2) would account for the disparity between the measured 

A,, rates and biomass accumulation shown in Table 10. 

3.4.2 Morning versus afternoon differences in A,, 

Differences between the morning and afternoon peak values of were largest in 

the dry season, and smallest in the wet season. It is proposed that the diurnal response of 

assimilation is the result of variation in PPFD, T1  and LAVPD. Prior to 0800 hours, and 

generally after 1600 hours, PPFD was below saturation levels (Chapter 2), and therefore 

limited Anet  (Table 8a). In the afternoon of the wet season, cloud cover may reduce PPFD 

to below saturation for assimilation, leading to reductions in A.. Large changes in T, 

LAVPD and T also occurred (Tables 8b, 9, 14), particularly in the dry season. Studies have 

shown that this species has a narrow temperature optimum of 26 - 29 °C for photosynthesis, 

which decreases by 10% for every 4 °C change outside this temperature range (Chapters 5 

and 6). T1  prior to 0800 hours were frequently sub-optimal for this species, especially in the 

dry season (Table 14), when sub-optimal temperatures can prevail until 1100 hours. This 

is particularly relevant because of the small seasonal changes recorded in T,,  for assimilation 

in this species (Chapter 6). In the late morning and afternoon, T1  generally rises beyond the 

optimum and may cause reductions in A,. 

Increasing LAVPD can reduce g8  (El-Sharkawy and Cock 1986, Assman and Grantz 

1990, DeLillis and Sun 1990, Grantz 1990, Grantz and Meizner 1990, Aphalo and Jarvis 

1991). Such a decline is a mechanism for maintenance of phyllode water status, particularly 

as LAVPD fluctuates seasonally and diurnally, affecting evaporative demand. The reduction 
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in g, between a peak value in the morning and the afternoon in the present study were 

directly correlated with LA VPD (Fig. 7). These reductions occurred throughout the year, 

and the largest reductions were observed in the early, mid and late dry seasons, when the 

largest range in L.4VPD occurred (Table 9). A decline in g1  can lead to a decline in E 

(Assman and Gershenson 1991), as stomatal aperture is a major factor limiting water vapour 

loss. However, E increased from the morning to the afternoon (Table 11). This increase 

was due to the increase in LAVPD. Evidently, stomatal control of E by reductions in g 

were not sufficient to completely prevent increased E in the afternoon. Declines in A from 

morning to afternoon partially attributable to reductions in g5, could also be partially 

attributed to the increased phyllode temperature, which in turn will increase the LA VPD. 

Therefore, evaporative cooling by E appeared to be insufficient to keep phyllode temperature 

within the optimal range, in most seasons. 

3.4.3 Seasonal variation in A,, 

Seasonal variation in peak morning assimilation (Fig. 6a) was significant in both 

provenance regions. The lowest peak morning assimilation values were observed in the dry 

season, and the largest in the wet season, indicating that there was a seasonal effect 

superimposed over the diurnal variation in assimilation for each season. During the dry 

season, the morning peak assimilation was limited by g,. Seasonal variation in A in this 

species (Chapter 2), and in A. man gium (Atipanumpai 1989), has been attributed to variation 

in g. A decline in mean daily g, from the wet to the dry season was found in this study 

(Table 13). In the wet season, high soil water availability and low LAVPD supported a high 

g,, and thus allowed a large assimilation rate. Hence no relationship was found between g 

and assimilation in the wet season (Table 11). In contrast, higher 7 and LAVPD resulted 

in a lower g in the dry season, leading to increased stomatal limitation on A,,, and a 

relationship between g. and A was observed (Table 11). Reduced soil water availability 
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may also limit g, and hence An.  (Bates and Hall 1981, Turner et al. 1984, Schuize 1986, 

Meizner et a! 1992). Pre-dawn phyllode water potentials were lower in the dry season than 

the wet season, clearly indicating the decline in soil water availability that occurred as the 

dry season progressed. A decline in LAVPD and/or a decline in phyllode water status can 

also result in decreased g (Farquhar and Sharkey 1982, Kirschbaum 1988, Gamon and 

Pearcy 1990, Ellsworth and Reich 1992). In the present study, LAVPD increased 

significantly between the wet and the dry seasons, and mid-dry season 4',, declined, and 

therefore both may have contributed to the decline in g observed between the wet and the 

dry seasons. 

3.4.4 Provenance region variation in Ar.,g  

Morning peak A flC, differed between provenance regions within a season, with the 

smallest differences in the wet season, and the largest in the dry season (Fig. 6a). The NT 

provenance region trees had a larger morning than the PNG trees. However, the 

declines in A. from morning to mid-afternoon were largest in the PNG provenance trees, 

and in the dry season. The largest differences in light saturated '4net  between provenance 

regions occurred during the dry season when LAVPD (and 7.) were largest. These 

differences in Ane,  between provenances are most likely due to differences in g, as it was 

found that the average g8  were 30 - 50% larger for the NT provenance than the PNG 

provenance for the dry season (Table 11). A significant relationship between g8  and 

assimilation rate has been observed in this (Fig. 2) and other species (Farquhar and Sharkey 

1982, Tenhunen et al. 1984, De Lillis and Sun 1990, Leuning 1990). The difference in g. 

and Anet  observed between provenance regions implies a difference in C1 /C2  ratio if the value 

of Ana  is under stomatal limitation, and the CO2  assimilatory process per se is not affected 

directly (Cowan 1981). Table 13 shows that Ci /Ca  ratio were similar in both provenance 

regions, with no significant changes throughout the year. Thus g. declined significantly in 
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the dry season, but C j/Ca  ratio did not. Therefore the ability of the phyllode to fix CO2  must 

also have declined to the same extent, otherwise CJCa  should have declined significantly. 

Furthermore, since the decline in g1  between wet and dry seasons was larger in the PNG 

provenances than the NT provenances, but CiICa  ratio did not differ between provenance 

regions, nor between seasons, indicating that the ability to fix CO2  was more adversely 

affected in the PNG provenances than the NT provenances. A decline in the assimilatory 

capacity independent of changes in g8  has been previously observed in laboratory studies 

(Raschke and Hedrich 1985, Wong, Cowan and Farquhar 1985). 

As a result of the larger decline in g, of the PNG provenances during the dry season, 

transpiration rate (E) and hence evaporative cooling of phyllodes, was significantly reduced, 

leading to significantly higher phyllode temperatures compared to the NT provenances. In 

view of the narrow temperature optimum of assimilation exhibited by this species (Chapters 

4 and 5), it is possible that some of the increase in non-stomatal limitation of assimilation 

is the result of the phyllodes of the PNG provenances being exposed to temperatures above 

the optimum, compared to the NT provenances. Presumably, factors such as Rubisco 

content and activation state could contribute to non-stomatal limitations of assimilation, 

diurnally, seasonally and between provenance regions. 

The larger decline in g, for the PNG provenances in the dry season than the NT 

provenances is likely to be attributable to the larger LAVPD experienced by these 

provenances. Higher phyllode temperatures cause a larger LAVPD, and since in g8  declined 

linearly with increasing LA VPD, a larger decrease in g must result for the PNG provenances 

compared to the NT provenances. Significant differences in phyllode temperatures were 

recorded for the two provenance regions (Table 14), and therefore since all phyllodes have 

water saturated air within their tissues, and are in the same environment, then LAVPD, from 

simple biophysics will be different. 

The greater decline in g8  observed in the PNG provenances is unlikely to be the 



59 

result of an increased rate of soil water depletion (because the PNG provenances had 20 

times more canopy phyllode area than the NT provenances), since 'Ic did not differ between 

provenance region within seasons. However, the decline in 'Ic for both provenances 

between the wet and the dry seasons is likely to have contributed to the decline in g, 

observed between seasons. 

The percentage decline in Ad8  between the wet (November to April data) and dry 

seasons (May to September) was 20.2% for the NT provenances and 37.3% for the PNG 

provenances. It is pertinent to note that the percentage decline in daily mean g between the 

wet and dry seasons (Table 13) was 48% for the NT provenances, but 61% for the PNG 

provenances. Thus it is concluded that the differences in the percentage decline in 

between the wet and dry seasons between provenance regions is primarily attributable to the 

differences in the percentage decline in g between the wet and dry seasons between 

provenances. 

These seasonal differences in An.,  and Ad8  have been shown not to be attributable to 

differences in phyllode thickness, as there was a direct correlation between A, and specific 

phyllode area (Chapter 2). However, the differences in An,,  were reflected in foliar nitrogen 

content, and thus differences between provenances in An,,  most probably reflect differences 

in nitrogen allocation to the photosynthetic machinery. Cowan (1981) concluded that g is 

adjusted such that the rate of supply of CO2  is equal to the rate of utilisation of CO2  in 

assimilation. The data in this manuscript support this contention since there were no 

differences in C!Ca  ratio between provenance regions, despite significant differences in  Ane 

between provenance regions. 

In conclusion, this study shows that within a season, provenance regions do not 

differ in response of assimilation to environmental parameters, but response of assimilation 

to environmental parameters varies with season. Differences in assimilation rate between 

provenances appear to be the result of differences in nitrogen content, and the magnitude of 
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the environmental parameters of LAVPD and T (Chapter 2). The PNG provenances were 

exposed to larger LA VPD and 7, and therefore had g and assimilation rates more reduced 

compared to the NT provenances. These findings support the increasing number of 

investigations that indicate that plants respond to LA VPD (Grantz 1990, Aphalo and Jarvis 

1991, Assmann and Gershenson 1991). 
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CHAPTER FOUR A COMPARISON OF GROWTH, NET PHOTOSYNTHESIS, 

STOMATAL CONDUCTANCE, AND CANOPY SIZE OF 

FOUR FAST GROWING A CA CIA AND EUCALYPTUS 

SPECIES. 

4.1 Introduction 

Growth and productivity have been reported to show significant differences between 

provenances of Acacia auriculformis  Cunn. ex Benth. (Pinyopusarerk 1990, Harwood et al. 

1991, Pinyopusarerk et al. 1991). The PNG provenance region trees have exhibited the 

fastest growth rates, with the provenances from the NT and early introductions to Thailand 

from the Northern Territory (T), showing the poorest growth rates (Harwood et al. 1991). 

A greater susceptibility to insect attack on the NT and T provenances compared to the 

relative resistance of the PNG provenances has been reported (Harwood, unpublished data), 

and this insect damage has been partially attributed to the effects of stress on plant 

resistance. The NT provenances have the largest and the PNG provenances the smallest 

seasonal and diurnal light saturated net CO2  assimilation (A) (Chapters 2 and 3). Similar 

differences in provenance region assimilation, with the Qid provenance region having greater 

rates than the PNG provenance region, have been found in A. mangium (Atipanumpai 1989). 

Differences in assimilation between isolated populations have been found in other species 

when the species have a large range or a series of isolated ranges (Atipanumpai 1989, 

Harwood and Williams 1991). The differences in assimilation between provenances is, 

surprisingly, inversely related to the growth rate of the provenances, with the slowest 

growing provenances (Australian) exhibiting the largest assimilation in A. auriculformis 

(Chapters 2 and 3), and A. man gium (Atipanumpai 1989). This apparent discrepancy 

between assimilation and growth rate of provenances may be due to seasonal differences in 

assimilation (Atipanumpai 1989). Seasonal differences in diurnal and seasonal assimilation 
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between provenance regions of A. auriculforinis,  follow the same pattern of differences 

between provenances seen in seasonal light saturated assimilation (Chapter 3). The 

differences in assimilation between provenances were suggested to be due to differing 

magnitudes of the environmental parameters of leaf-to-air vapour pressure difference 

(LAVPD) and phyllode temperature (T) to which the phyllodes were exposed. Additionally, 

differences in assimilation rate per se were observed between provenance regions. 

The discrepancy between growth rates and assimilation rates in phyllodes of different 

provenance regions may be enhanced by differences in canopy areas between provenance 

regions (Chapter 3). Significantly larger rates of insect attack on the NT provenances 

compared to the PNG provenances may have contributed to the differences in canopy size 

between the provenance regions, but herbivory is unlikely to be the major cause of canopy 

size differences, because in pot trials (Ganeson 1989, Chapter 7) and overseas field trials 

where NT insects were absent or controlled, the differences in growth rate between 

provenances were maintained (Le Dinh Kha and Nguyen Hoang Nghia 1991). 

Differences between provenance regions in foliar nitrogen content may reflect 

differences between provenance regions in nitrogen investment in the photosynthetic 

machinery of the leaf (Evans 1989), and N content differences have been found in A. 

auriculformis (Chapter 3). The provenance regions with the largest assimilation also had 

the largest phyllode nitrogen contents, and similar findings have been reported for other 

species (Medina 1984). The differences between provenance regions in foliar nitrogen 

content cannot explain differences between assimilation and growth rates between provenance 

regions, because generally N content and assimilation are closely correlated, a pattern that 

reflects the large pools of N required for the photosynthetic machinery to support a large 

assimilation rate. 

The effects of LAVPD and T can lead to differences in assimilation between 

provenance regions in some instances, if the provenance regions have different sensitivities 
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to these parameters. These possibilities are addressed in Chapter 6. However, sensitivity 

to the environmental parameters cannot cause the differences in growth rates between 

provenances, as the effect of reduced assimilation rate caused by environmental parameters 

is largest in the provenance regions with the fastest growth rate, and is the inverse of the 

observed differences in growth rate (Ganeson 1989, Harwood and Williams 1991, Chapter 

3). 

Chapter 3 attributed the inverse relationship between assimilation and growth rate 

to the modifying influence of canopy size. The PNG provenances were found to have 

canopies 7 - 13 times larger than the NT provenances. Assuming a minimum of self 

shading, total canopy net photosynthesis rate (Ac) in the PNG provenances were 2 - 3 times 

greater than the A of the NT provenances. This agrees with the size of observed differences 

in the growth rates between provenances (Chapter 3). 

Suggestions that A. auriculforinis may be a superior tree for forestry, fuelwood, 

paper pulp production and reafforestation (Pinyopusarerk 1990), have been partly negated 

by subsequent performance in field trial comparisons with other tropical Acacia and 

Eucalyptus species (Liang and (3an 1991, Yang and Zeng 1991). The observed superior 

performance of the hybrid of A. auriculfor,nis and A. man glum over the individual species 

themselves has also reduced the interest in A. auriculfonnis in its own right (Ibrahim and 

Awang 1991, Wickneswari and Norwati 1993). Extensive areas in the humid lowlands of 

South-East Asia have been planted with A. man glum primarily for pulpwood. However, A. 

auriculforinis has superior wood quality compared to A. man gium, and is resistant to heart 

rot, which affects A. man glum (Pinyopusarerk 1990). Evidence suggests that A. 

auriculfor,nis is better adapted to harsh and and environments (in Vietnam and Zimbabwe), 

so a potential for social (small scale) and agro-forestry may exist in these environments. 

There is a need to quantify the relationship between productivity, canopy structure and rates 

of net photosynthesis of the different genotypes of tropical species of economic interest to 



developing countries. This would allow for better selection of superior clones and 

provenances, particularly in the evaluation of site performance, and would be a valuable 

addition to the traditional forestry selection techniques of tree form and relative growth rate. 

This investigation will compare the net photosynthesis rates, phyllode chlorophyll and 

nitrogen contents, and the canopy structure, to the growth rates (DBH and height) of four 

species of fast growing Australian native trees. 

Acacia mangium Willd. is a leguminous tropical lowlands species favouring high 

rainfall sites, commonly found on rainforest and mangrove margins (Pedley 1964). A. 

man gium is native to tropical Queensland, New Guinea, and Indonesia. The species has 

potential for forestry, as the timber is suitable for furniture and light duty construction 

(Atipanumpai 1989). Numerous trials have been undertaken with A. man gium (Harwood and 

Williams 1991) and these demonstrate fast growth rates, and a high drought tolerance 

(Atipanumpai 1989). The finding that hybrids of A. auriculformis and A. man gium are 

more vigorous in growth rate than the separate species has led to the establishment of hybrid 

breeding programs. 

A. crassicarpa Cunn. ex Benth. is a tropical lowlands species of demonstrated 

adaptability to various climatic and environmental conditions (Gunn and Midgley 1991). Its 

range includes North Queensland, southern New Guinea, and Irian Jaya (Indonesia). The 

rapid growth of the species has led to new field trials (Chittachumnonk and Sirilak 1991, 

Liang and Gan 1991), but superior clones have not yet been evaluated. Field trials have 

shown comparable or superior growth rates to that of A. man gium and A. auriculformis 

(Yang and Zeng 1991, Chittachumnonk and Sirilak 1991). 

Eucalyptus pellita is a medium to tall forest tree, with a characteristic straight trunk 

and small crown. The timber is durable and easily worked (Brooker and Kleinig 1990). The 

species is limited to Eastern Australia, where it is separated into two distinct populations 

(Chippendale and Wolf 1981). The northern population is found in coastal North 
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Queensland from 12° South to 19° South, and is generally confined to the coast and coastal 

ranges. The southern population extends along the south-east coast of Australia from 26° 

South to 370  South. Recently the species has been identified as a superior tree for forestry 

due to its rapid growth and straight bole. 

4.2 Methods 

4.2.1 Study site and plant material 

Plant material used in the field experiment were from a comparative growth trial at 

Yapilika, Melville Island, Northern Territory, Australia (110  34'S, 130° 34'E). Details of 

the Melville Island trials have been described (Haines 1986, Harwood et al. 1991, Chapter 

2). A trial recently planted (January 1992) will compare the growth rates of selected 

provenances of a number of fast growing tropical Australian native trees. The fastest 

growing families of each species in the trial were selected for the current comparison. The 

species were 

• Acacia auriculfor,nis Cunn. ex Benth. families from the NT provenance (NT 

Conservation Commission accession number 236, from Mann River, NT), and the 

PNG provenance region (NT Conservation Commission accession number 42, from 

Morehead River PNG). 

• Acacia crassicarpa Cunn. ex Benth. families from PNG (NT Conservation 

Commission accession numbers 8, 145, 153). 

• Acacia mangium Willd. families from North Queensland (Mossman, Julatten, and 

Mission Beach). 

• Eucalyptus pellita families from Irian Jaya, Indonesia (NT Conservation 

Commission accession numbers 5, 6, 8). 
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4.2.2 Environmental parameter measurement 

Dry bulb air temperature (T), relative humidity (RH) and photosynthetic photon flux 

density (PPFD) were logged over a twenty-four hour period using a LI-COR Li-1000 

datalogger (LI-COR, Lincoln, USA), coupled to two LI-COR quantum sensors and two 

Vaisala Humicap (HMP-35A) RH and T j,  sensors. RH and T j,  data were converted to leaf-

to-air vapour pressure differences (LA VPD), using provenance region phyllode temperature 

for calculation of LAVPD. Samples were averaged every fifteen minutes from data collected 

every minute. Results described are the mean of the two sensors, for the period 0600 - 2000 

hours. 

4.2.3 Gas exchange measurements 

Gas exchange in the field was carried out using a LI-COR Li-6200 portable 

photosynthesis system (LI-COR Inc., Lincoln, USA). Measurements of A, were conducted 

between 0800 - 1000 hours. From previous observations, this was the time of maximum net 

photosynthesis (Chapter 2). values for each species were also determined between 1400 

- 1600 hours, previously determined as the time of smallest light saturated (Chapter 2) 

Observations consisted of 3 samples on each of 5 phyllodes, on 3 trees per species. 

Measurements were made in September 1991 and October 1991 (end of dry season), 

November 1991 (late dry to early wet season transition), and February 1992 (mid wet 

season). 

4.2.4 Phyllode sampling 

Phyllode chlorophyll (Chi) and nitrogen levels were determined from samples taken 

during measurements of net photosynthesis, using the Kjeldahl method for N and the chilled 

80% acetone extraction for Chl (Chapter 3). Phyllode stomatal densities were determined 

using stomatal imprints on quick drying adhesive (Selleys Multigrip, Selleys, Padstow, 
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Australia), and viewed under an Olympus CH light microscope with an eyepiece graticule 

calibrated against a stage graticule. Replication consisted of five counts on each side of each 

of five phyllodes per tree, with five trees per species. 

4.2.5 Tree height and canopy size estimates 

Tree height was measured at the start and finish of the experiment, using adjustable 

height poles, on ten trees per species. Tree canopy size was estimated in March 1993, using 

six trees per species. For each measurement, each tree was visually divided into main-

branches, sub-branches, and branchlets. Phyllode counts were sampled on ten branchlets per 

tree. Canopy phyllode numbers were then estimated by multiplying the average phyllode 

count per branchiet by the number of branchlets, sub-branches, and main-branches. Average 

phyllode area of each provenance was determined using a leaf area meter (Delta T Devices, 

UK), on a random sample of 100 phyllodes. Total canopy area was then estimated from tree 

phyllode counts and the mean phyllode area estimate. 

4.2.6 Statistical analysis of results 

Data were analysed according to the methodology described in Chapters 2 and 3. 

4.3 Results 

4.3.1 Environmental parameters 

4.3.1.1 PPFD 

PPFD (Table 15) differed between seasons within a species but not between species 

within a season, and therefore data have been pooled for each season. Generally, PPFD was 

greater in the afternoon than in the morning, in each season. In September and December, 



Table 15. Photosynthetic photon flux density (PPFD) and air temperature (T) observed during measurements of net 

photosynthesis of foliage of four species of fast growing tropical forest trees on Melville Island. Data are means 

± standard error. 



PPFD T iI 
Time of Year 

(jzmol m 2  s') (°C) 

July 1992 988 26.5 
(morning) ±63 ±0.3 

July 1992 1897 34.1 
(afternoon) ±16 ±0.2 

September 1992 1674 31.8 
(morning) ±13 ±0.1 

September 1992 457 32.6 
(afternoon) ±10 ±0.1 

December 1992 841 31.2 
(morning) ±53 ±0.1 

December 1992 1679 32.9 
(afternoon) ±99 ±0.1 

March 1993 1040 32.3 
(morning) ±66 ±0.1 

March 1993 1558 36.3 
(afternoon) ±78 ±0.2 
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however, afternoon cloud cover reduced PPFD to below saturating levels (approximately 900 

mol m 2  s'). Seasonal differences in maximum PPFD were small (1558 - 1897 Amol m 2  

s 1), as expected for a tropical location where variation in solar angle is small. Larger 

seasonal differences could result from cloud cover in the wet season and smoke and dust 

haze in the late dry season, but this was not observed during the present study. 

4.3.1.2 T 

Differences in Tair  maxima between seasons were small (Table 15), with the largest  Tair  

in the late wet season (36.3 °C), and the smallest T,,i,  in the late dry season (32.6 °C). 

There were larger seasonal differences in morning T compared to afternoon, with smallest 
air 

morning T jr  in the dry season (25.9 °C) being substantially less than the late dry to early 

wet season transition T (33.0 °C). 

4.3.1.3 Phyllode temperature (T1 ) 

T differed between species within a season, and between seasons within a species (Table 

16). T1  were greater in the afternoon than in the morning except in February, when 

afternoon cloud cover reduced PPFD. In all species, morning T1  were smallest in the dry 

season (26.4 - 27.0 °C), and largest in the late dry and late wet seasons (31.8 - 34.4 °C). 

Conversely, afternoon T were largest in the dry season (33.5 - 35.0 °C) and late wet season 

(34.5 - 36.7 °C), and smallest during the mid wet season (30.8 - 33.1 °C). Generally, 

differences between species in T were smaller in the morning of each season, and larger in 

the afternoon of each season. Morning 7 were greatest in A. auriculfor,nis  and smallest in 

A. crassicarpa or E. pellita. Afternoon T1  were largest in E. pellita and smallest in A. 

auriculformis. 

Daily maxima T for all species were largest in the dry season and smallest in the early 

wet season (31.3 - 35.0 °C). Significant diurnal change in T were found in all seasons 



Table 16. Phyllode temperature (T1) during measurements of net photosynthesis in foliage of four species of fast growing 

tropical forest tree on Melville Island. Data are means ± standard error. 



T1  (°C) 
Time of Year A. crossicarpa A. man gium E. pellita A. auriculjfor,nis A. auriculformis 

(Q) (Q) (Q) (PNG) (NT) 

July 1992 26.7 26.4 27.0 26.8 26.9 
(morning) ±0.3 ±0.4 ±0.3 ±0.3 ±0.2 

July 1992 35.0 34.5 35.0 33.8 33.5 
(afternoon) ±0.1 ±0.2 ±0.1 ±0.2 ±0.1 

September 1992 31.7 32.5 32.4 32.4 32.2 
(morning) ±0.1 ±0.1 ±0.1 ±0.1 ±0.1 

September 1992 31.5 32.4 32.9 33.2 31.3 
(afternoon) ±0.1 ±0.1 ±0.2 ±0.2 ±0.1 

December 1992 30.1 32.0 30.6 29.3 27.9 
(morning) ±0.1 ±0.3 ±0.2 ±0.1 ±0.2 

December 1992 31.3 31.6 33.1 31.2 30.8 
(afternoon) ±0.1 ±0.1 ±0.1 ±0.2 ±0.2 

March 1993 31.8 32.0 34.4 33.1 33.8 
(morning) ±0.1 ±0.1 ±0.2 ±0.2 ±0.1 

March 1993 34.5 35.1 36.7 35.4 35.3 
(afternoon) ±0.2 ±0.3 ±0.2 ±0.1 ±0.2 
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observed, except in September when an afternoon storm reduced temperatures. Generally, 

T was significantly larger in the afternoon than in the morning, for all species. 

4.3.1.4 LAVPD 

LAVPD (Table 17) differed between species within a season, and between seasons within 

a species. LAVPD were largest in the dry season, and smallest in the wet season. Maximum 

LAVPD occurred in the afternoon in all seasons (0.23 - 3.83 kPa), but afternoon 

thunderstorms rapidly reduced LAVPD, even before rainfall began. Differences in LAVPD 

between species were larger in the afternoon than in the morning. The maximum LAVPD 

measured was 1.66 kPa in the morning (September), and 3.83 kPa in the afternoon. 

Morning LAVPD was generally smallest for A. crassicarpa and A. man giwn, and largest for 

A. auricul?for,nis. Afternoon LAVPD were generally smallest for A. auriculfornis (NT), 

and largest for A. crassicarpa, E. pellita and A. auriculfor,nis (PNG). 

4.3.2 Physiological parameters 

4.3.2.1 Morning CO2  assimilation rate 

Morning An,,  differed between species within a season, and between seasons within a 

species (Fig. 9a). In all seasons, A. auriculfor,nis  exhibited the largest A, with the NT 

trees at most times having larger A (24.4 - 30.1 Amol m2 1)  than the PNG trees (22.4 - 

32.9 Amol m 2  s'). Morning rates of A et  for A. mangium (18.7 -23.1 jLmol m 2  r1) and E. 

pellita (20.1 - 25.0 jimol m 2  s1) were consistently lower than for A. auriculfor,nis. The 

Anet rates of A. crassicarpa (19.3 - 22.9 jLmol m 2  s') were lower than those of A. 

auriculfor,nis, except in March 1992, when the A. crassicarpa rates were similar to those 

of A. auriculformis. The largest morning rates were found in all species in the early 

wet season (November), with the smallest values in the late dry season (July). The PNG A. 



Table 17. Leaf-to-air vapour pressure difference (LAVPD, kPa) during observations of net photosynthesis in foliage of 

four species of fast growing tropical forest tree on Melville Island. Data are means ± standard error. 



LAVPD (kPa) 
Time of Year A. crassicarpa A. mangiwn E. pellita A. auriculfonnis A. auricul(fonnis 

(Q) (Q) (Q) (PNG) (NT) 

July 1992 1.32 1.30 1.54 1.55 1.56 
(morning) ±0.5 ±0.4 ±0.4 ±0.5 ±0.5 

July 1992 3.83 3.14 3.53 3.29 3.02 
(afternoon) ± .05 ± .08 ± .04 ± .05 ± .05 

September 1992 1.36 1.30 1.61 1.53 1.66 
(morning) ± .03 ± .02 ± .03 ± .02 ± .03 

September 1992 1.80 1.93 1.65 1.83 1.37 
(afternoon) ±.04 ±.09 ±.04 ±.05 ±.02 

December 1992 1.18 1.21 1.06 1.10 1.19 
(morning) ± .02 ± .04 ± .01 ± .02 ± .02 

December 1992 2.06 1.78 2.31 2.03 1.92 
(afternoon) ± .03 ± .04 ± .08 ± .08 ± .03 

March 1993 0.09 0.07 0.12 0.17 0.19 
(morning) ±.01 ±.01 ±.01 ±.01 ±.01 

March 1993 0.23 0.23 0.23 0.25 0.24 
(afternoon) ± .03 ± .08 ± .02 ± .03 ± .02 



Figure 9a. Seasonal variation in morning CO2  assimilation (A) in four 

species of fast growing tropical forest trees growing on 

Melville Island. Data are means ± standard error. 

Figure 9b. Seasonal variation in afternoon CO2  assimilation (A) in four 

species of fast growing tropical forest trees growing on 

Melville Island. Data are means ± standard error. 
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auriculfor,nis were the most variable in morning A., with the NT A. auriculforinis and the 

other three species showing smaller variation. Expressed as a percentage of the morning 

assimilation in NT A. auricul4fonnis averaged over all observation times (Table 18), the 

PNG A. auricul?fonnis were closest in (96.8%), with E. pellita intermediate (81.9%), 

and A. mangium (74.6%) and A. crassicarpa (74.8%) smallest. 

4.3.2.2 Afternoon CO2  assimilation rate 

Afternoon An.  differed between species within a season, and between seasons within a 

species (Fig. 9b). Largest afternoon A, values were found in the two provenance regions 

of A. auriculfonnis  (13.5 - 29.2 jzmol m 2  s'), and the smallest values in A. crassicarpa 

(6.6 - 22.7 ILmol m 2  s'), A. mangium (8.6 - 22.5 umol m2 1)  and E. pellita (15.1 - 19.5 

mol m 2  s'). The NT provenance region of A. auriculfonnis generally exhibited higher 

afternoon A,, (16.3 - 29.6 JLmol m2 s1)  than the PNG provenance region (13.3 - 27.8 jimol 

m 2  s 1), though the differences were rarely significant. Largest values of afternoon Anet  were 

found in the early wet season (November), with smallest values in the late dry season 

(September), for all species. Seasonal differences in afternoon A. were larger than for 

morning Aaet  in the Acacia species, but were smaller for E. pellita, which showed minimal 

seasonal variation in Anet . Expressed as a percentage of afternoon assimilation in NT A. 

auriculfonnis averaged over all observation periods (Table 18), PNG A. auricul(for,nis were 

closest in (93.7%), E. pellita were intermediate (79.9%), and A. mangium and A. 

crassicarpa (63.3%) were the smallest. 

4.3.2.3 Diurnalfiuctuations in A. 

The magnitude of the reduction in A between morning and afternoon (Table 18) 

differed between species within a season, and between seasons within a species. The 

reductions in A. were largest (39.6% - 67.8%) in the late dry season (September), and 



Table 18. Declines in A between morning and afternoon for four species of fast growing tropical forest tree on Melville 

Island. Data are expressed as a percentage of the NT A. auriculforinis morning and afternoon A.,  for comparison. 



A. auriculifonnis (NT) A. auricu4fonnis (PNG) A. crassicarpa (Q) 

1  

A. mangium (Q) E. pellita (Q) 

7/92 9/92 11/92 3/93 7/92 9/92 11/92 3/93 7/92 9/92 11/92 3/93 7/92 9/92 11/92 3/93 7/92 9/92 11/92 3/93 

% Reduction in 26.2 45.9 -2.0 20.0 20.7 51.3 15.4 12.3 54.1 67.8 -15.0 21.0 28.5 59.6 2.6 20.0 27.7 39.6 21.6 16.5 
A, (AM to PM) 

%AMANTA. 100 100 100 100 91.1 90.9 113 92.0 69.4 68.0 68.1 93.9 71.2 70.7 79.6 76.9 76.4 83.1 85.8 82.4 
auricu4formis 

% PM A NT 100 100 100 100 97.8 81.9 93.9 101 43.1 40.6 76.8 92.8 68.9 52.9 76.1 76.9 74.8 92.9 65.9 86.0 
A. auriculifonnis  
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smallest (-15% - 21%) in the wet season (November, March). The NT provenance region 

of A. auricul?fonnis showed the smallest reduction in A. in all seasons (average 22.5%), and 

A. crassicarpa the most reduction in (average 32.0%). Intermediate values were 

obtained for E. pellita (26.4%), PNG A. auriculformis (26.9%), and A. man gium (26.4%). 

4.3.2.4 Phyllode conductance (ge) 

Phyllode conductance (Figs lOa, lOb) differed between seasons, with time of day, and 

between species. Largest morning g. (Fig. lOa) were found in all species in the late wet 

season (1.2 - 1.9 mol m 2  s'), and smallest in the mid to late dry season (0.9 - 1.6 mol m 2  

s 1). Afternoon g, (Fig. lOb) differed similarly with time of year, with largest g, in the wet 

season and smallest in the dry season, but large g were also found in the afternoons of 

September when cloud cover occurred. Largest seasonal variation in g, were found in A. 

auricul4formis, with the smallest seasonal variation in A. mangium and E. pellita. The g, 

values declined significantly between morning and afternoon within each season, with largest 

decline in the mid dry season (60 - 84%) and smallest decline in the mid wet season (-10 - 

29%). A. auriculfor,nis in most seasons showed the largest g, with the NT provenances 

larger than the PNG provenances. g, were generally smallest in E. pellita and 

A. crassicarpa, with A. man gium intermediate, although interpretation of the relative pattern 

of seasonal variation in g, of the species was difficult due to the large variation found in A. 

auriculfonnis. g8  was negatively correlated with LAVPD in all species (Fig. 11), although 

the magnitude of the decline in g, in response to LAVPD differed between species. Data for 

the two provenance regions of A. auriculfonnis were not significantly different and were 

pooled for presentation. Data for the other three species were not significantly different and 

were pooled for presentation. The two provenance regions of A. auriculformis showed 

larger declines in g8  in response to increasing LAVPD than the other three species, which 

showed similar rates of decline in g, with increasing LAVPD (Fig. 11). 



Figure lOa. Seasonal variation in morning phyllode conductance () in 

four species of fast growing tropical forest trees growing on 

Melville Island. Data are means ± standard error. 

Figure lOb. Seasonal variation in afternoon phyllode conductance (g) in 

four species of fast growing tropical forest trees growing on 

Melville Island. Data are means ± standard error. 
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Figure 11. Changes in phyllode conductance in response to LAVPD in 

four species of fast growing tropical forest trees growing on 

Melville Island. Data for the two provenance regions of A. 

auriculformis were not significantly different as determined by 

the multiple linear model (see statistical methods section, Chapter 

1), and have been pooled. Data for A. crassicarpa, A. man gium, 

and E. pellita were not significantly different as determined by 

the multiple linear model and have been pooled. Significantly 

greater r2  was generated using ln/linear curves against straight 

lines in the graphs. Data are presented as means ± standard 

error in the graphs for clarity due to the large number of data 

points. However, the curve has been generated from the original 

full data set. 

Regression equations: 

A. auricul?fonnis: g = 2.01 - e° 432  (LAVPD). 

r2  = 0.78, N = 120. 

A. man gium, A. crassicarpa, E. pellita: 

g, = 1.49 - e°3M  (LAVPD). r2  = 0.88, N = 180. 

The regressions are significantly different. 
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4.3.2.5 Phyllode transpiration rate (E) 

Values of E (Figs 12a, 12b) differed seasonally, diurnally, and between species. 

Largest E were seen in each species in August and March (8.2 - 22.9 mmol n12  s 1, mid to 

late dry season and late wet season), and smallest E in each species in February (7.2 - 12.9 

mmol rn 2  s 1, mid wet season). E were larger in the afternoons of the wet season in each 

species (12.3 to 25.4 mmol m 2  s 1), and smaller in the morning in each species (9.4 - 19.8 

mmol m 2  s'). In contrast, during the mid to late dry season, E were larger in the morning 

in each species (8.2 - 21.9 mmol n12  s'), and smaller in the afternoon in each species (5.2 - 

16.8 mmol m 2  s 1). 

Differences in E between species were found in all seasons, but the magnitude of the 

difference between species differed with season. Largest differences in E between species 

were seen during the dry season, particularly in the late dry season (5.2 to 25.9 mmol m 2  

s4), and smallest differences were seen in the early wet season (11.7 to 14.8 mmol ni2  s') 

The A. auriculformis provenances generally showed the largest E, and A. man gium the 

smallest. A. crassicarpa showed the largest seasonal variation in E, and E. pellita the 

smallest seasonal variation in E. 

4.3.2.6 Tree height 

Significant differences in tree height (Table 19) were found between species. The tallest 

trees were A. crassicarpa, which reached an average of 4.8 metres in one year, while the 

shortest trees were the NT A. auricul/'onnis (2.5 metres), significantly lower than the PNG 

A. auriculfonnis (3.8 metres). A. man gium (4.0 metres) and E. pellita (4.5 metres) were 

intermediate in height. 

4.3.2.7 Phyllode area 

Mean phyllode areas (Table 19) were found to be different between species. The largest 



Figure 12a. Seasonal variation in morning phyllode transpiration (E) rates 

in four species of fast growing tropical forest trees growing on 

Melville Island. Data are means ± standard error. 

Figure 12b. Seasonal variation in afternoon phyllode transpiration (E) 

rates in four species of fast growing tropical forest trees 

growing on Melville Island. Data are means ± standard error. 
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Table 19. Tree height and canopy data for four species of fast growing tropical forest tree on Melville Island. Data are 

means ± standard error. Within a row, numbers followed by different letters are significantly different. 

Refer to Table 1 or to methods section of Chapter 2 for statistical methodology. 



A. auriculjfonnis A. auriculjformis A. crassicarpa A. man gium E. pellita 
(NT) (PNG) (Q) (Q) (Q) 

Tree height (m) Feb 92 0•54a ± .16 0.63a ± .13 0.81a ± .21 0.76" ± .17 0.742  ± .22 
± S•C• 

Mar 93 2.53" ± .23 377b ± .89 4.80c ± .38 403b ± .37 450b, c ± .25 
Mean phyllode area Feb 92 21.2' ± 0.9 23.8d ± 1.6 76.6" ± 3.3 69.6e, ± 5.0 60.5c ± 3.0 

( 2 + ) - Mar 93 21.Od ± 1.6 24.1" ± 0.6 64.20 ± 2.7 93.69  ± 6.5 593e ± 4.0 

Phyllodes (tree)-1  Feb 92 38•0h ± 33 49.4' ± 4.1 4'7.l ± 3.3 434h,i ± 37 45.6" ± 2.8 
± s.e. Mar 93 716 ± 195 4764' ± 1580 6948 ± 1642 1863k ± 238 4816' ± 962 

Canopy area (m) Feb 92 .08P' ± .070 .1200 ± .011 •31 ± .025 .302 ± .026 .276P ± .017 
± s.c. 

Mar93 1.50" ± .115 11.48 ± 3.8 44.6u ± 7.7 17.4s± 2.2 28.6 ± 5.7 
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phyllodes were those of A. mangium (69.6 - 93.6 cm2), and smallest A. auricul?for,nis (21.2 

- 24.1 cm2), with A. crassicarpa and leaves of E. pellita intermediate (59.3 - 76.6 cm2). 

Phyllodes in most species were larger in the first year of plant growth, except A. mangium 

which were significantly larger in the second year. Phyllode areas in the Ni' and PNG A. 

auricul?formis were significantly reduced by insect attack, in contrast to the other species, 

where phyllodes and leaves were relatively undamaged by insects. 

4.3.2.8 Canopy size 

The number of phyllodes and leaves per tree (Table 19) differed between species, and 

greatly increased with the growth of the plants over 12 months, from approximately similar 

numbers in all species at the start of the study. The largest numbers of phyllodes per tree 

were found in A. crassicarpa and leaves of E. pellita and PNG A. auriculformis in the 

second year (6948, 4816, 4764 respectively) and smallest in the NT A. auricul?for,nis and 

A. mangium (716, 1863 respectively). Canopy areas increased greatly between the first and 

second year in all species due to the rapid growth of all species. Canopy areas between 

species in the second year differed enormously due to the combination of large leaves or 

phyllodes or leaves, and large canopies in A. crassicarpa and E. pellita (44.6 and 28.6 m2  

respectively), and small phyllodes and small canopies in NT A. auriculfonnis (1.50 m2). 

Intermediate canopy sizes were found in A. mangium and PNG A. auricul?formis (17.4 and 

11.5 m2  respectively). Tree heights of 15 month old saplings were positively correlated with 

phyllode canopy area (Fig. 13, r2  = 0.992). 

4.3.2.9 Phyllode and leaf chlorophyll and nitrogen 

Phyllode and leaf chlorophyll (Chl.) content (Table 20) differed between seasons within 

a species and between species within a season. Chl. contents were largest in the wet season, 

and smallest in the dry season, except in E. pellita, which showed the reverse trend. Chl. 



Figure 13. Relationship between tree height (11) and total canopy area 

(C) in four species of fast growing tropical forest trees 

growing on Melville Island. Data are means ± standard error. 

Regression equation: 

H = 0.1189 (C) - 0. 00  15 (C)2  + 2.43 

r2  = 0.992, N = 20. 
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Table 20. Phyllode chlorophyll and nitrogen data for four species of fast growing tropical forest tree on Melville Island. 

Data are means ± standard error. Within a row, numbers followed by different letters are significantly different. 

Refer to Table 1 or to methods section of Chapter 2 for statistical methodology. 



A. auriculfonnis A. auricu4for,nis  A. crassicarpa A. man glum E. pellita 
(NT) (PNG) (Q) (Q) (Q) 

9/92 3/93 
- 

9/92 3/93 9/92 3/93 9/92 3/93 9/92 3/93 

Chi. a (mg (g dw)') 3.55' 4.75" 3.48' 4. 18C  3.11' 437c 3.67' 5. 19' 2.78e  2. 18 
±.27 ±.17 ±.21 ±.28 ±.10 ±.17 ±.15 ±.28 ±.07 ±.12 

Chi. b (mg (g dw)') 1.199  1.88" 1.119  1.45' 1.98 2.02 1189  1.69" 0.85' 0• 71k 

±.09 ±.06 ±.07 ±.12 ±.08 ±.11 ±.04 ±.09 ±.03 ±.04 

Total (mg (g dw)1) 4.73" 6.63' 4.59' 5.63m 509d 6.39' 4.85" 6.88' 3.63' 2.88e 
±.36 ±.22 ±.27 ±.40 ±.17 ±.28 ±.18 ±.37 ±.10 ±.16 

Total (mg rn-2) 0• 4711 0.690  0.48° 0.55° 0.650  0.640  0.59°' ° 0.700  0.49° 0.50° 
±.04 ±.04 ±.03 ±.04 ±.03 ±.02 ±.03 ±.05 ±.01 ±.03 

/ratio 2.99' 2.52" 3.14' 2.92' 1.58" 2.19P 3.11' 3.06' 328q 

±.05 ±.04 ±.05 ±.09 ±.03 ±.07 ±.05 ±.04 ±.05 ±.05 

SLA (m2  kg1) 9.72' 9.539  9.37' 10.1' 7.79' 9.89' 8.31u 9.78' 7.42' 574m 

±.79 ±.48 ±.26 ±.45 ±.21 ±.47 ±.33 ±.37 ±.17 ±.21 

N(% dw) 2.43r 2.72e 1.96i 2.44r 174h 1.93 1.60" 1.84 1.65 172h,j 

±.06 ±.05 ±.05 ±.06 ±.07 ±.08 ±.07 ±.05 ±.06 ±.05 
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contents of E. pellita (2.18 - 2.78 mg (g dw)') were lower than the other species in all 

seasons. A. crassicarpa and A. auriculffonnis Chi. a contents were intermediate in most 

seasons (3.11 - 4.75 mg (g dw)'), and A. mangium were the largest (3.65 - 5.19 mg (g 

dw) 1). Chi. b contents were smallest in E. pellita in all seasons (0.71 - 0.85 mg (g dw)'). 

Chi. b contents in A. mangium and A. auriculforinis  were intermediate, and largest in A. 

crassicarpa. Total Chi. content per unit dry weight was smallest in E. pellita and generally 

largest in A. mangium. 

Total Chi. content per unit phyllode or leaf area differed significantly between the 

Acacia species in the wet season ((0.55 - 0.70 g n12) and in the dry season (0.47 - 0.65 g 

m 2). Largest total Chi. were found in A. crassicarpa in most seasons, and smallest in A. 

auriculformis. 

Chl. alb ratios in the Acacia species were largest in the early to mid wet season and 

smallest in the late wet season. The trends for Chi. alb ratios were opposite for E. pellita, 

with largest values in the late dry season and smallest values in the wet season. Chi. g/k 

ratio of A. crassicarpa was significantly lower than the other species, due to the larger Chi. 

and smaller Chi. a values. Chi. alb ratios of A. mangium, A. auricul4fonnis and E. pellita 

were similar in most seasons. Seasonal variation in Chi. a/b ratios was smallest in A. 

mangium (3.06 - 3.14) and largest in A. crassicarpa (1.58 - 2.41) and A. auriculfonnis 

(2.52 - 3.14). 

Specific phyllode or leaf area (SLA) differed between seasons within a species and 

between species within a season. SLA were smallest in the wet season and largest in the dry 

season. Seasonal variation in SLA was largest in A. auricul?formis  and A. crassicarpa (6.0 - 

9.9 m2  kg'), and smallest in A. mangium (8.31 - 9.8 m2  kg-'). 

Nitrogen concentration (N) of leaves and phyllodes (% dry weight) were largest in all 

species in the wet season and smallest in the dry season. Largest N were found in A. 

auriculjformis (2.43 - 2.72%) and smallest NinE. pellita (1.65 - 1.72%). E. pellita showed 
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no seasonal variation in N, but in the other species N were greater in the wet season than in 

the dry season. Largest seasonal variation were seen in A. auriculforinis. 

4.4 Discussion 

4.4.1 Species variation in A,., 

Differences in assimilation between species can be the result of intrinsic genetic 

differences, and these differences can be manifested as differences in the nitrogen content 

of the foliage. When assimilation rates are high, N content of foliage must also be high, 

because the various sub-processess of photosynthesis (light capture, carbon fixation, electron 

transport) all require large pools of protein (Field and Mooney 1986, Givnish 1988). Thus 

there is usually a positive relationship between nitrogen content and maximum assimilation 

rate (Evans 1989, Woodward 1990, Evans 1993a, b). A similar relationship was observed 

in this study (Fig. 9a, b). Therefore N content can explain some of the differences in 

assimilation between species in this study. 

Differences in assimilation rate may also be due to differences in foliage thickness if the 

extra tissue is photosynthetically active (Mooney et al. 1984, Evans 1986). Differences in 

SLA were found between the species (Table 20), and assuming that a reduced SLA reflects 

a thicker phyllode, then the species with the thickest foliage (E. pellita) exhibited 

assimilation rates that were generally intermediate compared to those of the other species 

(Fig. 9a, b). In fact, the species with the largest assimilation rate generally had the thinnest 

foliage (A. auriculjfor,nis), and therefore it is unlikely that SLA was contributing to the 

differences in assimilation rates between species. Similar conclusions were made regarding 

the role of SLA in differences in assimilation rate between provenance regions of A. 

auriculfor,nis (Chapter 3). 

Differences in assimilation between species can be due to differences in response to the 
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environmental parameters of PPFD, T1, or LAVPD. Assimilation differed between species 

even under conditions of low LAVPD, moderate T and high PPFD, such as in the mornings 

of March. The difference in within a season (Fig. 9a, 9b), between species, was not due 

to PPFD, as, with one exception, PPFD was above saturation levels (1'able 15). 

Temperature can cause differences in assimilation if either the response of assimilation to 7 

differs between species, or the 7 differs between provenance regions (Kumar and Tieszen 

1980, Ludlow 1981, El-Sharkawy et al. 1984). 7 has been shown in Chapters 2 and 3 to 

cause differences in assimilation between provenances of A. auriculformis, when the lj was 

above the optimum for assimilation and significant differences in 7 were measured between 

provenances. This was because of the narrow temperature optimum for assimilation in this 

species. The optimum temperatures of assimilation were not investigated in the species used 

in the present study, so it is possible that differences in assimilation between the species is 

due, at least in part, to differences in temperature optima of assimilation. Frequently, 

temperature optima for assimilation are broad (Mahon et al. 1977, Watson et al. 1978, Imai 

et al. 1982, El-Sharkawy etal. 1984, Lloyd et al. 1991), and the NT provenances of A. 

auriculforinis generally exhibited the largest assimilation rates, despite large differences 

between species in l being observed during the study. Therefore it is considered unlikely 

that differences in temperature optima of assimilation between species caused the observed 

differences in assimilation. 

Large LAVPD can cause reductions in g, if the evaporative demand triggers a closing 

response to conserve water in the foliage (Sharkey 1984, El-Sharkawy and Cock 1986, Ball 

1987, Mott and Parkhurst 1991), and reduced assimilation may follow if CO2  becomes 

limiting. g, can also decline in response to root dehydration (Zhang and Davies 1989, 

1990), in the absence of large LAVPD. Differences in LA VPD between species can therefore 

cause differences in assimilation between species if either the response of the species to 

LAVPD and/or the magnitude of the LAVPD to which the species are exposed differ. The 
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response of g8  to LAVPD of the species showed that although the rate of stomatal closure in 

response to increased LAVPD were similar between species, A. auriculfor,nis showed the 

most closure at any given LAVPD compared to the other species. Yet this species 

maintained the largest assimilation rates and the smallest diurnal declines in assimilation (Fig 

9a and 9b). Although some species (A. crassicarpa, E. pellita) were exposed to larger 

LA VPD in the afternoons because of larger T than A. auricul?formis, so that the microclimate 

differed between species, these species showed a less steep decline in g, with increasing 

LA VPD compared to A. auriculfor,nis,  and therefore response of assimilation to LA VPD was 

unlikely to cause the observed differences in assimilation between species, rather differences 

in the size of the LAVPD differed between species. 

Possible direct effects of LA VPD on assimilation without large declines in g, have been 

reported (Turner et al. 1984, Aphalo and Jarvis 1991, Chaves 1991, Mott and Parkhurst 

1991), and result from patchy stomatal closure, increased ABA levels, reduced turgor of the 

guard cells because of shortage of water supply from the subsidiary cells, or were not 

defined (Downton et al. 1988, Bunce 1988, Terashima et al. 1988, Grantz 1990, Nonami 

et al. 1990, Chaves 1991, Mott and Parkhurst 1991). Considering the larger LAVPD to 

which the species with the smallest assimilation rates were exposed, it is possible that larger 

non-stomatal effects of LAVPD on assimilation may occur in species such as A. man gium, 

A. crassicarpa and E. pellita, compared to A. auriculformis. Further investigations are 

required to assess effects of non-stomatal limitations on assimilation. 

Phyllode water potential ('') did not vary between species (data not shown), so this 

cannot explain the species differences in A... It is concluded that there are intrinsic 

differences in assimilation between the species studied, most probably relating to the larger 

N contents, and, by inference, Rubisco contents of A. auriculformis compared to the other 

three species. 
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4.4.2 Seasonal variation in A,., 

Seasonal differences in assimilation can be caused by seasonal differences in PPFD if 

PPFD is below light saturation for assimilation, but in the present study PPFD was generally 

above light saturation for tropical species acclimated to full sunlight (Schaper et at. 1991, 

Wiebel et al. 1992, Eamus et al. 1994). 

LAVPD, T1  and soil water availability have previously been shown to cause seasonal 

variation in g and in A. auricu!formis (Chapters 2 and 3), A. man gium (Atipanumpai 

1989), and in other species (Schulze 1986, Guehl et al. 1989, Aphalo and Jarvis 1991). The 

tropics are characterised by large seasonal variations in water availability, and in the NT, 

these seasonal variations are taken to the extreme of up to 8 months continuous dry season. 

Additionally, high LAVPD and the number of cloud-free days extends the drought into those 

months where sporadic rainfall occurs, as evaporation can greatly exceed rainfall. 

Phyllode water potential has been shown previously to lead to a decline in g, (Farquhar 

and Sharkey 1982, Ellsworth and Reich 1992). 'Ic, declined from the wet to the dry seasons, 

both in pre-dawn and mid-afternoon readings (data not shown), presumably because of 

reduced soil water availability in the dry season. Such a decline in 'Ic, can cause decline in 

phyllode g if stomata close in response to reduced phyllode water content, caused by large 

evaporative demand. Declines in g, between the wet and the dry seasons were indeed 

observed in all species (Fig. lOa, b), and may lead to reduced assimilation if C, falls. 

Therefore seasonal variation in assimilation rate could be partly due to seasonal differences 

in 

As stated previously, g, of all species declined with increasing LAVPD (Fig. 11). The 

largest LAVPD were observed in the dry season, and the smallest in the wet season (Table 

17). It is possible that the seasonal differences in assimilation were at least partly due to 

observed seasonal differences in g, if C1  became limiting. Additionally, the non-stomatal 

limitations of LAVPD upon assimilation described previously may have contributed to the 
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observed seasonal decline in assimilation. 

Observed differences in 7 in each species between season may have contributed to the 

observed seasonal differences in assimilation, because of the direct and indirect effects of 

temperature on assimilation as described in the previous section. Interestingly, the times of 

year in which the highest afternoon temperatures were measured (Table 16), were also the 

seasons in which the smallest assimilation rates were measured (Fig 9b), and the seasons in 

which the afternoon temperatures were lowest (wet season) had the largest assimilation rates. 

Similar observations were made in Chapters 2 and 3. Also, the increase in measured 

afternoon T between the wet and dry seasons was of the order of 4 °C, sufficient to cause 

a decline in assimilation in A. auriculformis of 10% (Chapter 5). Although no temperature 

response curves are available for the other species, in A. auricul/'orinis this seasonal 

variation in 7 was not sufficient to fully account for the observed differences in assimilation 

between seasons. It should be noted that the time of highest T was also the time of largest 

LAVPD and highest soil moisture content, and conversely the lowest T1  occurred when 

LAVPD was lowest and soil moisture highest. However, these facts do not preclude a direct 

response to T per Se. 

Differences in foliage N can cause differences in assimilation, due to the association 

between N and assimilation (see previous section). Seasonal differences in N were observed 

in all species, so it is possible that N may have contributed to the observed seasonal 

differences in assimilation. Significant declines in foliage condition were observed visually 

toward the end of the dry season, when compared to the wet season, and so the role of N 

in seasonal decline in assimilation would appear likely. 

It is concluded that the observed seasonal variation in A. and g8  were in response to 

seasonal changes in 7, LA VPD, foliar N and phyllode and/or soil water potential. 
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4.4.3 Comparisons between the mornings and afternoons 

Assimilation rates declined in all species between the morning and the afternoon, with 

the largest declines in assimilation occurring in the dry season. Decline in assimilation rate 

in response to changes in the environmental parameters of PPFD (Sheriff and Nambiar 1991, 

Osborne 1989, Field et al. 1983, Reich et al. 1991), 7 (Mahon et al. 1977, Kumar and 

Tieszen 1979, Ludlow 1981, El-Sharkawy et al. 1984, Downton et al. 1986, Wiebel et al. 

1993, Eamus et al. 1994), and LAVPD (Sharkey 1984, Ellsworth and Reich 1992, Wiebel 

et al. 1993) have been observed. A decline in assimilation may occur if PPFD levels fall 

below saturation levels, leading to reduced rates of electron transport but in the mornings 

and afternoons of most seasons light levels remained above 900 Amol m 2  s', a level at 

which assimilation is light saturated in A. auriculfonnis (Chapter 6). 

Significant changes in T occurred between the morning and the afternoon in most 

seasons (Table 16), and the role of T in diurnal changes in assimilation rate have been 

widely reported (Ludlow 1981, El-Sharkawy et al. 1984, Sharkey 1984, Downton et al. 

1986, Ellsworth and Reich 1992, Wiebel et al. 1993, Eamus et al. 1994). Temperature 

appears to have two separate mechanisms of effect on assimilation rate. The first involves 

a direct effect of temperature on the photosynthetic machinery in the leaf, particularly the 

effect of temperature upon the quantum yield of photosynthesis of C3  species, which declines 

significantly as T is increased (Ehleringer and Björkman 1977). The decline in quantum 

yield reflected changes in 02  inhibition of 0. (Ehleringer and Pearcy 1983). Combinations 

of high PPFD and high T1  have been shown to lead to reduced Photosystem II photochemical 

activity (Ludlow 1987, Gamon and Pearcy 1990), conditions similar to those in the wet-dry 

tropics. The decline in 4'a will lead to a corresponding decline in A. Metabolic 

imbalances at high temperatures, as control of substrate and enzyme kinetics is lost, may also 

be a factor. 

The second effect of temperature on assimilation is indirect. Increased substrate 
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limitation to Rubisco can occur at high temperatures if g1  declines to conserve leaf water 

status (Sharkey 1984, Ellsworth and Reich 1992), and there is a corresponding decline in C1. 

Significant diurnal changes in LAVPD were found in all seasons, although the magnitude of 

the diurnal change was significantly greater during the early to mid dry season than in the 

wet season (Table 17), as indeed was the decline in assimilation. A reduction in stomatal 

aperture in response to large LAVPD has been reported for many species. Diurnal variation 

in A in A. auriculformis  (Chapter 2), and in A. man gium (Atipanumpai 1989), has been 

attributed to variation in g8. A. auriculjformis is relatively resilient to LAVPD, maintaining 

maximum assimilation rate up to a LAVPD of 2.7 kPa (Chapter 6), as seen in Mangosteen 

(Wiebel et al. 1993). Other species have shown reductions in g, and assimilation rate in 

response to increased LAVPD (El-Sharkawy and Cock 1986, Aphalo and Jarvis 1991), even 

at LAVPD as low as 1.0 - 1.5 kPa (Muchow et al. 1980, Mooney et al. 1984, Turner et al. 

1984, Tenhunen et al. 1986). Declines in g, can lead to reduced assimilation rate as CO2  

becomes limiting (Grantz 1990, Grantz and Meizner 1990). Additionally, declines in g, in 

response to large LAVPD frequently lead to reduced E, as the leaf strives to conserve water. 

Reduced evaporative cooling of the leaf can lead to larger leaf-air temperature differentials 

and so larger LAVPD. In the present study, E declined (Fig. 12a, b) and 7 increased (Table 

16) between the morning and the afternoon, providing the mechanism for the larger LA VPD 

recorded for the afternoons. 

Possible reductions in A due to large LAVPD, independent of C, may have 

contributed to the observed diurnal decline in g, and assimilation rate, and the involvement 

of an assimilation inhibitor from the root system, responding to increases in E, and/or 

reduction in root water potential has been suggested as a possible mechanism (Zhang and 

Davies 1989, 1993). This may be relevant as during the dry season, reduced soil water 

availability may also limit g, and hence A. (Bates and Hall 1981, Turner et al. 1984, 

Schulze 1986, Meizner et a! 1992). Pre-dawn phyllode water potentials were lower in the 
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dry season than the wet season (Chapter 2), clearly indicating the decline in soil water 

availability that occurred as the dry season progressed. 

4.4.4 Growth rate comparisons 

The fastest growing species (A. crassicarpa) generally had the smallest A, throughout 

the study (average 74.8% of NT A. auriculfonnis), but the largest canopy size. Conversely, 

the slowest growing species had the largest but the smallest canopy size. Tree height 

was thus correlated with tree canopy area (Fig. 13). This finding is in agreement with 

Chapter 3 (provenances of A. auriculformis)  and Atipanumpai (1989, provenances of A. 

mangium). It is possible therefore that increases in A, for these species may be less 

important than increased canopy size when selecting species and genotypes for rapid growth 

rate, a view supported by earlier work (Postuka and Nelson 1986, Poorter 1989). It is 

suggested that for the wet-dry tropical environment, selection for large canopy size at the 

end of the dry season for these species will often yield the genotypes with the largest growth 

rates (Chapters 2 and 3). If the selection is done during the late dry season, the differences 

between trees are most obvious. At this time, soil moisture deficits and LAVPD are largest 

(Chapter 2), forcing some genotypes to be semi-deciduous in an effort to conserve moisture 

(Reich and Borchert 1984, type B), while other genotypes retain their canopies awaiting 

relief from drought at the commencement of the wet season (Reich and Borchert 1984, type 

Q. The limit of growth of the type C response may be the severity of the drought that can 

be tolerated, as the type B plants appear to be less drought tolerant than the type B (Author, 

personal observations). As seedlings are considered to be less hardy than adult trees, the 

limit of usefulness for forestry of a type C species may be constrained by the survival of the 

seedlings through the first three or so years. If the type C species survives, it should 

outgrow the type B species especially during the early years of growth, because the canopy 

is retained for a greater time of the year, and thus annual rate of carbon fixation per tree will 
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be greater, even if the rate of carbon fixation per unit phyllode area is less. In a forestry 

growth cycle of 16 years, the possibility of overshadowing within the canopy may complicate 

the relative growth rates of the provenances and species. However this complication would 

appear to be likely only when the growth rates of the species or provenances during the early 

phase of growth were comparable. 
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CHAFFER FIVE GAS EXCHANGE CHARACTERISTICS OF A. auricu1formis 

GROWN AT FOUR AMBIENT LIGHT FLUX DENSITIES. 

5.1 Introduction 

Trees of the NT provenance region of A. auriculformis  have larger rates of net 

photosynthesis (A), both seasonally (Chapter 2) and diurnally (Chapter 3), compared to 

trees of the Papua New Guinea (PNG) and Queensland (Qid) provenance regions. Despite 

the greater A,, the NT trees exhibited the poorest growth, attributable to the small canopy 

size compared to the trees of the other two provenance regions. Comparative studies of A. 

auriculjfonnis and other fast growing tropical Acacia and Eucalyptus trees have not 

supported the earlier confidence in the growth potential of A. auriculforinis (Liang and Gan 

1991, Yang and Zeng 1991). The poor performance of A. auriculformis in some trials 

compared to other species has been attributed to the small canopy size and extensive 

deciduousness in the dry season (Chapter 2). In contrast, the superior growth rates of 

hybrids of A. man glum and A. auriculfor,nis was partly attributed to the large canopy size 

of the former species and the effects of hybrid vigour (Wickneswari and Norwati 1993). 

of A. auriculforinis  responds in the field to diurnal and seasonal variation in 

leaf-to-air vapour pressure difference (LAVPD), and presumably, to seasonal variations in 

soil water availability (Chapters 2, 3, 4). The negative correlation between A., and LAVPD 

observed in A. auriculformis was greater than for A. crassicarpa, A. man glum and 

Eucalyptus pellita (Chapter 4). The decrease in A in response to LAVPD has been 

attributed to reduced stomatal conductance (ge) (Chapter 2), thus providing an efficient 

mechanism for regulating leaf water content as LAVPD fluctuates (El-Sharkawy and Cock 

1986, Assman and Grantz 1990, DeLillis and Sun 1990, Grantz 1990, Grantz and Meizner 

1990, Aphalo and Jarvis 1991). In A. auricul4formis, reduction in in response to 

increasing LAVPD has been partly attributed to non-stomatal limitation of photosynthesis 
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(Chapter 3), and may represent a direct effect of LAVPD on A.. A decline in in 

response to increased LAVPD, independent of changes in g8, have been previously observed 

in laboratory studies (Raschke and Hedrich 1985, Wong, Cowan and Farquhar 1985), 

although localised stomatal closure may have occurred on the phyllodes, as described by 

Downton et al. (1988), leading to overestimation of Ck. 

Field investigations of the effects of LAVPD upon g and An,,  are constrained by the 

inability to separate the effects of independent changes in phyllode temperature (ii) and 

atmospheric vapour pressure deficit (VPD) which are component parts of LAVPD. 

Therefore, then observed effects of LAVPD upon g, and A, may be due to changes in 7 or 

VPD, or both. Consequently a detailed laboratory study was undertaken to determine the 

response of Anet  to independent changes in LAVPD and T1. 

The light environment experienced by young saplings is frequently different from 

that experienced by the mature canopy of a dominant tree. Generally light availability 

(PPFD) is lower beneath the canopy than above (Chazdon and Field 1987). Studies on the 

acclimation of photosynthesis to different light regimes (Bazzaz and Carbon 1982, Pfitsch 

and Pearcy 1992) have found that shade tolerant species growing at low PPFD availability 

have a suite of characteristics, including low high chlorophyll content, low SLW and 

high 4  (Givnish 1988). However, recent comparative studies of tropical species of early, 

middle and late successional status have failed to find a correlation between successional 

status and ability to acclimate to different light environments (Walters and Field 1987, 

Turnbull 1991). The present study used four different light flux densities to determine the 

extent to which A. auriculfonnis can acclimate its gas exchange characteristics in response 

to the different light regimes. Such information may assist in management strategies for 

seedling growth in commercial plantations of A. auriculformis. 

The responses of assimilation to light flux density and C, were also undertaken. 

These studies provide information concerning the efficiency of light utilisation (Quantum 
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yield derived from A/Q analyses) and the carboxylation efficiency and the maximum rate of 

electron transport (J) (derived from A/C, analyses) (Farquhar and von Caemmerer 1981, 

Evans 1989). Such studies provide important information for a full description of processes 

of acclimation to different light regimes. 

5.2 Materials and Methods 

5.2.1 Plant material and growth conditions 

5.2.1.1 Plant material and growth media 

Seeds of A. auriculfonnis were collected from a mature tree growing in a riverine 

site on the Howard River, Howard Springs, NT (12° 27' S, 131° 03' E). Seedlings of A. 

auriculfonnis (age 4 months) were selected for uniformity of growth and general health for 

the photosynthesis experiment. 

The seedlings were grown from seed in 10 litre white polyethylene bags, with potting 

mix consisting of the following materials by volume: 

2 parts sand 

2 parts coconut fibre (peat moss substitute) 

1 part vermiculite 

1 part perlite 

The constituents were mixed in a cement mixer with approximately 5 litres water. 

Commercial complete fertiliser (Polyfeed soluble, Polyfeed, Australia), with micronutrients, 

was added at fortnightly intervals (100 ml) to each pot. Irrigation was automated, with 

drippers in each pot (4 litres per hour) providing 2 litres per irrigation, three times per day. 

The shadehouses were constructed of steel framework (approximately 4 x 4 x 2 

metres) with wire bracing, and covered on sides and top with shadecloth of differing 
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transmission levels. Shadecloth was selected to yield approximately 1, 5, 30 and 70% of 

full sunlight. To obtain 1% sunlight it was necessary to use double layers of 5% shadecloth. 

5.2.1.2 Shadehouse environment 

Dry bulb air temperature (T), relative humidity (RH) and photosynthetic photon 

flux density (PPFD) were logged over a twenty-four hour period using a LI-COR LI- 1000 

datalogger (LI-COR, Lincoln, USA), coupled to two LI-COR quantum sensors and two 

Vaisala Humicap (HMP-35A) RH and T j,  sensors. Samples were averaged every fifteen 

minutes from data collected every minute. Results described are the mean of the two 

sensors, for the 24 hour period. 

5.2.2 Gas exchange measurements 

Phyllodes used in the laboratory gas exchange measurements were chosen on the 

basis of having similar light saturated CO2  assimilation rates, as determined with a portable 

gas exchange system (LI-COR LI-6200, Lincoln, USA). Gas exchange in the laboratory was 

measured using a purpose built open exchange system (Plate 10), as described below. 

5.2.2.1 Phyllode cuvette, temperature and PPFD control 

The system was composed of three water-cooled aluminium leaf cuvettes 

with glass tops (dimensions 170 (1) x 120 (b) x 50 (d) mm). Temperature control inside the 

cuvette was by a refrigerated water bath (Haake G8, West Germany) which circulated water 

through the cuvette floor, with regulation by controlling the temperature of the coolant. 

Phyllode temperatures were measured using a thermocouple adpressed to the underside of 

the phyllode and connected to a digital thermometer (Fluke 52 K/J, Fluke Inc., USA). Two 

50 mm miniature computer fans (Micronel, Radiospares Ltd., Australia) provided air 

circulation within each cuvette. Incident light flux density (jimol m2  s') was determined 



Plate 10. Schematic diagram of the laboratory gas exchange system as used in Chapters 5 and 6. 
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with photodiodes (1 mm2  Silicon planar PIN, BPX 65, Radiospares Ltd., Australia) beside 

the phyllode, with the signal amplified and measured with a multimeter. Illumination was 

by high intensity metal halide lamps (Wotan HQI, 400 W), one per cuvette, and incident 

light was controlled by a combination of distance of the cuvette from the light source and 

graded neutral density filters (Lee filters, UK). Heat reflective (HR) glass was located 

between the upper surface of the cuvette and the lamps to reduce the heat load. The HR 

glass proved effective in reducing heat load on the cuvette as total incident radiation was 

reduced by 25%, but PPFD only by 8%. This necessitated recalibration of the light sensors. 

5.2.2.2 LAVPD control 

Laboratory-dry air was mixed in a 10 litre glass cuvette, and then 

temperature equilibrated and humidified by passing through 5 metres of coiled tubing and 

three water filled conical flasks located in a large thermostatically controlled temperature 

bath (Julabo F18, Julabo Labrotechnik GMBH, West Germany). A final dry flask prevented 

water ingress to the leaf cuvettes. Humidified air then passed to each of the three cuvettes 

via mass flowmeters (Tylan, USA). The water content of the air was regulated by varying 

the temperature of the water bath within which the flasks were located. 

5.2.2.3 Control of C. 
Control of atmospheric carbon dioxide concentration (Ca) was by a 

combination of scrubbing (Dragersorb, Germany), and addition of CO2. A CO2  cylinder 

(5% CO2. balance nitrogen), controlled by a gas regulator (CIG, Australia), a fine control 

regulator (Brooks Instruments Model 8601C, USA), and a mass control flowmeter (Tylan 

FC260, Tylan Corp., USA) was the CO2  source. CO2  differential between cuvette inlet 

(reference) and outlet (analytic) air was determined by IRGA (ADC 225 Mk. 3, Analytical 

Development Company, UK) acting in differential mode, and absolute CO2  concentrations 



IRGA (Fuji Model ZARAE 151, Fuji, Japan) in line with the first. Thus both CO, 

differential and absolute concentrations could be measured at the same time. 

5.2.2.4 Control of LAVPD 

Determination of photosynthetic response to LAVPD and T1  required a more 

flexible system to control the cuvette inlet air dew point than that described above. The air 

inlet dew point temperature was regulated by mixing in a large chamber (10 litres) relatively 

dry air (dew point approximately 0 °C) with relatively wet air (dew point approximately 40 

°C). Dry air was produced by passing an air stream through an ice bath for sufficient time 

to cause the air to equilibrate to a dew point of 0 °C. Wet air was produced by passing an 

air stream through a series of water filled conical flasks sitting in a temperature controlled 

water bath (40 °C). Flow rates through the two water baths were regulated using two flow 

controllers (Dwyer Ratemaster®, Dwyer Instruments Inc. USA). In practice, the dew point 

of the outlet air of each bath closely followed the bath temperature, with less than a 1 °C 

differential. Mixing of the outlet flows of the two baths allowed accurate dew point control 

(variation less than 0.3 °C). Water content of the cuvette inlet and outlet air was measured 

with a cooled mirror dewpoint hygrometer (Bingham Interspace BI-5E, USA). 

5.2.2.5 Control of condensation 

Condensation of the moist air produced by the RH control system can be a 

serious problem when the dew point of the air rises above the temperature of the air-

conditioned laboratory. To allow the gas exchange system to operate at low vapour pressure 

deficits, prevention of condensation in the cuvettes, mass flowmeters, and gas lines was 

required. The system adopted consisted of five strategies: 

a. All air tubing was heated by resistance wire (Dick Smith Electronics, Australia, 6 Ohms 

per meter), powered by a 12 Volt 5 Ampere transformer (Dick Smith Electronics, Australia). 
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Lengths of the resistance wire were selected to provide a tubing wall temperature of 45-50 

°C, at approximately 2 watts per metre of piping. This temperature was selected as it was 

above the maximum phyllode temperature used. All air tubing was then lagged to prevent 

heat loss (Armaflex 10 mm ID x 10 mm wall, Armstrong Nylex, Australia). 

The flow controllers were positioned so as to be heated indirectly by the leaf cuvette 

illumination. 

Leaf cuvettes were heated by the illumination system, but care had to be taken so that 

the cuvette cooling system was set at a temperature to prevent condensation on the walls of 

the cuvette. 

Condensation protection for the hygrometer was required, and the method used was a 

150 W lamp as heating element, controlled by a thermometer to give a cuvette temperature 

of 35 ± 2.0 °C. Due to the high thermal inertia of the thick walls of the hygrometer, 

heating for only short periods at long intervals was necessary. 

Prevention of condensation within the IRGAs was carried out as a safety system, as the 

IRGAs detectors operate at 42 °C, but the internal and external plumbing of the IRGAs were 

at room temperature. After the air left the hygrometer, and before entering the IRGAs, 

moisture was condensed in flasks immersed in the 0 °C bath. Relatively dry air then entered 

the IRGAs. 

5.2.3 System calibrations 

The photodiodes used respond to total incident radiation (Watts), so calibration for 

PPFD was made using a LI-COR quantum sensor (LI-COR Inc., USA). The calibration 

curves for the three photodiodes are shown in Appendix 1. Calibration of the Tylan mass 

flow controllers was carried out against volumetric flow into an inverted 1000 ml volumetric 

cylinder filled with water. Typical measurement time was long (30-60 seconds), for greater 

accuracy of flow determination. Calibration curves for the flowmeters are shown in 
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Appendix 2. Calibration of the two IRGAs was carried out routinely during the 

experiments, using a calibrated span gas (350 jil 1', CIG, Australia). Calibration curves for 

the two IRGAs are shown at Appendix 3. 

5.2.4 Gas exchange experimental conditions. 

For A/Ti experiments, LAVPD was maintained at 1.5 ± 0.15 kPa, PPFD at 900 ± 

50 jmol m 2  s1, while T1  was varied from 15 °C to 42 °C in 3 °C steps. The temperature 

giving largest A. was then used for all other experiments. For A/Q experiments, LAVPD 

was maintained at 1.5 ± 0.15 kPa, and 1 at 31 ± 0.5 °C, while PPFD was varied from 

ca. 20 to 1600 jimol m 2  s'. For A/C, experiments, LAVPD was maintained at 1.5 ± 0.15 

kPa, 1 at 31 ± 0.5 °C, and PPFD at 1200 ± 100 14mol m 2  s', while C. was varied from 

approximately 50-800 Itmol mo1'. 

5.2.5 Determination of boundary layer resistance 

Boundary layer resistance (r0 ) was determined for the gas exchange system using 

the method described by Parkinson (1985) and Coombs et al. (1984). Filter paper was cut 

to the size and shape of A. auriculformis phyllodes (Whatman No. 2), moistened and placed 

in the cuvettes. ra  was determined from the equation such that: 

WIx0-x11 

where: 

r0  = boundary layer resistance (s cm-') 

Xf = saturated dew point of air at filter paper temperature (°C) 

X. = dew point of cuvette outlet air (°C) 

x1 = dew point of cuvette inlet air (°C) 
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A = filter paper area, both sides (cm2) 

W = air flow rate (cm3  s 1) 

ra  was then determined for each cuvette at different flow rates and at different temperatures. 

ra  was subsequently converted to boundary layer conductance using the conversion factor of 

Nobel (1987). 

5.2.6 Data analyses 

Gas exchange data were analysed according to the methods described by Von 

Caemmerer and Farquhar (1981) and Coombs et al. (1985). Computer programs were 

written in BASIC, and separate programs were written for A/Q and A/C1  analyses (presented 

at Appendices 4 and 5). The programs included all standard curves, and displayed data for 

PPFD, T1 , A, g, Ca, C1, E, LAVPD and Saturating Vapour Pressure (SVP, kPa), both to a 

printer and to a nominated computer file. 

5.2.7 Phyllode chlorophyll and nitrogen determinations 

Phyllode chlorophyll and nitrogen levels were determined as described previously 

in Chapters 2 and 3. 

5.2.8 Phyllode sectioning 

Hand sectioning of the live phyllode using a scalpel was carried out to determine the 

number of palisade mesophyll layers in the phyllode. Palisade layers were counted using 

light microscopy using a sample of 10 phyllodes from 3 plants from each of the growth 

irradiances (GI). 
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5.2.9 Ulbricht sphere data 

Phyllode absorbance, transmission and reflection values were determined for 20 

phyllodes of each GI using an Ulbricht sphere (Labsphere, USA) by the method of 

Ehleringer (1981). The light source used was a high intensity light source (Hansatech LD1, 

Hansatech, UK) and the PPFD was measured with a LI-COR Quantum sensor (LI-COR, 

Lincoln USA). Standard curves for reflectance were produced using Hansatech reflectance 

standards (Hansatech, UK). 

5.2.10 Statistical analysis 

Statistical methods used in this Chapter were as described for Chapters 2 and 3. 

5.3 Results 

5.3.1 Shadehouse environment 

The PPFD incident at floor level in each shadehouse is shown in Fig. 14a. Actual 

PPFD observed in each shadehouse were found to be 0.8, 5.4, 29.3 and 67.5% of the 

outside ground level reading (midday). The values of PPFD outside for the day of 

observation (1836 jimol m2 1)  were at the lower end of the typical peak values of PPFD 

for Darwin (1800 - 2200 ftmol m 2  s'), due to reduced visibility (haze), a characteristic of 

late dry season atmospheric conditions. 

Air temperature (Ta ) (Fig. 14b) differed diurnally but did not differ between the 

shadehouses. Minimum outside T. was recorded at dawn (20.7 °C) and maximum T.  in the 

afternoon (36.4 °C). The shadehouses generally showed a slower rise in T.  in the morning, 

and slower decline in the afternoon, compared to the outside environment. The diurnal 

range in T.  was thus reduced (21.3 - 35.3 °C in the 1% shadehouse). However, the 



Figure 14a. Photosynthetic photon flux density (PPFD) measured in four 

shadehouses and the ambient site used for growth studies of 

seedlings of the NT provenance region of A. auricuhformis. 

Figure 14b. Air temperature (T) measured in four shadehouses and the 

ambient site used for growth studies of seedlings of the NT 

provenance region of A. auriculfornus. 

Figure 14c. Relative humidity (RH) measured in four shadehouses and the 

ambient site used for growth studies of seedlings of the NT 

provenance region of A. auriculiformis. 
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differences in T.  between the shadehouses and the outside air were rarely significant during 

the period 0900-1600 hours. 

Relative humidity (RH) differed diurnally and between shadehouses (Fig. 14c). RH 

was greatest at dawn (100%), but declined rapidly during the morning, and was least during 

the mid-afternoon (60%). The decline in RH followed closely the increase in T.  noted in 

Fig. 14b. RH was greatest in the darkest shadehouses and lowest in the 100% sunlight, and 

since irrigation was stopped on the day of measurement, it is expected that when the 

irrigation was continued at the rate of three periods per day, RH will be greater in the darker 

shadehouses, and the differences between the shadehouses and the outside air would have 

been larger. Presence of wind reduced the differences between the shadehouses and the 

outside air, due to the rapid exchange of air in all except the 1 % shadehouse. 

5.3.2 System calibrations 

Calibration of the individual light sensors was required as each sensor differed 

slightly (Appendix 1). The calibration curves of the sensors were found to be composed of 

three linear portions, and there was an additional regression determined for the range 0-200 

tmol m 2  s' to allow accurate determination of the light compensation point of assimilation. 

Linear regressions were included in the BASIC program that was written to calculate the 

PPFD during photosynthesis data processing. 

Calibration of the Tylan mass control flowmeters was carried out (Appendix 2) even 

though these meters are issued with certifications of accuracy. The meters were found to 

have linear voltage outlet response to flow rate, but all meters underestimated flow rate by 

5-10%. Additionally there was a substantial zero error to be removed from readings from 

all flow meters. The calibration curves were incorporated into the BASIC program to 

calculate the photosynthesis data (Appendices 4 and 5). 



Calibration of the two IRGAS showed linear responses of the IRGAs to CO2  

concentration (Appendix 3), but with some error of measurement at larger [CO2]. 

Calibration curves were incorporated into the BASIC program to calculate the photosynthesis 

results (Appendices 4 and 5). 

5.3.3 Boundary layer resistance 

In all observations, dew point of the cuvette outlet air was closely coupled to filter 

paper temperature, indicating a low ra.  Under standardised conditions of 28 °C filter paper 

temperature, Xi  of 15 °C, and Wof 2.01 min', ra  was low in all cuvettes (0.026± .002 s cm 

'in cuvette 1, 0.013± .002 s cm in cuvette 2, and 0.013± .005 s cm' in cuvette 3). These 

values of r2  are more than 10 times less than the expected minimum r, as defined by field 

observations to be 0.5 s cmi.  Response of ra  to flow rate is shown in Appendix (6). r was 

small for flow values above 0.8 1 miii', but for lower flows, ra  increased. Under 

experimental conditions, flow rate was kept above 1.0 1 min', in order to maintain low i. 

ra  response to filter paper temperature over the range 20 - 40 °C is shown in Appendix (6). 

At a flow rate of 1.2 1 miii', and x1 at 10 °C below filter paper temperature, ra  was 

independent of filter paper temperature. 

5.3.4 Reflectance absorbance and transmission 

Phyllode reflectance (Ir)  declined significantly as GI diminished from 100% sunlight 

to 70% GI (Table 21). At lower GI, 4 was not significantly different between GI. The 

greater 4 values observed for the upper surface compared to the lower surface were rarely 

significant. 

Phyllode absorbance (4) increased significantly as the GI decreased. Lowest I. was 

thus seen in the 100% GI, and greatest I. in the 5% GI. Absorbances of the upper surfaces 



Table 21. Reflectance, absorbance and transmission of phyllodes of 

seedlings of A. auriculiformis grown at different growth 

irradiances. Data are means ± standard error. Numbers 

followed by the same letter are not significantly different. 

Refer to Table 1 or to methods section of Chapter 2 for 

statistical methodology. 



Leaf 
Side 

100% GI 
tree 

100% GI 
seedling 

70% GI 30% GI 5% GI 

Reflectance (%) Upper 12.0' 9•91) 8.la 8.Oa 8.0a 
± s.e. ±0.6 ±0.3 ±0.7 ±0.5 ±0.5 

Lower 991 93a,b 6.7- 774k 73a 
±0.6 ±0.3 ±0.7 ±0.5 ±0.5 

Absorbance (%) Upper 82.0' C 84.4e 85.2e, f 
± s.e. ±0.7 ±0.6 ±1.0 ±0.8 ±0.7 

Lower 84.2e 84.9e,  f 86.6f  86.0"  88.39  

±0.8 ±0.6 ±1.0 ±0.8 ±0.6 

Transmission (%) Upper 6•Øh 5• 711 6.711 6.211  4.4' 
± s.e. ±0.3 ±0.6 ±0.5 ±0.5 ±0.2 

Lower 6.Oh 5.8" 6.7h 63h 441 

- 
±0.3 ±0.6 ±0.5 ±0.5 ±0.2 



of the phyllodes were not significantly different from absorbances of the lower sides of the 

phyllodes (Table 21). 

Phyllode transmission (Jr)  was significantly lower in the 5% GI phyllodes than in 

other GI, which were not significantly different in 1. I, was similar for both phyllode 

surfaces. 

5.3.5 Phyllode characteristics 

Phyllode nitrogen (N) content (% dw) was greatest in the 70% GI (3.42%) and 

decreased at lower and higher GI, and was the least in the 5% GI (2.88%) (Table 22). 

Phyllode N content (g m 2) was largest in the 100% GI (3.781 g m 2), and least in the 5% 

GI (1.41 g ma). Differences between GI were smaller when expressed on a phyllode area 

basis. 

Phyllode chlorophyll content (mg (g dw)') was largest in the 5% GI (12.9 mg (g 

dw) 1), and smallest in the 100% GI (3.2 mg (g dw)'). Phyllode chlorophyll content (g rn 2) 

differed between GI with largest content in the 5% GI (0.66 g rn-2) and smallest content in 

the 100% and 70% GI (0.36-0.39 g ma). Chlorophyll a/k  ratio was largest in the 100% GI 

(3.62) and least in the 5% GI (2.73). Specific phyllode area (SLA) differed between GI with 

smallest SLA in the 100% GI (8.30 m2  kg-1) and largest SLA in the 1% GI (20.3 m2  g'). 

Phyllode stornatal density differed between GI such that stomatal density was largest in the 

100% GI (5.85 - 6.05 x 10 cm-2) and least in the 15% GI (4.24 - 4.36 x 10 cm72). A trend 

of larger stornatal densities on the lower side of the phyllode was significant only for the 

100% and 70% GI (Table 22). 

The amount of palisade mesophyll contained within the phyllode differed according 

to GI. The number of palisade mesophyll layers was significantly larger in the greater GI 

than in the lower GI, with typically 4 layers in 100% GI, 3 layers in 70% GI, 2 layers in 

5% GI, and 1 layer in 1% GI (Table 23). 



Table 22. Phyllode nitrogen, chlorophyll, specific phyllode area and 

stomatal densities for seedlings of A. auriculiformis grown at 

different growth irradiances. Data are means ± standard error. 

Numbers followed by the same letter are not significantly different. 

Refer to Table 1 or to methods section of Chapter 2 for statistical 

methodology. 



100% 70% 30% 5% 
GI GI GI GI 

Nitrogen [% dw] 3.08" b 3.42a 3.36a 2.88b 

± s.e. ±.19 ±.17 ±.19 ±.17 

Nitrogen [g dw nr2] 3.71c 3.51' 3•04(1 1.41e 
± s.e. ±.23 ±.17 ±.17 ±.08 

Total Chlorophyll 3.20' 6359 

[mg (g dw)'] ± s.e. ±.11 ±.47 ±.44 ±.93 

Total Chlorophyll [mg m9 0.39' 0.36 0.57' 0.66' 
± s.e. ±.02 ±.05 ±.04 ±.05 

Chlorophyll Ib ratio ± 3.62k 3.45' 3.19m 2.73 
s.e. ±.05 ±.06 ±.05 ±.06 

Specific leaf area [m2  kg'] 8.300  9.72P I 1.0q  20.3r 
± s.e. ±.14 ±.28 ±.31 ±.99 

Stomatal Upper 585008  5420(Y' 49300" 42400W 
Density surface ±600 ±400 ±600 ±600 
(cm 2) Lower 6050(Y 57000 50300" 43600w 
+ - S e surface ±600 ±600 ±600 ±600 



Palisade 100% GI 70% GI 5% GI 1 % GI 
Mesophyll 
layers 

Upper 1.98* 1.91* 1.22b 1.04c 
surface ±.11 ±.08 ±.09 ±.07 

Lower 1.81* 1.2 lb 0.92c 

surface ±.12 ±.09 ±.05 ±.03 

Table 23. Numbers of palisade mesophyll layers for phyllodes from 
seedlings of A. auricu4formis grown at different growth 
irradiances. Numbers followed by the same letter are not 
significantly different. 
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5.3.6 Effect on gas exchange of varying PPFD 

Changes in assimilation in response to PPFD were similar in all GI (Fig. 15a). An 

initial linear response from the compensation point to approximately 400 jimol m 2  s 1  (Fig. 

15b), was followed by an asymptotic response at 95% of A. The response curve then 

flattened sharply to the value of A. 

There were no differences between the 100% GI and 70% GI in apparent quantum 

yield (4)  (0.0389-0.0395 mol CO2  fixed (mol incident light)'), but these were significantly 

less than the 5% GI 0 j. Absorbed quantum yield (), taking into consideration the phyllode 

absorbance (Table 24) was significantly greater in the 5% GI (0.0516 mol CO2 fixed  (mol 

light absorbed)1) than the other GI (0.0461-0.0480 mol CO2  fixed (mol light absorbed)'). 

The data for tree is included for comparison with the seedling results. A.  differed 

between seedlings grown in different GI, with largest A. in the 100% GI, and lowest A.  

in the 5% GI (Table 24). The seedling 100% GI A.  was ca. 47.5% greater than the 5% 

GI A. A, expressed per unit chlorophyll (jun01 (mg Chl)' s') also differed between GI 

with greatest A.  in the 100% GI and lowest A. in the 5% GI. The difference in A, 

(expressed jmol (mg Chl)1  s1) between the 100% and 5% GI was ca. 270%. A. 

expressed per unit phyllode dry weight (mol (g dw)1  s') was significantly different between 

GI, but the differences were smaller than for the other methods of A. expression. Only 

the 5% GI was significantly different from the other three GI, being larger by ca. 46%. 

There were no significant differences between GI in the light compensation point (22.7 - 

26.5 jmol m 2  s 1). 

Significant differences were seen between GI in light saturation point (LSP), defined 

as the PPFD yielding 95% of A. as determined from the regression equations. Largest 

LSP were found in the 100% GI (814 mol m 2  s') , and smallest LSP in the 5% GI (454 

imol m 2  s 1). Significant differences between GI were also seen in the PPFD producing 



Figure 15a. Response of net photosynthesis (A,J to photosynthetic photon flux 

density (PPFD) (range 0 - 400 pmol m 2  s') of phyllodes of the NT 

provenance region of A. auricuitformis for seedlings grown in 

different growth irradiances. 

Figure 15b. Response of net photosynthesis (A_J to photosynthetic photon flux 

density (PPFD) (range 0 - 400 gniol m 2  s') of phyllodes of the NT 

provenance region of A. auricu1formis for seedlings grown in 

different growth irradiances. Determination of the quantum yield of 

photosynthesis. 
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Table 24. Gas exchange values calculated from the AIQ response curves from phyllodes of seedlings of A. auriculij'ormis grown 

at different growth irradiances. Data are means ± standard error. Numbers followed by the same letter are not 

significantly different. Refer to Table 1 or to methods section of Chapter 2 for statistical methodology. 



Gas Exchange Parameter Growth irradiance 

100% GI 100% GI 70% GI 5% GI 
(Tree) (seedling) 

A.  32.7& 298b 25.6' 
(mol m 2  s') ±.79 ±.69 ±.48 ±.29 

A 83.7e 82.8e 4491 30 
(umol (mg Chl)' s') ±2.0 ±1.9 ±.84 ±.44 

A.  0271h 0.289' 0.282", i 0.410 
(mol (g dw)' s') ±.006 ±.007 ±.005 ±.006 

Light compensation point 25.5k 
(mo1 m2 s ) ±2.9 

Apparent quantum yield .0394' 
(') ±.0018 

22.7k 25.3k 
±2.4 ±2.8 ±2.2 
.0389' .0395' .0443m 
±.0015 ±.0013 ±.0018 

Absorbed quantum yield .0480" ° .0461" .0464" .05160  
(c) ±.002 ±.002 ±.002 ±.002 

Light saturation point 814.0" 754.0"' q 636•9q 454. ir 
(zmol m2 1) ±26.2 ±68.2 ±78.5 ±39.5 

PPFD atA50%m.x  419.78 409 45.t 348.0t 248.6" 
(jhmol m 2  s') ±25.9 ±44.2 ±39.1 ±26.8 
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A % , with largest PPFD producing A % in the 100% GI (420 jLmol m 2  s') , and 

smallest PPFD producing A %  in the 5% GI (249 tmol m 2  s 1). 

5.3.7 Effect on gas exchange of varying C. 

The response of assimilation rate to C1  is shown in Fig. 16a. The slopes of the A/C1  

curves for values of C1  below 200 &mol (mol)' (carboxylation efficiency), and the CO2  

compensation points are shown in Fig. 16b and Table 25. Carboxylation efficiencies of the 

plants grown at different GI were not significantly different (0.107 - 0.119 mol m 2  s'), but 

compensation points differed significantly between GI. The lowest compensation point (42.9 

mol mo1') was found for the 70% GI, and the largest compensation point for the 5% GI 

(69.7 timol m01'). The 100% GI seedlings were intermediate in CO2  compensation point 

(49.9 jimol m011). 

Rates of CO2  saturated photosynthesis (J, ILmol m 2  s') differed between GI, with 

smallest J in the 5% GI and largest J.  in the 100% GI. When expressed on a per mg 

chlorophyll basis, J. was largest in the 100% and 70% GI (66.6-66.8 timol (mg Chl)' s') 

and smallest in the 5% GI (34.6 tLmol (mg Chl)' s 1). In contrast, expression of J. on a 

gram dry weight basis showed no significant difference between the GI (0.215-0.234 jmol 

(g dw) 1  s'). 

5.3.8 Effect on phyllode gas exchange of varying T1  

T1 had a significant effect upon assimilation rate (Fig. 17), for phyllodes from all GI. 

There were no significant differences in the temperature response of assimilation rate of 

phyllodes taken from trees growing in different irradiances. Consequently data for all 

phyllodes from all GI have been pooled. Data have been normalised as a percentage of the 

maximum recorded A. for each phyllode. The optimum temperature for photosynthesis for 

all light regimes was found, by solving the quadratic regression (Fig. 17), to be 28.2 °C. 



Figure 16a. Response of net photosynthesis (A,..d ) to interstitial carbon 

dioxide concentration (C) of phyllodes of the NT provenance 

region of A. auriculiformis for seedlings grown in different 

growth irradiances. 

Figure 16b. Response of net photosynthesis (A,..) to interstitial carbon 

dioxide concentration (C) (range 0 - 250 Lmol (mo!) 1) of 

phyllodes of the NT provenance region of A. auricuhformis 

for seedlings grown in different growth irradiances. 

Determination of the carboxylation efficiency of photosynthesis. 
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Table 25. Gas exchange values calculated from the A/C1  response curves from phyllodes of seedlings of A. auricuhformis grown 

at different growth irradiances. Data are means ± standard error. Numbers followed by the same letter are not 

significantly different. Refer to Table 1 or to methods section of Chapter 2 for statistical methodology. 



100% GI 70% GI 5%GI 

[CO2] compensation point 49•9a 42.91) 69.7c 
(Lmolmot') ±1.2 ±1.2 ±1.0 

Carboxylation efficiency 0. 107d 0.119' 0.118' 
(mo1 m 2  s') ± .010 ± .010 ± .007 

CO2  saturated net photosynthesis 25.96c 24.05" 19.709  
J (j.mo1 m 2  s') ±.43 ±.50 ±.59 

CO2  saturated net photosynthesis 66.6k  66.8k  34.6' 
J (/Lmol (mg Ch1) 1  s') ±1.1 ±1.4 ±1.0 

CO2  saturated net photosynthesis 0.215' .234) .218' 
J. (jmo1 (mg dw)' s') ±.010 ±.014 ±.015 



Figure 17. Effect of phyllode temperature (T1 ) upon light saturated 

photosynthesis (A) of seedlings of A. auriculifonnis grown 

at different growth irradiances. 

Regression equation: 

= 5.292(T) - 0.094(T)2  - 51.77. r2  = 0.9, n = 3. 
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A., was very sensitive to temperature, such that a 70% reduction in A. occurred in response 

to an increase of 12 °C or a decrease of 13 °C. 

Changes in 7 produced significant changes in the g1  of the phyllode (Fig. 18a), but 

the percentage change in g1  with change in T were the same in all GI, so data have been 

pooled for presentation. g8  was a maximum (616 ± 10 mmol m 2  s1  in the 100% GI) at 

24.7 °C, and declined as T was reduced below or increased above this temperature. 

Increasing the T1  to 40 °C resulted in a 75% reduction in g, while decreasing T1  to 15 °C 

caused a 29% reduction in g,. 

In contrast to assimilation rate and g1, C1  of the phyllodes declined linearly and 

significantly as T was increased (Fig. 18b), being maximum (290 ± 5 jmol mo11) at 15 °C, 

minimum at 40 °C (255 ± 5 Amol m011), a decline of 12.1%. 

5.3.9 Effect on phyllode gas exchange of varying LAVPD 

A.  declined with increasing LAVPD (Fig. 19a), and the response of all phyllodes 

from different GI were similar, so data have been pooled. The largest A.  (22.3 ± 0.8 

mol m 2  s 1) was recorded at the lowest LAVPD attainable (ca. 1 kPa), with decline to the 

lowest A.  (18.2 ± 1.2 Amol m2 1)  at an LAVPD of 4.5 kPa. This decline represented 

a fall of 14.5%, and occurred despite constant T1  during the experiment (28 ± 0.2 °C). 

LAVPD had a significant effect upon g for all GI (Fig. 19b), and was similar for all 

GI. Data for all GI have been pooled for presentation and analysis. Lowest g1  (254.5 mmol 

m 2  s') was measured at the smallest LAVPD (0.8 kPa), and the largest g1  (480 mmol m 2  s') 

at an LAVPD of 2.9 kPa. Thereafter, g. declined 38% to 298 mmol n12  s 1, at the maximum 

LAVPD of 4.5 kPa attainable in the system without increasing 7. 

Phyllode internal CO2  concentration (C1 ) was essentially independent of LAVPD in 

the range 0.8 kPa to 3.0 kPa (Fig. 20). However, at LAVPD > 3.0 kPa, C1  declined 

gradually, such that at 4.4 kPa, C1  had declined by 10%. 



Figure 18a. Effect of phyllode temperature (T1 ) upon stomata! 

conductance (gj of seedlings of A. auricuhfonnis grown at 

different growth irradiances. 

Figure 18b. Effect of phyllode temperature (T1 ) upon interstitial carbon 

dioxide concentration (Ci ) of seedlings of A. auricuhj'onnis 

grown at different growth irradiances. 
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Figure 19a. Response of light saturated photosynthesis (Amax ) to leaf-to- 

air vapour pressure difference (LAVPD) of phyllodes of the 

NT provenance region of A. auriculiformis. Results for all 

growth irradiances have been pooled. 

Figure 19b. Response of stomatal conductance (ga) to leaf-to-air vapour 

pressure difference (IAVPD) of phyllodes of the NT 

provenance region of A. auriculiformis. Results for all growth 

irradiances have been pooled. 
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Figure 20. Response of interstitial carbon dioxide concentration (C1 ) to 

leaf-to-air vapour pressure difference (LAVPD) of phyllodes 

of the NT provenance region of A. auricuhfonnis. Results for 

all growth irradiances have been pooled. 
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5.4 Discussion 

5.4.1 Response of Aie  to Q 

5.4.1.1 Differences in A. 

A. auriculfonnis naturally occurs as a riverine or rainforest verge species, in tropical 

Australia and New Guinea. It may be expected that the gas exchange characteristics of the 

species may reflect the environment in which the plant is grown. Trees adapted to full 

sunlight tend to have large A, a low light compensation point, a lower 4,, higher phyllode 

temperature optima, and greater transpiration rates (E) than trees either shade adapted or 

from temperate climates (Fonteno and McWilliams 1978, Björkman 1981, Langenheim et 

al. 1984, Mooney et al. 1984, Friend 1984, Evans 1986, Givnish 1988, Osmond and Chow 

1988, Woodward 1990, Cui et al. 1991, Riddoch et al. 1991, Turnbull 1991). Mooney et 

al. (1984) suggested that fast growing gap species have the highest photosynthetic capacities. 

A. auriculfor,nis is such a fast growing species, and exhibited a large A, particularly in 

the 100% GI (Table 24). The A. determined in the present study were greater than those 

reported for upper canopy sun and shade type leaves in a tropical rainforest (12.6 - 18.9 

mol m 2  s', Mooney et al. 1984), some Australian rainforest species (Turnbull 1991), and 

Eucalyptus tetrodonta (Eamus et al. 1994). 

The percentage difference in A, as expressed on a phyllode area basis, between 

the 100% GI and the 5% GI was found to be 47.5%. The greater A. per unit phyllode 

area in the 100% GI compared to the 5% GI could be due to differences in SLA, and 

differences in nitrogen and chlorophyll content per unit phyllode area between plants grown 

at different GI. Reduced SLA and reduced nitrogen content (per unit phyllode area), and 

increased chlorophyll content are a feature of low light adapted leaves (Mooney et al. 1984, 

Evans 1986), although these changes were not seen in some species adapted to extremely low 
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light levels (Wiebel et al. 1993). The present data (Table 22) do indeed show a reduced SLA 

and nitrogen content per unit area, and an increased chlorophyll content as GI was increased. 

The reductions in SLA and nitrogen content per unit area are partially due to the reduction 

in phyllode thickness as the number of palisade mesophyll layers decreased in response to 

declining GI (Table 23). The reduction in A, per unit phyllode area with decreasing GI 

is therefore a result of decreased phyllode thickness, and reduced investment of N, per unit 

area, as GI declined. 

When expressed on a chlorophyll content basis (Table 24), the differences in A. 

between GI increased. A.  declined by 63.4% between the 100% GI and the 5% GI. Large 

investment in the light harvesting complex is a feature of low light adapted phyllodes, 

compared to full sunlight adapted phyllodes (Evans 1986, Givnish 1988). This is because 

large chlorophyll content in shade adapted phyllodes results in greater efficiency of light 

capture at low light levels, as resources are directed to light capture. At saturating levels 

of PPFD, the large chlorophyll content and lower Rubisco levels of the low GI phyllodes 

leads to limited carbon fixation compared to high GI, so the rate of assimilation per unit 

chlorophyll is lower for low GI adapted phyllodes. Adaptation to shade is also associated 

with lower chlorophyll a/k ratio (Evans 1986, Sun Jisheng 1986), and differences in 

chlorophyll a/k ratio observed between sun and shade adapted leaves have been correlated 

with degree of granal stacking (Aro et al. 1986). Greater granal stacking apparently allows 

more efficient light utilisation by prevention of energy migration from PS II to PS I (Aro et 

al. 1986). Presumably the differences in chlorophyll a/b ratio observed in plants grown in 

different GI (Table 22), reflect variations in granal stacking (Aro et al. 1986). Reduced 

electron transport capacity and maximisation of light harvesting are also suggested features 

of low GI leaves (Lichtenthaler et al. 1981, Terashima and Inoue 1985, Aro et al. 1986). 

By way of contrast, when A. was expressed on a dry weight basis, the difference 

in A.  between the 5% GI and the 100% GI was 41%. Thus A.  expressed on a dry weight 
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basis was greater in the lowest GI. At the same time, the SLA of the 100% GI phyllodes 

was 109% smaller than that of the 5% GI phyllodes (Table 22). Investment in phyllode dry 

weight was much greater in full sun compared to low GI, and a larger proportion of this dry 

weight often relates to structural (non-photosynthetic) material. If assimilation is expressed 

per unit dry weight, a larger value will be obtained for low GI adapted phyllodes because 

a greater proportion of dry matter was invested in the photosynthetic apparatus. Thus 

although the 5% GI phyllodes have reduced electron transport capacity and carbon fixation 

potential, leading to lower A, when compared to the full sun GI, the reduced phyllode 

thickness, combined with greater chlorophyll content, permits the phyllode to have a larger 

A when expressed on a dry weight basis. 

Nitrogen is considered a strong determinate of leaf photosynthetic capacity (Mooney 

et at. 1984, Field and Mooney 1986, Givnish 1988). Differences in A.  between GI may 

also result from differences in nitrogen allocation to photosynthesis (Medina 1984, Givnish 

1988, Evans 1989), for the large pools of enzymes and proteins required to support large 

rates of CO2  uptake (Field and Mooney 1986, Givnish 1988). The lower leaf nitrogen 

contents are maintained in phyllodes from low GI since this may optimise the distribution 

of N within the plant. When light is limiting, the potential for large A.,, is low, and 

therefore a large investment of N in photosynthetic machinery is not an optimal strategy for 

resource use allocation. Significant differences in N between phyllodes from trees grown 

at different GI were observed in the present study (Table 22) and support this interpretation. 

In addition, reduced dark respiration can increase the photosynthetic carbon gain by the leaf 

(Givnish 1988). 

5.4.1.2 Differences in quantum yield 

Quantum yield (4)  of C3  dicots and C3  monocots is similar at 30 °C, at 0.053 - 

0.054 mol mo1' (Ehieringer and Pearcy 1983). The 4a  determined in the present study, 
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using the gas exchange system for phyllodes on attached plants in the dry season, were lower 

than those measured for 14 C3  species (Ehieringer and BjOrkman 1977, Oquist et al. 1978, 

Ehieringer and Pearcy 1983). 0. is generally greater in low GI plants (Boardman 1977, 

Mooney et al. 1984, Oberbauer and Strain 1986), as found in the present observations, in 

contrast to other observations (Björkman et al. 1972, Wiebel et al. 1993). However, the 

100% GI plants still showed a lower 0. than other published values (Ehieringer and 

Björkman 1977, Ehieringer and Pearcy 1983). The lower than expected 0 may be caused 

by photoinhibition, due to deflection of excess excitation energy away from the reaction 

centre (Osmond and Chow 1988). This represents a method of protecting the reaction centre 

from damage from excess light (Björkman 1987). The absence of large increases in 0a  in 

the present study, as GI was reduced, would tend to preclude photoinhibition as the cause 

of the lower 0a  Previous studies have noted low and variable 0. in tropical trees 

(Langenheim et al. 1984, Wiebel et al. 1993). Alternatively, Evans (1986) and Oquist et 

al. (1982) have found quantum yields tend to be similar in leaves adapted to different growth 

irradiances. Differences in between GI (Table 24) could not be explained by differences 

in quantum absorbances, as the greatest absorbances were in the lowest GI and these plants 

also had the largest Oi. The differences in Oi  between GI were thus reinforced when 

expressed as 4a. Ehieringer and Björkman (1977) found that 4a  varied ± 20% as leaf 

temperature was changed, but that maximum 0. differed less than 3% between species. The 

present result found differences in 0. between full sunlight GI and 5% sunlight GI, at 

optimum T1 , of ca. 13%. 

Temperature may have contributed to the differences in 0. obtained for different GI 

(Ehleringer and Pearcy 1983), as the response of 0. to temperature of the different GI was 

not investigated. However, as the 0a  investigations were carried out at the T yielding A,, 

an effect of temperature on 4  is considered to be minimal. Differences in light spectral 

quality between the GI treatments may have contributed to the differences in 0a  as previous 
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studies have noted variation in 0. in response to light spectral quality (Evans 1986, Cui et 

al. 1991, Turnbull 1991), but this was not examined in the present experiment. Differences 

in light spectral quality may have occurred due to the different types of shadecloth used for 

the shadehouses. 

Differences in 4  between GI may be the result of sampling error, due to the small 

sample size (3) used at each GI. Differences in 0. between GI may also be explained by 

differences in nitrogen content, SLA and chl alb ratio. Shade adapted phyllodes maximise 

the light harvesting complex (through granal stacking, and lower chi alb ratio) at the expense 

of electron transport (Givnish 1988). Additionally reduced dark respiration in low GI 

phyllodes permits larger net CO2  assimilation at low irradiances, when compared to 

phyllodes grown in high GI. Thus at low irradiances, A was greater for the low GI 

phyllodes than for the high GI phyllodes because 4, was larger in lower GI, even though light 

saturated A. was lower in the low GI phyllodes. 

5.4.1.3 Differences in light compensation point 

The decline in light compensation point (LCP) under low GI, has been largely 

attributed to reduced dark respiration (R,)  (Fonteno and McWilliams 1978, Givnish 1988). 

LCP did not change in response to GI in the present study. The lack of decline in LCP 

under low GI suggests that Rd  remained similar in low and high GI. The lack of change in 

R4  between GI would appear to contrast the large reductions in phyllode thickness under low 

GI, and Rd  per unit dry weight may, in fact, be larger under low GI. This may be further 

evidence of the poor adaptation of this species to low GI conditions. 

Reduction in LCP with reduced GI was also a feature of low light adapted species 

such as Piper sp. (Mooney et al. 1984). Givnish (1988) summarises that the light 

compensation point has little meaning for net carbon gain, and that the compensation point 



105 

is influenced by the rates of dark respiration, leaf construction costs, and construction costs 

of associated support tissue. 

5.4.2 Response of A to C1  

There have been few detailed studies of effects of [CO2] on the photosynthetic 

capacity of plants of the wet tropics (Mooney et al. 1984, Tenhunen et al. 1984). In the 

wet-dry tropics, studies of A/C1  are even less evident (Wiebel et al. 1993 - Garcinia 

mangostana, Eamus et al. 1994 - E. tetrodonta). The slope of the initial response of to 

C, above the CO2  compensation point is a measure of the carboxylation efficiency (CE) 

(Tenhunen et al. 1984, Evans 1987, Wiebel et al. 1993). This is a measure of Rubisco 

activity in vivo, and increased CE as shade tolerance increases has been observed amongst 

different species (Teskey and Shrestha 1985). In the present investigation, CE was not 

significantly different in phyllodes grown at different GI (Table 25). This result agrees with 

that of Wiebel et al. (1993) who studied a tropical species (G. mangostana). In contrast 

Riddoch et al. (1991) and Evans (1987) found differences in CE of leaves growing in 

different GI. Furthermore, differences have been found in CE between sun and shade 

adapted species (Teskey and Shrestha 1985) and diurnal variation in CE has also been 

reported (Tenhunen et al. 1984). The CE of phyllodes grown in the 100% GI (0.107 jimol 

m 2  s1 , Table 25) was greater than forE. tetrodoiva (0.076 jimol m 2  s1 , Eamus et al. 1994), 

Garcinia mangostana (0.024 tLmol m 2  s1, Wiebel et al. 1993) and Quercus suber (0.023 

mol m 2  s1 , Tenhunen et al. 1984), indicating that in vivo Rubisco activity of A. 

auriculfonnis was greater than that of these other species. A. auriculformis may maintain 

a larger CE by larger Rubisco content or a higher activation state of the enzyme, but the 

reason for the greater CE is not apparent at this time. This suggestion is supported by the 

significantly larger A. of A. auriculformis compared to these species under non-limiting 
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conditions of CO2  and PPFD. Furthermore, A. auriculformis would appear not to adjust 

CE in response to different GI. 

The CO2  compensation point was significantly greater in the 5% GI, than the other 

GI (Table 25), and was comparable to Cassava (68 ILmol mo11, Mahon et al. 1977), and 

Mangosteen (42-50 Amol mo11, Wiebel et al. 1993). The J.  and CE determined for A. 

auricu!for,nis, however, are substantially larger than the values reported for these species. 

The low CO2  compensation point determined for A. auricul4forinis was relatively low, despite 

the larger J,, and CE. This may suggest that under high GI, respiration of A. 

auriculfor,nis may be proportionally lower than these other species. 

J. of the seedlings differed between GI, with largest J. in the full sun GI, and 

smallest J, in the 5% GI, as has been found in previous studies (Sharkey 1985, Wiebel et 

al. 1993). The larger J observed at larger GI indicates an enhanced ability to regenerate 

ribulose- 1,5-bisphosphate (Farquhar and Von Caemmerer 1981), or regenerate ATP (Sharkey 

1985). Shade adaptation also includes increased allocation of plant resources to light 

interception (Givnish 1988), and thereby reduces the total capacity for electron transport, 

since a large electron transport capacity is not being needed where light is limiting (Evans 

1987). Thus as GI increased, the allocation of N to carbon fixation (Rubisco and Calvin 

cycle enzymes, and electron transport proteins), as opposed to light capture, increases. 

Consequently, the capacity for a high J.  increases, and this capacity for high J. is utilised 

by the high light flux density present in high GI treatments. 

5.4.3 Response of A to T1  

The narrow optimum phyllode temperature for assimilation, with a steep decline as 

temperature decreased or increased from this optimum (Fig. 17) is a feature of A. 

auricu!formis and was also reported for Quercus suber (Tenhunen et al. 1984). Many other 

species show a broad temperature optimum with a slower decline in A. as T1  rises above 
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or falls below the optimum (Mahon et al. 1977, Kumar and Tieszen 1979, Ludlow 1981, 

Mabrouk et al. 1984, Downton et al. 1986, Wiebel et al. 1993). The lack of differences 

between GI for the temperature optimum suggests that under the experimental conditions, 

g and E were sufficient in the 100% GI to prevent the development of significantly higher 

phyllode temperatures. Such higher phyllode temperatures in the greater GI may have 

caused higher phyllode 

The effect of temperature upon A. is partly a result of changes in the apparent 

quantum yield of photosynthesis (Farquhar et al. 1980), and partly due to the effects of 

reduced g to limit E (see Chapter 3). Reduction in g8  to limit E is an effective method to 

conserve water (El-Sharkawy and Cock 1986, Aphalo and Jarvis 1991), but the decline in 

g may limit CO2  influx and thus reduce C. Reduction in C will lead to lower A. The 

effects of temperature on quantum yield are due to changes in the levels of 02  inhibition 

resulting from the influence of temperature on the relative solubilities of 02  and CO2  in 

water (Ehieringer and Björkman 1977, Ku and Edwards 1977, Walker et al. 1979). 

Reduced CE and increased CO2  compensation points with increased temperature have also 

been observed (Tenhunen et al. 1984). 

Hsiao (1973) states that most plant processes have broad temperature optima, and 

the rise in 7 in response to reduced E is generally only a few degrees. Therefore, he 

concludes, it is reasonable to assume that except in some specific circumstances moderate 

elevation in T does not play a general role in decline in Anet  and E. The magnitude of the 

temperature rise is proportional to the radiation load on the leaf (Hsiao 1973). The excess 

light generates heat, which leads to increased 7 (Rice and Bazzaz 1989a).  

Reduction in in response to changes in 7 may appear in the first instance, to be 

in response to changes in g, as T1  changes (Figs 11, 18a). However the reduction in C, as 

T increased was linear, from a maximum at 15 °C (Fig. 18b). Thus as temperatures were 

reduced below the optimum for C increased whilst A decreased, and so a limitation 
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on A., by C1  cannot explain the decline in at sub-optimal T1. Therefore there may be a 

direct effect of temperature upon A1111  independent of g8. Above the optimum temperature 

for (in the range 28 - 40 °C), g and C, declined. Yet generally as C, declines, g, should 

increase to allow stabilisation of C1 . Phyllode temperature is thus overriding the opening 

response of g5  to reduced C1. The observed decline in C, in response to reduced g, may have 

caused substrate limitation to CO2  assimilation. However the decline in C1  from 28 - 40 °C 

was Ca. 10% (Fig 18b), compared to a decline in A., of Ca. 60% (Fig. 17). A decline of 

10% in C1  should only account for a decline of Ca. 10% in (Fig. 16a), and so C1  

limitation at higher temperatures does not preclude an effect of temperature on directly. 

5.4.4 Response of A to LAVPD 

The Anet  of A. auriCu1formis was found to be relatively insensitive to moderate 

LAVPD. Up to an LA VPD of 2.7 kPa, maximumA was maintained. Apart from the value 

of g, at an LAVPD of 1.0 kPa, which may be the result of unobserved condensation in the 

leaf cuvettes producing an artificially low value, g also remained large up to an LAVPD of 

Ca. 2.8 kPa. In contrast, C1  was largest at the lowest LAVPD, and decreased with increasing 

LAVPD. Reduced An,, occurred over the lower LAVPD range (1-3 kPa), but g and especially 

C1  remained large, and probably non-limiting. Lack of stomatal limitation to A.,, in this 

LAVPD range suggests that A fl(  was affected directly by LAVPD. Non-stomatal effects of 

LAVPD upon have been recorded previously (Turner et al. 1984, Aphalo and Jarvis 

1991, Chaves 1991, Mott and Parkhurst 1991) and have been attributed to patchy stomata! 

closure (Terashima et al. 1988, Mott and Parkhurst 1991), increased abscisic acid levels 

(Downton et al. 1988, Grantz 1990, Chaves 1991), shortage of water supply from subsidiary 

and epidermal cells to the guard cells (Nonami et al. 1990), or to other undefined non-

stomata! limitations (Bunce 1988, Chaves 1991). 
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Increasing LAVPD above 3.0 kPa leads to decline in both g8  and C1 , and the 

reduction in g usually leads to reduced assimilation rate (Fig. 19b, 20) (Sharkey 1984, 

Hollinger 1987, Pearcy 1987, Ellsworth and Reich 1992). Reductions in at midday or 

in the afternoon, which may result from increased LAVPD, have also been documented 

(Tenhunen et al. 1984). Yet generally, as C1  declines, g, should increase (Cowan 1977, El-

Sharkawy and Cock 1986, Aphalo and Jarvis 1991), to allow the phyllode to regulate C1. 

Increasing LAVPD appeared to override the opening response of g, to reduced Q. The 

decline in C in response to reduced g, may have caused substrate limitation to CO2  

assimilation. However the decline in C, at an LAVPD of 3.0 - 4.5 kPa was Ca. 7% (Fig 20), 

compared to a decline in A.,(,, of Ca. 6% (Fig. 19a). A decline of 7% (from 280 - 260 jimol 

mo11) in C, should account for only a decline of Ca. 1% in (Fig. 16a). C limitation at 

larger LAVPD could not account for the reduction in A, observed, suggesting that LAVPD 

was affecting A fl(t  directly. 

Such an effect of LAVPD on A.,t  has been suggested previously (Chapter 3). A 

similar pattern in Mangosteen was observed (Wiebel et al. 1993). In contrast, a low light 

adapted species from tropical rainforests (Piper hispidum) have stomata relatively insensitive 

to [CO2] but show a marked reduction in g, as relative humidity declined from 100% 

(Ellsworth and Reich 1982). If either atmospheric [CC)2] decreases or g, declines, C, can 

decline, and lead to lower An,  However if the stomata are insensitive to [CO2], the 

reduction in g, must be due to the change in LAVPD. Other species have also shown 

reductions in g and An,, in response to increasing LA VPD (Mooney et al. 1984, Turner et 

al. 1984, Tenhunen et al. 1986). Conversely, some species in low LAVPD conditions were 

reported to show little response to changes in LAVPD, although it is apparent that the 

LAVPD to which these species were exposed were very low (less than 1.6 kPa) (De Lillis 

and Sun 1990). 
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CHAPTER SIX. GAS EXCHANGE CHARACTERISTICS OF SEEDLINGS OF 

THREE PROVENANCE REGIONS OF A. auricuhformis 

GROWN UNDER SHADEHOUSE CONDITIONS. 

6.1 Introduction 

Net photosynthesis (A), as measured per unit leaf area, is an unreliable predictor 

of plant dry weight gain, despite the fundamental importance of the process of carbon 

fixation. In some studies a positive correlation between and growth rate have been found 

(Campbell and Rediske 1966, Basshan 1977, Zelitch 1982, Sun 1986), but in many others 

no correlation could be found (Elmore 1980, Gifford and Evans 1981, Postuka and Nelson 

1986, Atipanumpai 1989, Poorter 1989, Korner 1991). The lack of significant correlation 

between and growth rate has been attributed to the influences of canopy size (Poorter 

1989), dry matter partitioning (Korner 1991) and leaf life span and/or leaf cost benefit, the 

ratio between construction cost and assimilation return (Sobrado 1991). 

The dissimilar rankings of species by size of Anet  and growth rate are also seen 

between genotypes within a species. Frequently genotypes with the smallest A, show the 

fastest growth rates (Ceulemans et al. 1980, Ladipo et al. 1984, Atipanumpai 1989, Chapter 

3). Differences in A. between provenances of A. auriculiformis have been observed in the 

field on Melville island (Chapter 2), and these differences were maintained diurnally and 

seasonally (Chapter 3). The dissimilar rankings of genotypes based on A,, and growth rate 

were due to the same causes as stated for the between-species studies, namely canopy size, 

and possibly the ratio between leaf construction cost and net assimilatory return (leaf cost 

benefit) and dry matter partitioning. In A. auriculformis provenance growth rate is 

correlated directly with canopy size and the degree of deciduousness during the dry season, 

supporting the observations of Sobrado (1991), who found the largest A. in deciduous 
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species, but greater overall carbon return per unit nitrogen in evergreens because the leaves 

are photosynthetically active for a longer period. 

In addition to a role for canopy size in influencing growth rate, it is likely that 

differences between provenance regions in their responses to environmental variables may 

also influence growth rate. The environment of monsoonal Australia exhibits larger diurnal 

differences in photosynthetic photon flux density (PPFD), phyllode temperature (7, and 

leaf-to-air vapour pressure difference (LAVPD) than seasonal differences (Chapter 2 and 3). 

In a provenance of A. auriculformis  from the Northern Territory (NT), responses of 

photosynthesis to these factors have been described (Chapter 5). Of these factors, the 

response of A. to T was the most striking, with large reductions in A. observed as T1  was 

altered above or below the optimum. In many other species, the response of A. to T is 

small over a wide temperature range (Mahon et al. 1977, Kumar and Tieszen 1979, Ludlow 

1981, El-Sharkawy et al. 1984, Downton et al. 1986, Wiebel et al. 1993). Large diurnal 

variation in 7 and the fact that the daytime T1  in the Top End environment is generally 5 - 

10 °C above the optimum for the species (Chapter 5) suggests that differences in the 

response of A. to T between provenance regions may cause significant differences between 

provenances in annual carbon gain. Thus there is a need to compare the response of 

of genetically different provenances of A. auriculiformis to T1. 

The A. of phyllodes of the NT provenance region of A. auricu14[or,nis has been 

shown to be inhibited by increases in LAVPD (Chapter 5). This response was largely 

determined by reductions in stomatal conductance (ge) for the regulation of phyllode water 

content as LAVPD increased (Ellsworth and Reich 1992). Similar reductions in A in 

response to reduced g as LAVPD increases have been reported (El-Sharkawy and Cock 

1986, Assman and Grantz 1990, DeLillis and Sun 1990, Grantz and Meizner 1990, Aphalo 

and Jarvis 1991). The decline in A. was found to be partly independent of changes in g, 

in the present study, supporting earlier laboratory observations (Raschke and Hedrich 1985, 
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Wong, Cowan and Farquhar 1985). Differences in the sensitivity of A to LA VPD between 

provenance regions may also contribute to the observed differences in growth rate between 

the provenance regions. The aim of the work described in this chapter, is partly to compare 

the response of A. different provenance regions of A. auriculformisto  changes in LAVPD. 

The differential response of A to PPFD between genotypes of a species (Gifford 

et al. 1984, Wells et al. 1982, Wells et al. 1986) can account for differences in growth rate 

between genotypes, if the environment frequently features sub-saturating PPFD. In the wet-

dry tropics, PPFD is usually saturating for assimilation for most of the day, except during 

the wet season when cloud cover is present. The most common differences between 

provenance regions in their response of to PPFD are differences in the rate of light 

saturated assimilation, and/or differences in the quantum yield (4)  (Oberbauer and Strain 

1986). Correlations between size of A and nitrogen content are well established (Mooney 

et al. 1984, Evans 1986), and differences in phyllode nitrogen content between provenances 

of A. auriculfonnis have been suggested as a cause of differences in A between the 

provenances (Chapter 5). This relationship between nitrogen content and A. reflects the 

large nitrogen requirement for the pools of enzymes and other proteins required to maintain 

a large assimilation rate (Evans 1989). 

Differences in 0. between provenances may lead to differences in carbon gain under 

light limiting conditions. The 4a  of the NT provenances (0.035 mol mo11, Chapter 5) are 

lower than for many other species (0.053 mol mor', Ehleringer and Björkman 1977, Oquist 

et al. 1978, Ehleringer and Pearcy 1983). The PNG provenances of A. auricul jformis show 

traits consistent with better adaptation to lower light conditions, when compared to the NT 

provenances. One of the features of plants adapted to low light is a larger (Boardman 

1977, Oberbauer and Strain 1986). Quantification of differences between provenance 

regions in response of A..  to PPFD would allow an understanding of the effects of reduced 

PPFD upon the carbon gain of the different provenances. 



113 

6.2 Materials and Methods 

6.2.1 Plant material 

Seed of A. auriculformis from the Northern Territory (NT), Queensland (Q) and 

Bensbach and Morehead River provenances of Papua New Guinea (PNG) (NT Conservation 

Commission accession numbers 8, 88, 163, 236) were sown in 10 litre white polyethylene 

bags containing the same potting mix, and grown under the same irrigation and fertiliser 

regimes as described in Chapter 5. After 4 months growth in the 70% of full sunlight 

shadehouse (Chapter 5), 12 seedlings were chosen for uniformity of growth for use in 

measurements of assimilation rate, transpiration rate, and stomatal conductance (see below). 

6.2.2 Gas exchange measurements 

Gas exchange in the laboratory was measured using a purpose built open exchange 

system, as described in Chapter 5. Briefly, the system was composed of three water-cooled 

aluminium leaf cuvettes with glass tops, with temperature controlled by a refrigerated water 

bath (Haake, Germany) through the cuvette floor. Phyllode temperature was measured using 

a thermocouple attached to the underside of the phyllode. Two 50 mm miniature computer 

fans (Micronel, USA) provided air circulation within the cuvette. Incident light flux density 

(umol m 2  s') was determined with photodiodes (BPX 65, Radiospares, Australia), with 

cuvette illumination by one high intensity metal halide lamp (Wotan HQI, 400 W) per 

cuvette. Incident light levels could be controlled by a combination of distance of the cuvette 

from the light source and graded neutral density filters (Lee, UK). 

Laboratory dry air was mixed in a 10 litre chamber, temperature equilibrated and 

humidified by passing through 5 metres of coiled tubing and three water filled conical flasks 

in a thermostatically controlled temperature bath (Julabo F18, Germany). A final dry flask 

prevented water ingress to the leaf cuvettes. Humidified air then passed to each of the three 
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cuvettes via mass flowmeters (Tylan, USA). For experiments where leaf-to-air vapour 

pressure difference (LAVPD) was to be varied, dry air, created by passing an air stream 

through an ice bath, was mixed with air humidified at 35 °C using flow control valves 

(Dwyer Ratemaster, Dwyer Instruments Inc. USA). Water content of the cuvette input and 

output air was measured with a cooled mirror dewpoint hygrometer (General Eastern, USA). 

CO2  differential between cuvette input and output air was determined by IRGA (ADC 225 

Mk. 3, England) acting in differential mode. 

6.2.3 Gas exchange experimental conditions. 

For AlT1  experiments, LAVPD was maintained at 1.5 ± 0.25 kPa, PPFD at 1000 ± 

50 j4mol m 2  s', while T1  was varied from 15 °C to 42 °C in 3 °C steps. The temperature 

giving the largest A, was then used for all other experiments. 

For A/Q experiments, LAVPD was maintained at 1.5 ± 0.25 kPa, and 7 at 28 ± 

0.5 °C, while PPFD was varied from Ca. 20 to 1600 limol m 2  s. 

For A/LA VPD experiments, T was maintained at 28 ± 0.5°C, and PPFD maintained 

at 1000 ± 50 jLmol m 2  s, while LAVPD was varied from Ca. 0.5 kPa to 4.8 kPa. 

6.2.4 Data analysis 

Gas exchange data were analysed according to the methods described by Von 

Caemmerer and Farquhar (1981) and Coombs etal. (1985). More detail is given in Chapter 

5 and the programs used in the data manipulation are enclosed at Appendices 4 and 5. 

Determination of A, incident () and apparent (cba)  quantum yields, the light compensation 

point, light saturation point, and the PPFD at 50% of A were as described in Chapter 5. 
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6.2.5 Phyllode chlorophyll and nitrogen determinations 

Phyllode chlorophyll was extracted in chilled acetone (80% v/v, balance water), 

absorbances were determined on a spectrophotometer (Hitachi, Japan) at 645 and 664 nm, 

and chlorophyll content calculated according to the method of Coombs er al. (1985). 

Nitrogen levels were determined by the Kjeldahl method and compared to a glycine 

standard curve, to give nitrogen concentrations (%). The SLA of the sample phyllode was 

used to determine the nitrogen content (mg (g dw)'). 

6.2.6 Ulbricht sphere data 

Phyllode absorbance, transmission and reflection data were determined for 20 

phyllodes of each light level using an Ulbricht sphere (Labsphere, USA) according to the 

method of Ehieringer (1981), and as described in Chapter 5. 

6.2.7 Statistical analysis 

Statistical methods used in this Chapter were as described for Chapters 2 and 3. 

6.3 Results 

6.3.1 Phyllode characteristics 

6.3.1.1 Phyllode nitrogen 

Phyllode nitrogen concentration (N) (Table 26) was significantly different between 

provenance regions. The largest N were found in the NT provenances (4.84%), and smallest 

N in the PNG provenances (3.85 - 4.04%). 

Phyllode nitrogen content (g m 2) differed significantly between provenances, with 

the largest N content in the NT and Morehead River provenances (4.98 - 5.00 g m 2), and 

smallest N content in the Bensbach River provenance (4.08 g m2) 



Table 26. Nitrogen, chlorophyll, and phyllode data for phyllodes of seedlings of four provenance regions of A. auriculifoimis grown under 

shadehouse conditions. Data are means ± standard error. Numbers followed by different letters are significantly different. 

Refer to Table 1 or to methods section of Chapter 2 for statistical methodology. 



NT Qid Morehead R. Bensbach R. 

Nitrogen [% dry weight] 4.84c 4• 31b 404* 3.85* 
± s.e. ±.04 ±.05 ±.04 ±.04 

Nitrogen [g m 21 4.98c 4.66 d 5.WC 4.08* 
± s.e. ±.15 ±.20 ±.17 ±.18 

Total Chlorophyll [mg (g dw)'] 5•34e 4.04* 5.69e 5•57c 

± s.e. ±.44 ±.19 ±.91 ±.50 

Total Chlorophyll [mg m 2] 0.62 g 509  0.73' o.-ri 
± s.e. ±.07 ±.05 ±.14 ±.08 

Chlorophyll ,fk  ratio 39V', ' 4.031  3.80h, i 
± s.e. ±.18 ±.05 ±.29 ±.25 

Specific leaf area [m2  kg'J 9.72k 9.25k 8.08' 7.72 
± s.e. ±.73 ±.48 ±.54 ±.11 

Stomata! density Upper 471700  45260° 42930' 42020' 
[cm 2) ± s.e. surface ±712 ±699 ±521 ±889 

Lower 44260° 40840' 37639' 40150' 
surface ±796 ±641 ±841 ±882 
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6.3.1.2 Phyllode chlorophyll 

Total chlorophyll content expressed on a dry weight basis was smaller in the Qld 

provenances (4.04 mg (g dw)') than in the other three provenance regions (5.34 - 5.69 mg 

(g dw)') (Table 26). Chlorophyll content on a phyllode area basis differed significantly 

between the PNG provenances (0.73 - 0.77 g m) and the Australian provenances (0.50 - 

0.62 g rn-2). 

Chlorophyll il/k  ratio differed between provenances such that the PNG provenances 

were lower than the Australian provenances, with the Bensbach River provenance (3.67) 

significantly lower than the Qld provenances (4.03). Specific phyllode area (SLA) was 

significantly smaller for the PNG provenances (7.72 - 8.08 rn 2  kg-'), than for the Australian 

provenances (9.25 - 9.72 rn 2  kg-'). 

6.3.1.3 Phyllode stomatal counts 

Phyllode stornatal counts were typically larger in the Australian provenances than in 

the PNG provenances (Table 26). The largest stomatal counts were found in the NT 

provenances (47170 rn-2), and the smallest in the Bensbach River provenance (42020 rn72). 

A trend of greater counts on the upper phyllode surface compared to the lower phyllode 

surface was significant in all provenances except the Bensbach River provenance. 

6.3.1.4 Phyllode reflectance, absorbance and transmission 

Reflectance (I)  of phyllodes of the NT provenances (10.13%) was significantly 

smaller than that of Qld (11.71 %) and PNG provenances (11.14 - 11.57%) (Table 27). A 

trend of greater I from the upper surface compared to the lower surface was apparent in all 

provenance regions, but was only significant in the Bensbach River provenance. 



Table 27. Reflectance, absorbance and transmission data for phyllodes of seedlings of four provenance regions of A. auricuitforinis grown under 

shadehouse conditions. Data are means ± standard error. Numbers followed by different letters are significantly different. 

Refer to Table 1 or to methods section of Chapter 2 for statistical methodology. 



Leaf NT Q Morehead R. Bensbach R. 
Side 

Reflectance (%) Upper 10. 13b 11.71A 11 •57a 11. 14 
± s.e. ±.76 ±.38 ±1.1 ±.40 

Lower 942I,c 1042' 107P'' 8.42c 
±.43 ±.38 ±.25 ±.76 

Absorbance (%) Upper 85.9a 82.5b 85.2a 86.5* 
± s.e. ±1.6 ±1.5 ±2.0 ±.6 

Lower 86.4* 83.7*, b MAY 89.2c 
±1.2 ±1.5 ±.9 ±.9 

Transmission (%) 405c 5.81" 3.28e 235d 

± s.e. ±.53 ±.70 ±.66 ±.12 
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Transmission (I) by phyllodes was significantly larger in the Qld provenances 

(5.81%) than in the NT (4.05%) and Morehead River (3.28%) provenances, and were least 

for the Bensbach River provenance (2.35%). 

Phyllode absorbance (4) was smallest in Qld provenances (82.5%), and largest in 

the Bensbach River (86.5%), NT (85.9%) and Morehead River (85.2%) provenances. 

Absorbances from the upper and lower sides of the phyllodes were not significantly different, 

except in the Bensbach River provenance, where absorbance was greater when the lower 

surface was illuminated because reflection from this surface was less than for the upper 

surface. 

6.3.2 Response of phyllode to changes in PPFD 

The response of phyllode to PPFD of the four provenances are shown in Figs 

21 a-d. The response of all provenances followed the same pattern of near linear increase 

of with increasing PPFD, until light saturation of A occurred (A), when there was a 

sharp plateau of the response curve. The values of A. calculated on a phyllode area basis 

for each provenance were significantly different from each other, with the largest A. in the 

NT provenances (29.87 jumol m 2  s') and the smallest A. in the New Guinea provenances 

(25.07 - 26.4 pLmol m2 1)  (Table 28). A.  of the provenance regions (as calculated on a 

chlorophyll basis) also differed significantly between provenance regions, with the largest 

A,, in the Qld (50.1 pLmol mg Chl' s 1) and NT (48.2 jimol mg Chl 1  s 1) provenance 

regions, and the smallest A. in the PNG provenance region (39.9 - 44.5 ttmol mg Chl 1  s1). 

A.  as calculated on a phyllode dry weight basis also differed significantly between 

provenances, with the largestA in the NT provenance region (0.29 Amol (g dw)' 1),  and 

the smallest A, in the Qld and PNG provenances (0.23 Amol (g dw)' s' for Qld, 0.26 

mol (g dw)' s' for Bensbach River; 0.24 imol (g dw)' s1  for Morehead River). 



Fig. 21a. Response of A to PPFD of Fig. 21b. Response of A to PPFD of 

phyllodes of the Northern Territory phyllodes of the Queensland (QId) 

(NT) provenance region of A. provenance region of A. auricuhfonnis for 

auricuhformis for seedlings grown seedlings grown under shadehouse 

under shadehouse conditions. conditions. 

Fig. 21c. Response of A to PPFD of  Fig. 21d. Response of A to PPFD of 

phyllodes of the Morehead R. (PNG) phyllodes of the Bensbach R. (PNG) 

provenance region of A. provenance region of A. auriculfonnis for 

auricuhformis for seedlings grown seedlings grown under shadehouse 

under shadehouse conditions. conditions. 
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Table 28. Data summary of photosynthesis values for phyllodes of seedlings of four provenance regions of A. auriculiforinis grown under 

shadehouse conditions. Data are means ± standard error. Numbers followed by different letters are significantly different. 

Refer to Table 1 or to methods section of Chapter 2 for statistical methodology. 



Photosynthetic parameter Provenance Origin 
- - 

NT 
- 

Qid Morehead R. Bensbach R. 

A.  29.87a 2507b 29. 13C 26.40d 
(J.Lmol m 2  s') ±0.26 ±0.32 ±0.28 ±0.35 

A 48.29  50.1" 3991 343 
(umol (mg chl) 1  s1) ±0.4 ±0.6 ±0.4 ±0.6 

A 0.29e 0.23f 0.24f 0.26f 

(jLmol (g dw)' s-') ±.01 ±.01 ±.01 ±.01 

Light compensation point 74.2k 67. 1" 54.2' 59. 1" 
(mo1 n12  s) ±9.9 ±9.1 ±5.5 ±9.7 

Apparent quantum yield .0326m •0333m .0321m .0326m 
(mol m011) ±.0004 ±.0004 ±.0002 ±.0016 

Absorbed quantum yield .0380 .0401' .0376n .0377" 
(mol m01') ±.0005 ±.0015 ±.0003 ±.0019 

Light saturation point 5950 5401' 577(1 5461' 

(mol m2 s ) ±7.1 ±6.8 ±7.3 ±6.6 

PPFD at A50%, 372r 333t 357' 337t 

(zmo1 ni2  s) ±5.0 
- 

±4.4 ±5.2 ±5.6 
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Conversion of units of A. from a phyllode area basis to chlorophyll or dry weight basis did 

not remove the differences in A. between the NT and Bensbach R. provenance regions. 

Light compensation points of the four provenances are shown in Table 28. The light 

compensation point of the NT (74.2 jumol m 2  s') and Morehead River (54.2 jimol m 2  s') 

provenances were significantly different. 

The incident quantum yields (4)  of each provenance were determined from the linear 

portion of the curves between the light compensation point and 400 jLmol m 2  s* -Oi  of the 

four provenances were not significantly different from each other. Absorbed quantum yields 

(4) were determined from the -Oi  of the provenances (Table 28) and the phyllode light 

absorption measured with the Ulbricht sphere (Table 27). No significant differences in 4a 

were determined between provenance regions. 

Light saturation point (LSP) of each provenance was determined from the regression 

of A versus PPFD for each provenance (Figs 21 a-d), and represents the PPFD yielding 

95% of A,. The ISP of the provenance regions were significantly different, following the 

same trend in magnitude as for A.  expressed on a phyllode area basis (Table 28). The 

largest ISP was seen in the NT provenance region (595 jmol m 2  s'), and the smallest ISP 

in the Qld provenance region (540 jumol ni2  s') and Bensbach River (546 Amol m2 1)  

provenance. 

The PPFD yielding 50% of A.  (Table 28) were determined from the regressions 

of the A versus Q curves for each provenance region (Figs 21 a-d). The differences in PPFD 

yielding 50% of A. between provenance regions followed the same trend as for A. 

expressed on a phyllode area basis, with largest PPFD yielding 50% of A. in the NT 

provenance region (372 Amol m 2  s') and smallest PPFD yielding 50% of A in the Qld 

provenance region (333 jumol m 2  s') and Bensbach River (337 14mol m 2  s') provenance. 
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6.3.3 Response of phyllode A., to T1  

The response of of phyllodes of the provenance regionss to 7 are shown in Figs 

22a-d. In all provenance regions, the T1  response of A.,  followed a quadratic curve, with 

maximum between 23 and 28 T. Differences were found between provenance regions 

in the value of A, the optimum phyllode temperature for A, and the rate of decline 

in '4net  above and below the A.  was largest in the NT provenance region (27.95 ± 

1.58 jimol m 2  s 1) and Qld provenance region (25.78 ± 1.75 jimol m 2  s 1), which were 

significantly greater than the PNG provenance region (22.18 ± 2.51 /Lmol m 2  s1  for 

Morehead River; 25.32 ± 1.37 Amol n12  s' for Bensbach River). The value of Tc,,,t  was 

largest in the Qld provenance (27.5 °C), which was significantly greater than the other 

provenance regions, which were not significantly different from each other (25.4 °C for NT; 

24.8 °C for Morehead River; 25.6 °C for Bensbach River). 

The rate of decline from A as T varied from 1pt  was largest in the Qld 

provenance region, and smallest in the NT provenance regions. A reduction in 7 of 10°C 

from the resulted in the largest decline in the Qld provenance region (35.4%), a 28.3% 

decline in the Morehead River provenance, a 23.6% decline in the Bensbach River 

provenance, and smallest decline in the NT provenance region (10.7%). 

The response of phyllode g to T was similar in all provenance regions (Figs 23a-d). 

Maximum g8  was measured at a T close to the optimum 7 for assimilation (T), and g, 

declined at temperatures below or above this. The Qld provenance region exhibited the 

largest percentage decline in g for a temperature reduction of 12 °C from the optimum 

(23%), whilst the NT provenance region exhibited the smallest percentage reduction (11%). 

The Qld provenance region also exhibited the largest decline in g, for a temperature increase 

of 12 °C above the optimum (65%), and the NT provenance region the smallest percentage 

decline (48%). 



Fig. 22a. Response of A,.. to T1  of 

phyllodes of the Northern 

Territory (NT) provenance 

region of A. auricultj'ormis 

for seedlings grown under 

shadehouse conditions. 

Fig. 22b. Response of A.,t  to T of 

phyllodes of the Queensland 

(QId) provenance region of A. 

auricui(for7nis for seedlings 

grown under shadehouse 

conditions. 

Fig. 22c. Response of A to T of 

phyllodes of the Morehead R. 

(PNG) provenance region of 

A. auricuhformis for 

seedlings grown under 

Fig. 22d. Response of A,. to T1  of 

phyllodes of the Bensbach R. 

(PNG) provenance region of A. 
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Fig. 23a. Response of g1  to T1  of phyllodes of the Northern Territory (NT) 

provenance region of A. auricuhj'ornzis for seedlings grown under 

shadehouse conditions. 

Fig. 23b. Response of g1  to T1  of phyllodes of the Queensland (Qld) provenance 

region of A. auricuhformis for seedlings grown under shadehouse 

conditions. 

Fig. 23c. Response of g to T1  of phyllodes of the Morehead R. (PNG) 

provenance region of A. auriculiformis for seedlings grown under 

shadehouse conditions. 

Fig. 23d. Response of g to T1  of phyllodes of the Bensbach R. (PNG) 

provenance region of A. auriculifoimis for seedlings grown under 

shadehouse conditions. 
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A significant linear decline in phyllode C, occurred as T was increased from 17 °C 

to 40 °C (Figs 24a-d). There were no differences in the slopes of this regression between 

provenance regions. C1  was generally in the range 250-280 jLmol mold over the temperature 

range used in this study. 

6.3.4 Response of phyllode A, to LAVPD 

In all provenances there was a significant linear reduction in assimilation in response 

to increased LAVPD (Figs 25a-d), and the slope of the regressions differed between 

provenances. The NT provenance region showed the least reduction in A. in response to 

increased LAVPD (slope = -0.56), significantly lower than for the Qid and Morehead River 

provenances which were not significantly different from one another (slope = -0.79; -0.85 

respectively). The Bensbach River provenance showed the largest reduction in A 1  in 

response to increased LAVPD, (slope = -1.42), significantly greater than the other three 

provenance regions. 

Phyllode g increased to a maximum value as LAVPD increased from the lowest 

value used (Ca. 1.5 kPa) to approximately 2.8 - 3.0 kPa (Figs 26a-d). As LAVPD increased 

further, to a maximum of Ca. 4.5 kPa, g1  declined. There were no significant differences 

between provenances in the response of phyllode g, to LAVPD. 

Phyllode C1  declined linearly with increasing LAVPD. However, the slopes of the 

decline were not significantly different between provenances, and the decline in C1  was never 

more than 7% over the complete range of LAVPD used (1.5 - 4.5 kPa) (Figs  27a-d). 



Figure 24a. Response of C1  to T1  of phyllodes of the Northern Territory (NT) 

provenance region of A. auriculij'ormis for seedlings grown under 

shadehouse conditions. 

Figure 24b. Response of C1  to T1  of phyllodes of the Queensland (QId) provenance 

region of A. auriculifonnis for seedlings grown under shadehouse 

conditions. 

Figure 24c. Response of C1  to T1  of phyllodes of the Morehead R. (PNG) 

provenance region of A. auriculiformis for seedlings grown under 

shadehouse conditions. 

Figure 24d. Response of C1  to T1  of phyllodes of the Bensbach R. (PNG) 

provenance region of A. auriculiformis for seedlings grown under 

shadehouse conditions. 
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Figure 25a. Response of A,..d  to LAVPD of phyllodes of the Northern Territory 

(NT) provenance region of A. auricuhj'ormis for seedlings grown 

under shadehouse conditions. 

Figure 25b. Response of A, to LAVPD of phyllodes of the Queensland (Qid) 

provenance region of A. auriculiformis for seedlings grown under 

shadehouse conditions. 

Figure 25c. Response of A to LAVPD of phyllodes of the Morehead R. (PNG) 

provenance region of A. auriculiformis for seedlings grown under 

shadehouse conditions. 

Figure 25d. Response of A,. to LAVPD of phyllodes of the Bensbach R. (PNG) 

provenance region of A. auriculiformis for seedlings grown under 

shadehouse conditions. 
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Figure 26a. Response of g to LAVPD of phyllodes of the NT provenance region 

(NT) of A. auriculiformis  for seedlings grown under shadehouse 

conditions. 

Figure 26b. Response of g  to LAVPD of phyllodes of the Queensland (QId) 

provenance region of A. auriculiformis for seedlings grown under 

shadehouse conditions. 

Figure 26c. Response of g, to LAVPD of phyllodes of the Morehead R. (PNG) 

provenance region of A. auricu!fonnis for seedlings grown under 

shadehouse conditions. 

Figure 26d. Response of g1  to LAVPD of phyllodes of the Bensbach R. (PNG) 

provenance region of A. auriculiformis  for seedlings grown under 

shadehouse conditions. 
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Figure 27a. Response of C1  to LAVPD of phyllodes of the NT provenance region of 

A. auriculiformis for seedlings grown under shadehouse conditions. 

Figure 27b. Response of C1  to LAVPD of phyllodes of the Qid provenance region of 

A. auriculiformis for seedlings grown under shadehouse conditions. 

Figure 27c. Response of C1  to LAVPD of phyllodes of the Morehead R. (PNG) 

provenance region of A. auriculiformis for seedlings grown under shadehouse 

conditions. 

Figure 27d. Response of C1  to LAVPD of phyllodes of the Benshach R. (PNG) 

provenance region of A. auriculiformis for seedlings grown under shadehouse 

conditions. 
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6.4 Discussion 

6.4.1 Differences between provenances in response of A to PPFD 

6.4.1.1 A 

A. auriculfonnis, in terms of its response of A. to changes in PPFD, is typical of 

C3  fast growing opportunistic species (Chapter 5). Tropical species adapted to full sunlight 

frequently show large A, high T01,, and fast growth rates (Fonteno and McWilliams 1978, 

Givnish 1988, Riddock et al. 1991, Turnbull 1991). Phyllodes of all provenance regions 

studied showed large A, (Figs 2 la-d), under conditions of light saturation, moderate 7 and 

low LAVPD. This was similar to the data for the NT provenance region presented in 

Chapter 5. The A, of the provenance regions were significantly greater than reported for 

many rainforest species (Mooney et al. 1984, Turnbull 1991), and Maranthes corymbosa, 

a monsoon vine forest species of the wet-dry tropics (Eamus et al. 1994), Cassava (Mahon 

et al. 1977, El-Sharkawy et al. 1984), other tree species (Fonteno and McWilliams 1978, 

Björkman 1981, Givnish 1988, Cui et al. 1991) and compare favourably to rates for 

leguminous tropical C3  beans (Ludlow and Wilson 1970, Ludlow 1980, Cole, unpublished 

data). However, the observed rates for A. auricu!formis were lower than those measured 

for some C4  grasses and shrubs (Dwyer and Stewart 1986). 

Significant differences between provenance regions in A,,,, expressed per unit 

phyllode area (Table 28) were not reduced when A. was expressed per unit chlorophyll, 

except that the Qld provenance region assimilation was increased to be similar to the NT 

assimilation rate. Thus the differences in A. between the NT and PNG provenance regions 

were not caused by differences in the amount of photosynthetic tissue per unit area. Large 

investment in light harvesting complexes is a feature of low GI leaves in contrast to high GI 

leaves (Evans 1986, Givnish 1988). Large chlorophyll content in shade adapted phyllodes 
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allows greater efficiency of light capture at low light levels, but at saturating PPFD a large 

chlorophyll content leads to lower potential for large rates of carbon fixation, so A, per 

unit chlorophyll is lower for low GI adapted phyllodes compared to high GI phyllodes 

(Evans 1989). It is concluded that the differences in A. between provenance regions were 

at least partly due to the greater intrinsic adaptation to lower GI in the PNG provenances 

when compared to the Australian provenances, as revealed by their larger N content and 

lower LCP (Table 28), even though the provenances were grown under the same GI 

conditions. Similar conclusions were drawn in Chapter 3. 

Significant differences in A.  between provenance regions were not reduced when 

A.  was expressed per gram dry weight (Table 28). Expression of A. per gram dry weight 

would reduce differences in A.  between provenance regions if the differences between 

provenance regions were the result of differences in phyllode thickness (Mooney et al. 1984, 

Evans 1986). Investment in phyllode dry weight is much greater in the PNG provenances 

compared to the Australian provenances, and a larger proportion of this dry weight may be 

related to structural (non-photosynthetic) material. If assimilation is expressed per unit dry 

weight, efficiency may be greater in the Australian provenances if a greater proportion of 

the dry weight invested in the photosynthetic apparatus. Indeed the Australian provenances 

did show a larger A. compared to the PNG provenances, when expressed on a dry weight 

basis. This is further evidence in support of the view that the NT and Qld provenance 

region trees are adapted to larger GI. Phyllode thickness has also been shown to differ in 

this species under different growth irradiances (Chapter 5), and between provenances under 

the same GI under field conditions (Chapter 3). The Australian provenances have thinner 

phyllodes compared to the PNG provenances in these studies, further supporting the 

observation that the Australian provenances are adapted to larger GI. 

Measurements of A,,, were made under optimum conditions and hence eliminated 

the effects of non-saturating PPFD, high LA VPD or elevated T in causing differences in A.  
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between provenances. Clearly the provenances from different regions show differences in 

A. per Se., which are consistant with field observations for A. auriculforinis (Chapter 2), 

and A. man glum (Atipanumpai 1989). 

Differences between provenance regions in A. rates per Se. can be the result of 

differences in nitrogen allocation to the photosynthetic apparatus, a correlation found 

previously in a number of species (Medina 1984, Evans 1989), and reflects the large 

investment in proteins required for a large A (Field and Mooney 1986, Givnish 1988). 

Significant differences in nitrogen content were found between provenance regions of A. 

auriculformis (Table 26), and expression of A per gram of nitrogen would help to 

normalise the differences in A. found between the provenance regions when expressed on 

a phyllode area basis (data not shown). Thus the NT and Morehead R. provenances had the 

highest A per unit area and the largest N content, whilst the Qid. and Bensbach R. 

provenances had the lowest A per unit area and the smallest N content. The results 

indicate that the provenances of A. auriculformis studied have similar instantaneous nitrogen 

use efficiencies. The values determined (86 - 104 jimol (mol N)-' 1)  were comparable for 

those determined for E. globulus (Sheriff and Nambiar 1991) and the nitrogen fixing 

Gunnera tinctoria (Osborne 1989), but higher than those for other Eucalyptus species and 

woody species (Field et al. 1983, Reich et al. 1991). The nitrogen concentration per unit 

leaf area that maximises nitrogen use efficiency (NUE) has been shown to increase under 

higher GI, and NUE has been modelled for whole canopy situations (Hirose and Werger 

1987, Evans 1989). Large PPFD is a feature of the environments to which A. auriculfor,nis 

is native, thus it would be reasonable to expect larger nitrogen contents in this species 

compared to temperate species and species with lower A, and a high NUE would be 

expected in environments where available nitrogen is limiting. This would be the case even 

in a species that is capable of nitrogen fixation, because of the costs of supporting the 

phycobiont and N2  fixation (Osborne 1989). 
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6.4.1.2 Quantum yield 

Absorbed quantum yield (4) is a measure of the efficiency of light utilisation of a 

leaf (Evans 1989). The 0. of the provenances were similar (Table 28), and of similar value 

to that reported for the NT provenance in Chapter 5 (Table 24). These 4  values are lower 

than for many other C3  species (Ehleringer and Pearcy 1983, Oquist et al. 1978). Oquist 

et al. (1982) and Evans (1986) found no differences between species in 0.. This is in 

contrast to the results of the present study and other in vivo studies (Langenheim et al. 1984, 

Osmond and Chow 1988, Eamus and Fowler 1989, Wiebel et al. 1993, Eamus et al. 1994). 

Osmond and Chow (1988) describe the effects of dissipation of excess excitation energy 

under large PPFD loads on the photosynthetic apparatus, in reducing 4a'  thereby preventing 

reaction centre damage. The role of the xanthophyll cycle in this process has been suggested 

(Deminig et al. 1987). It is possible that species from tropical and other high irradiance 

environments may show reduced 0. in vivo because of larger activities of these energy 

dissipating pathways. 

In Chapter 5 it was suggested that the lower than expected 0. in the present study 

may be due to differences in response of 0. to light spectral quality between GI, to leaf 

temperature, or to the small sample size. Sample size of the Chapter 5 experiments 

combined with the current observations (total 21) should preclude this cause. 0. may be 

reduced due to light spectral quality, as efficiency of light utilisation varies with wavelength 

(Evans 1986), but this is not likely as all plants were grown in the same shadehouse in this 

experiment, unless the spectral quality in all shadehouses caused the same drop in 4a The 

0a  of plants grown in full sunlight were similar to the values for 0. of phyllodes of plants 

grown in the shadehouses, which would preclude the light quality effect from being the cause 

of the lower * a  Significant temperature dependence of 0. has been observed (Ehleringer 

and Björkman 1977, Ehleringer and Pearcy 1983), with increased 4  as temperature was 

lowered. At high temperatures, increased oxygen inhibition of photosynthesis leads to a 
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decline in 4  (Ehleringer and Björkman 1977). As the observations of 4  were made at 

it is concluded that the temperature effect on 0a  was not the cause of the low 4a  in the 

present study, although it is possible (albeit unlikely) that the T(,t  of A. and 4a  differ. 

Previous studies have noted low and variable 0a  in tropical trees (Langenheim et al. 1984, 

Wiebel et al. 1993, Eamus et al. 1994), and temperate trees (Bauer et al. 1992), and the 

present observations for A. auricul?for,nis would appear to be consistent with these values. 

6.4.1.3 Light compensation and light saturation points 

The LCP, LSP, and PPFD at A %  of the provenance regions differed significantly 

(Table 28) with the NT provenance region consistently larger than the PNG provenance 

region, and the Qld provenance region generally lowest. Givnish (1988) noted that the LCP 

has little meaning in terms of net carbon gain, as it is influenced by the rate of dark 

respiration, phyllode construction and construction of support tissue. The provenance with 

the greatest LCP also had the greatest A. (Table 28), so the reduction in assimilation rate 

caused by effects of larger LCP (due to inferred larger dark respiration) would appear to be 

small, and did not result in a greatly reduced Anet. The LCP declined with increasing 

chlorophyll content (Table 26), reflecting efficient light capture by thick leaves with large 

chlorophyll contents (Evans 1987). The conclusion is that due to variability in magnitude 

of LCP and the large size of A. in this species (Chapter 5), LCP plays little role in 

influencing net carbon gain, supporting observations by Givnish (1988). 

Light saturation increased as An,, of the provenances increased (Table 28). 

Differences in A. between provenance regions reflect differences in ISP of the provenances. 

In the provenances with greater ISP (NT), the linear portion of the A/Q response curves 

were extended to larger values of PPFD, indicating an enhanced efficiency of light utilisation 

at greater irradiances (Evans 1989). The NT provenances were therefore able to continue 

to increase the rate of assimilation after other provenances have reached light saturation. 
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The correlation of larger LSP with the reduced chlorophyll content of the NT provenances, 

and the frequent observation of shade adaptation leading to reduced LSP and large 

chlorophyll content (Evans 1987) as observed for the PNG provenances, suggests that the 

NT provenances are better adapted to larger PPFD levels than the PNG provenances. This 

would appear to be a reasonable conclusion because the native environment of the NT 

provenances exposes the plants to larger radiation loads compared to the PNG provenances, 

due to the large number of cloud free days in the NT environment (Weather Bureau data). 

Genetic adaptation to these larger PPFD resulting in larger LSP and lower chlorophyll 

contents would then be possible. 

6.4.2 D?/Jerences  between provenances in response to changes in T1  

The data contained in this Chapter support the earlier observations detailed in 

Chapter 5, of a narrow temperature optimum in the NT provenance region of A. 

auriculformis, in contrast with published data for a wide range of species (Mahon et al. 

1977, Kumar and Tieszen 1979, Ludlow 1981, El-Sharkawy et al. 1984, Downton et al. 

1986, Wiebel et al. 1993, Eamus et al. 1994). A difference between provenances in the 

or the rate of decline in A. as T increased or decreased from could explain the 

differences in Anet  between provenances seen previously in the field (Chapters 2, 3). 

However, observed differences in Tq,t  were not significant between the NT and Bensbach 

River provenances, which have been shown to have the most significantly different A, 

(Chapter 2). Therefore T., is unlikely to be a critical factor in determining the differences 

in A., between provenances observed in the field. 

There was a distinct change in the value of T.P,  with season, as mid-dry season T(,, 

(Fig. 17, Chapter 5) were larger than the wet season T.,  for the NT provenances (Figure 

22a). Seasonal changes in T.  are the most likely cause of these shifts in T.,  with season in 

the field, as has been found previously in the field and in controlled environment temperature 



127 

studies (Moore et al. 1973, Mahon et al. 1977, Fussell and Pearson 1978, El-Sharkawy et 

al. 1984), although the possibility of different T.  arising from Melville Island sites compared 

to Darwin shadehouses cannot be ruled out. 

Explanation of the response of A.  to T can be separated into two sections, the first 

relating to temperatures below the T.P t,  and the second to temperatures above the Tq,t. 

Decline in A.  as T was reduced below the optimum may have been the result of a similar 

decline in g, resulting in supply limitation of CO2  for assimilation. Such declines in Am,, 

as g, declined have been observed previously (Sharkey 1984, Ellsworth and Reich 1992). 

However, the C1  of the phyllodes did not decline as g, declined in response to lower T1 , and 

thus there would appear to be no increased stomatal limitations to supply of CO2  to cause 

a decline in A. It is therefore concluded that as the T was reduced below T, A. was 

being reduced per Se. (Farquhar et al. 1980). If the T,, for assimilation and 0. are the 

same, as may be likely, reductions in 7 below the may lower 4a due to the reduced 

activities of pathway enzyme kinetics associated with CO2  assimilation (Ku and Edwards 

1978), and this may more than compensate for any increase in 4  that arises as the rate of 

oxygenations declines proportionally more than carboxylations that arise from the differential 

solubilities of 02  and CO2  in water. The reduction in g8  as T1  was reduced below Ti,, would 

most likely be occurring because the phyllode is regulating C1  according to the optimisation 

hypothesis (Cowan 1977). 

The second response of A. to T1  occurred as T1  was raised above Ehleringer 

and Björkman (1977) described the effect of temperature upon the quantum yield of C3  

species, showing that 0. declined significantly as T increased. This decline in 0. found by 

Ehleringer and BjOrkman (1977) was not due to differential solubilities of CO2  and 02, but 

reflected changes in 02  inhibition of 0. (Ehleringer and Pearcy 1983). Additionally, 

increased substrate limitation to Rubisco can occur at high temperatures if g, declines to 

conserve leaf water status (Sharkey 1984, Ellsworth and Reich 1992), and there is a 
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corresponding decline in C,. Indeed, g, did decline as T1  was increased above Tq,t , but the 

decline in C, was still above [CO2] saturation for this species (Chapter 5). The lack of 

significant change in C1  implies that there were no changes in limitations on assimilation 

imposed by lack of CO2  supply, and thus T appears to have an overriding effect by reducing 

g, when the decline in C, would normally lead to an opening response (Farquhar and Sharkey 

1982). Thus at temperatures above increased oxygen solubility relative to CO2  

solubility increases oxygenase activity relative to carboxylase activity of Rubisco, reducing 

4a, unlike the data of (Ehieringer and Pearcy 1983). The decline in 0. will lead to a 

corresponding decline in A..,. Combinations of high PPFD and high T1  have been shown 

to lead to reduce Photosystem II photochemical activity (Ludlow 1987, Gamon and Pearcy 

1990). These conditions prevail in the field in the wet-dry tropics. Metabolic imbalances 

at high temperatures such as reduced control of substrate and enzyme kinetics is lost may 

also be a factor, although the immediate reversibility of the temperature effects may preclude 

this cause of the reduced A. (data not shown). The reduction in A. as T1  moved above 

or below T(,Pt  is concluded to be due to reduction in the rate of assimilation per Se, and not 

a result of changes in g, and hence C,. 

6.4.3 Differences between provenances in response to changes in LAVPD 

All provenances showed a linear decline in A, as LAVPD increased, and the decline 

in A. was largest in the PNG provenances and smallest in the NT provenances. The 

response of A. to LAVPD can be separated for discussion into effects above and below the 

point of maximum observed g,, at Ca. 2.7 kPa. For LAVPD < 2.7 kPa, A. declined and 

g, increased as LAVPD increased. g8  was not therefore causing the change in A,,,,. For 

LAVPD> 2.7 kPa, A.  and g declined as LAVPD was increased. The reduction in A.  

as LAVPD increased could be attributed to reduced g, (Sharkey 1984, Ellsworth and Reich 

1992), which was declining to reduce water loss as evaporative demand increased. A. 
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auriculforinis appears quite resilient to LAVPD, maintaining Am,, to 2.7 kPa of LAVPD. A 

similar pattern was seen in Mangosteen (Wiebel et al. 1993). Other trees have shown 

reduction in g8  and A in response to increased LAVPD, at LAVPD as low as 1.0 - 1.5 kPa 

(Muchow et al. 1980, Mooney et al. 1984, Turner et al. 1984, Tenhunen et al. 1986). A 

lack of significant decline in C1 , (determined from the A/C1  response curve in Chapter 5), as 

g, decreased and LAVPD increased above 2.7 kPa in the present study suggests that A,,, was 

not CO2  limited. Stomatal closures in response to increases in LAVPD have been 

documented (El-Sharkawy and Cock 1986, Aphalo and Jarvis 1991), leading to a decline in 

A as C, becomes limiting (Grantz 1990, Grantz and Meizner 1990). A decline in A,,,11 , 

directly as a consequence of large LAVPD independent of C has not been documented, to 

the authors knowledge. The involvement of an assimilation inhibitor from the root system, 

responding to increases in E, and/or reduction in root water potential has been suggested as 

a mechanism for this observation (Eamus, personal communication). 

The relatively small size of the decline in A,,,a ,, in response to increased LAVPD, may 

suggest a gas diffusion measurement error. As the C1  values presented were estimated, 

rather than directly measured, error of C1 determination may have occurred. Possibly non-

uniform stomatal closure occurred in this species (Downton et al. 1988), and may lead to 

an overestimation of C1 , allowing A declined under conditions of apparently constant C1 . 

The system described by Lauer and Boyer (1992) could be used to evaluate the possibility 

of non-uniform stomatal closure in this species. 

6.4.4 Study limitations 

The results presented in this Chapter represent the response of plants receiving 

adequate water supply, and frequent nutrient input. The root system of the plants in the 

present study clearly would have been adapted to well watered conditions. Nevertheless 

proportionally larger root systems were found in the NT provenances compared to the PNG 
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provenances (Table 35). The differences between provenance regions in root system size 

may have been enhanced if irrigation was inadequate, and therefore more closely reficeting 

the situation in the field. The greater deciduousness of the NT provenances compared to the 

PNG provenances under water limiting conditions may enhance differences in A. and g1  

between provenances, as more water may have been available to each phyllode, after partial 

phyllode abscission. This would explain larger differences in A and g1  between provenance 

regions observed in field trials (Chapter 3). Clearly, pot trials under conditions of declining 

water availability are required to clarify the role of differences in root to shoot ratio between 

provenance regions in CO2  assimilation. 
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CHAFFER SEVEN GROWTh AND PHOTOSYNTHETIC PERFORMANCE OF 

SEEDLINGS OF THREE PROVENANCE REGIONS OF Acacia 

auriculiformis UNDER DIFFERENT IRRADIANCES. 

7.1 Introduction 

7.1.1 Provenance growth comparisons 

Data from growth trials of A. auriculfor,nis from various countries have been 

published (see Chapter 1). For an overview of performance in field trials see Boland et al. 

(1989). Selection criteria for climatic requirements and selection of suitable sites have also 

been evaluated (Booth 1987). 

Early performance estimates for the species were extremely encouraging, noting 

superior growth or equally good growth when compared to a range of other species of 

Acacia and Eucalyptus (Boland et al. 1989, Pinyopusarerk 1990), and an ability for drought 

tolerance (Chandra Babu et al. 1987). However some studies have shown that the growth 

rate of A. auricul4for,nis is less than some other Australian forest trees such as Eucalyptus 

camalduensis and Acacia man gium (Anuar 1987, Brewbaker 1987, Neil 1989). Indeed the 

data in Chapter 4 showed that A. auricu!fonnis exhibited the poorest growth when compared 

to A. mangiwn, A. crassicarpa, and E. pellita in a field trial at Melville Island. Furthermore 

the hybrid of A. auriculformis  and A. man giwn has consistently performed better than the 

individual species in field trials (Lapongan 1988, Pinyopusarerk 1989). This fast growth rate 

has been attributed to the effects of hybrid vigour (Pinyopusarerk 1989) and a combination 

of large A, of the former species with the large canopy and extended phyllode age of the 

latter species (Chapter 4). 

Provenances of A. auriculfor,nis from Papua New Guinea (PNG) have been shown 

to consistently grow faster than provenances from Australia, both in field trials (Chapter 3) 
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and potted seedling trials (Ganeson 1989). However the net photosynthesis rates (A,) are 

larger for the Northern Territory (NT) provenances than the PNG provenances (Chapter 2). 

These differences in the ranking of growth rates and A of the provenance regions have also 

been seen in A. mangium (Atipanumpai 1989). The inverse correlation between growth rates 

and in A. man gium was attributed to possible differences in diurnal and seasonal A, 

thus allowing for differences in A.,t  to match the relative growth rates of the provenance 

regions (Atipanumpai 1989). For A. auriculformis, it was found that the differences in 

relative growth rates between provenance regions may be explained by differences in canopy 

size and phyllode longevity between provenance regions (Chapters 2 and 3). Differences in 

110et  between provenance regions were maintained both seasonally and diurnally. 

The differences in have been seen to be maintained between provenances from 

New Guinea and Australia even in seedlings grown under identical shadehouse conditions 

with adequate water supply, fertiliser and light (Chapter 6). A primary aim of the present 

study was to determine whether seedlings of A. auriculforinis  from PNG, Queensland (Q) 

and the NT would maintain the differences in growth rate that were measured in field trials 

at Melville Island and overseas, when the seedlings were exposed to equal conditions of 

abundant water supply, adequate fertilisation, and equivalent light environment. The 

superior families of each provenance region were used in the trial to ensure that the results 

would not be due to differences between families within the NT provenance, as significant 

variation in form and net photosynthesis in this provenance has been described (Chapter 3). 

7.1.2 Seedling growth in dUjerent irradiances 

Studies of species grown under different growth irradiances (GI) showed differences 

in leaf thickness (specific leaf area- SLA), chlorophyll contents, growth rates and A 

(Givnish 1988). Species with larger A rates under particular conditions of light availability 

would presumably have an ecological advantage under those conditions (Givnish 1988). 
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Generally, species which are ecologically restricted to high GI levels tend to show larger A 

and larger pools of Rubisco and nitrogen than species from low GI levels (Björkman et al. 

1972, Björkman 1981, Givnish 1988). Tropical Acacia and Eucalyptus species have been 

shown to have moderately large A of 14 - 18 ILmol m 2  s (Atipanumpai 1989, Sheriff and 

Nambiar 1991, Eamus et al. 1994, Berryman et al. 1994). The fast growth rates of A. 

auriculfonnis seen in field trials (Ryan et al. 1987, Neil 1989, Pinyopusarerk 1989, 

Harwood et al. 1991), which are comparable to other Acacia and Eucalyptus species, implies 

a large rate of CO2  fixation, particularly as in many instances the canopy size of A. 

auriculfonnis is significantly less than in these other species. One possible strategy for total 

tree CO2  fixation and biomass production to be equivalent in A. auriculfonnis to these other 

species, despite smaller canopy size, is for the Anet  of individual phyllodes to be larger. 

Field studies at Melville Island have shown that the PNG provenances of A. auriculfonnis 

have significantly larger canopy areas compared to the NT provenances, that more than 

compensate for a lower assimilation rate, so that growth rates of the PNG provenances are 

significantly larger. 

The extent to which tropical Acacias can adapt to different GI is unknown. 

However, discussions with proprietors of Darwin nurseries have indicated that in most of 

these species, maximum growth rates, in terms of height and biomass increment, are gained 

in shade levels of no more than 20% (i.e. minimum of 80% of full sunlight), and that when 

grown under more than 50% shade, biomass gain is severely curtailed. As the native habitat 

of A. auricu!?for,nis is exposure to full sunlight, this practical observation would appear to 

be valid. Indeed in Chapter 7, assimilation rates of A. auriculformis was fastest in 70% and 

100% of full sunlight, as even at 30% of full sunlight assimilation was reduced, while at 5% 

of full sunlight assimilation was greatly reduced. 

Different provenances of A. man gium have shown differences in chlorophyll, 

nitrogen, growth rate and in pot trials in response to different GI (Atipanumpai 1989). 
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The close relationship between A. man gium and A. auriculfonnis,  combined with the more 

disjointed range and larger genetic diversity of A. auricul?for,nis (Boland et al. 1990, 

Wickneswari and Norwati 1993), may lead to similar variation in response to GI within A. 

auriculfonnis to that seen in A. man gium. There appears to be no documented information 

on the growth performance of seedlings of A. auriculfor,nis in different GI. Comparisons 

of growth of an NT provenance at different growth irradiances (Chapter 5) have determined 

that the species has largest assimilation rates in near-full sunlight conditions, which would 

be expected to be reflected in larger growth rates compared to seedlings growing at reduced 

PPFD. There is a need to quantify the GI that leads to maximum height and girth increases 

in this species, during the growth phase from seed planting to a height suitable for planting 

out to the field (approximately 500 mm). This will lead to improved design of shadehouses 

which should reduce the time required to grow seedlings to planting out size. 

The aims of the experiments described in this Chapter were to compare the growth 

and net photosynthesis rates of trees of one provenance region under different GI, and then 

to compare the growth and net photosynthesis rates of different provenance regions under 

the same growth conditions. 

7.2 Materials and Methods 

7.2.1 Comparison of growth and photosynthesis of the IsiT provenance under four different 

GI 

7.2.1.1 Plant material and growth conditions 

Plant material used for the GI experiment were the same as used and described for 

the assimilation measurements (Chapter 5). The shadehouses used for the growth irradiance 

experiment have also been described previously in that Chapter. The shadehouses provided 
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growth irradiances of Ca. 1%, 5%, 30%, and 70% of full sunlight, with an additional 100% 

sunlight treatment. Full environmental conditions within the shadehouses have been 

described (Chapter 5). 

7.2. 1.2 Net photosynthesis rates 

Net photosynthesis rates of seedlings were determined at intervals during the GI 

comparison studies. A LI-6200 portable photosynthesis system (LI-COR, Lincoln, USA) 

was used for these observations, and a description of the system appears in Chapter 2. CO2  

assimilation (A.) rates were measured on 10 seedlings using the fourth phyllode from the 

apex, or the second fully expanded phyllode down from the apex, during the period 0830-

1000 hours. 

7.2.1.3 Growth measurements 

Non-destructive measurements of height and trunk diameter were measured on a 

fortnightly basis in both experiments. A single destructive harvest of 20 plants per GI was 

made at the end of the GI experiment. For the destructive harvest, phyllodes were removed 

for measurement of mean area and total phyllode area per plant. Seedlings were dissected 

into phyllodes, stems and roots for separate measurement of DW, and for determination of 

root to shoot ratio. Dry weights were obtained by drying the material in an oven at 70 °C 

until constant weight was achieved (approximately 1 week). 

7.2.2 Comparison of growth and photosynthesis offour provenance regions grown under 

one GI 

7.2.2.1 Plant material and growth conditions 

Plant material used in the provenance comparison experiment were as used in the 
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comparison of provenance photosynthesis (Chapter 6). The 70% GI shadehouse was used 

for the provenance region comparison, as the GI experiment determined that this GI 

produced the fastest growth in seedlings. Description of this shadehouse is given in Chapter 

5. 

7.2.2.2 Net photosynthesis measurements 

For the comparison of net photosynthesis rates in different provenance regions, the 

same phyllode position as for the GI trial was used, but a total of 20 seedlings per 

provenance were measured (20 replicates I 80 samples per observation period). 

Observations were carried out between 0830 and 1000 hours, previously determined as the 

period during which assimilation is at a daily maximum. 

7.2.2.3 Provenance growth measurements 

Destructive growth measurements were made after growth of 1, 3 and 5 months in 

this provenance region growth experiment. A total of 4 seedlings per provenance and 7 

provenances per provenance region (28 seedlings per provenance region) were harvested for 

measurement at each interval. Harvest measurements were the same as for the GI 

experiment (Section 7.2.1.3). 

7.2.5 Phyllode chlorophyll and nitrogen content 

Phyllode chlorophyll content was determined at the end of the GI experiment and at 

the end of the provenance comparison experiment, from the sixth to eighth phyllode from 

the stem apex. Chlorophyll was extracted and determined as described previously (Chapter 

2). Phyllode nitrogen content was determined by the Kjeldahl method as described 

previously (Chapter 2). Phyllode nitrogen content was determined at the end of both the GI 

experiment and the provenance comparison experiment. 
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7.2.6 Statistical analysis 

Statistical analyses were carried out according to the methods described in Chapters 

2 and 3. Height increases of the different GI were compared by linearising the results in 

Fig. 29a and comparing the slopes of the straight lines with an Analysis of Co-variance. 

Comparisons of the girth increases at different GI were made by linearising the data in Fig. 

29b, and comparing siopes with an Analysis of Co-variance. The log-linear plots of height 

and girth are not shown. 

7.3 Results 

7.3.1 Comparison of growth and photosynthesis of the NTprovenance underfour different 

GI 

7.3.1.1 Shadehouse irradiance levels and T1  

Irradiance levels in the shadehouses at the time of observations of An,,  differed 

significantly (Table 29), with photosynthetic photon flux density PPFD ranging from 16.1 

pmol rn2 1  in the 1% GI to 1946 mol m 2  s1  in the 100% GI. PPFD did not differ 

significantly within a shadehouse between observation times. 

T of the seedlings from different GI were significantly different. Lowest T were 

observed in the 1% GI (30.3 °C) and highest T in the 100% GI (33.4 °C). Generally the 

T of the seedlings declined as the intensity of shade increased (PPFD decreased). 

7.3.1.2 Height and girth 

Seedlings in the 100%, 70% and 5% GI grew significantly in height (Fig. 28a) and 

girth (Fig. 28b) during the 6 month study period. Seedlings in the 1 % GI did not grow and 

died. Increase in height over the 6 month study period was exponential in all GI except the 



Table 29. Gas exchange values for phyllodes of seedlings of the NT 

provenance region of A. auriculiformis grown at different 

growth irradiances. Destructive harvests were performed after 

1, 3 and 5 months of growth. Data are means ± standard error. 

Numbers followed by the same letter are not significantly 

different. Refer to Table I or to methods section of Chapter 2 

for statistical methodology. 



Growth irradiance (% of full sunlight) 

Harvest 100% 70% 5% 1% 

1 31.0k 28.2b 11.6° 03d 

A ±1.1 ±1.0 ±.5 ±.4 

-2 (mol m S ) 
2 289a,  27.9" 590  -0.3° 

±1.2 ±.83 ±1.5 ±1.8 

3 293" 290a 5.1° All dead 
±1.0 ±1.1 ±0.4 

1 550" 577" 3169  34.2' 

g ±24 ±23 ±39 ±11.4 

-2 4 (mmol m s 2 511" 589  224h 12.6 
±21 ±39 ±36 ±9.3 

3 5741' 627f  3039  All dead 
±37 ±41 ±32 

1 278k 288k 282k 313' 
Cl  ±15 ±13 ±14 ±5 

(molmol) 2 263k 285k 281k 309' 
±12 ±11 ±11 ±13 

3 282k 2901 273k All dead 
±15 ±16 ±13 

1 1946m 1331° 104.40  17.5 
PPFD ±129 ±101 ±14.0 ±1.2 

-2 1 (umol m S ) 
2 1868m 1287° 98.90  16.1 

±4.3 ±127 ±5.3 ±2.2 

3 1902m 1284° 101.50  17.9 
±11.2 ±118 ±12.2 ±1.1 

1 31.6q 30.58  30Øs 30.3 
±.5 ±.4 

2 33.4° 32.2q 31.3q 31•2 

(°C) ±.5 ±.5 ±.6 

3 31
.9q 30.9q, 3 29.53  All dead 



Figure 28a. Seedling heights for the NT provenance region of A. auriculiformis 

exposed to different growth irradiances. Error bars represent means 

± standard error. Note that all of the 1 % Gi seedlings were dead after 

4 months at 1 % of full sunlight. 

Figure 28b. Seedling stem girths for the NT provenance region of A. 

auricu.hformis exposed to different growth irradiances. Error bars 

represent means ± standard error. Note that all of the 1 % GI seedlings 

were dead after 4 months at 1 % of full sunlight. 
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5% GI, which showed linear height increase. Fastest increase in height was found in the 

100% and 70% GI, and the slowest in the 5% GI. The 30% GI seedlings were intermediate 

in rate of height increase. 

Increase in girth over the 6 month study period was exponential in all GI except the 

5% GI, which showed a linear increase in girth. Largest increase in girth was seen in the 

70% and 100% GI, and smallest increase in girth was seen in the 5% GI. The 30% GI 

seedlings were intermediate in rate of girth increase. 

7.3.1.3 Canopy data 

The largest number of phyllodes per seedling were found in the 70% (73.9) and 

100% GI (68.8) (Table 30), with the smallest number of phyllodes per seedling in the 5% 

GI (11.6). Mean phyllode areas were largest in the 70% and 100% GI (12.5 - 13.2 cm2), 

and smallest in the 5% and 30% GI (6.4 - 7.3 cm2). The combination of smaller phyllodes 

and fewer phyllodes per plant in the lower GI led to larger differences between GI in the 

total canopy area (Table 30). Total canopy area per seedling was largest in the 100% and 

70% GI (908.2 - 923.8 cm2), intermediate in the 30% GI seedlings (159.1 cm2), and smallest 

in the 5% GI seedlings (74.2 cm2). 

7.3.1.4 Dry weight increments 

Total phyllode dry weight (DW) per seedling differed between GI treatments (Table 

31). Largest total phyllode DW were seen in the 100% (5.7 g) and 70% (6.2 g) GI, and 

smallest phyllode DW increases were seen in the 5% GI (0.7 g). Mean stem dry weights 

were largest in the 70% GI (5.8 g), and declined as the GI was reduced or increased from 

70%, being smallest in the 5% GI (0.25 g) (Table 31). Total root DW was largest in the 

100% GI (5.6 g), and declined as GI declined (Table 31). Smallest root DW were seen in 

the 5% GI ((0.26 g). 



Table 30. Seedling canopy data for the NT provenance region of A. 

auriculiformis grown under different growth irradiances. 

Data are means ± standard error. Within a row, numbers 

followed by different letters are significantly different. 

Refer to Table 1 or to methods section of Chapter 2 for statistical 

methodology. 



100% 

Growth irradiance 

70% 30% 5% 

Number of phyllodes 68.8a 73•9a 21.8b 11.6c 
per plant ±2.2 ±2.2 ±2.8 ±2.1 

Total plant canopy area 908•2d 923.8d 159.1c  74.21  

(cm2) ±130.8 ±118.2 ±24.0 ±16.2 

Mean phyllode area (cm2) 13.2c 12.5c 7• 39  6.49  

±1.9 ±1.6 ±1.1 ±1.4 



Table 31. Seedling dry weight increments for the NT provenance region 

of A. auriculij'ormis grown under different growth 

irradiances. Data are means ± standard error. Within a row, 

numbers followed by different letters are significantly different. 

Refer to Table 1 or to methods section of Chapter 2 for statistical 

methodology. 



Growth irradiance (% of full sunlight) 

100% 70% 30% 5% 

Phyllodes dry weight 5•7a 6.2a 1.4 b 0• 7b 

(g) ±.3 ±.5 ±.2 ±.4 

Stems dry weight 3•9c 58d •73b 25b 

(g) ±.4 ±.3 ±.3 ±.1 

Roots dry weight 5.6a 5.2a 0.492 0.26" 
(g) ±.7 ±.4 ±.25 ±.18 

Plant total dry weight 15.2e 17.2e 2.621 1.21" 
(g) ±1.4 ±1.2 ±.75 ±.68 

Root to shoot ratio 0• 5 0•439 0.23' 026" 
±.13 ±.11 ±.07 ±.05 
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Mean total seedling DW differed between GI, such that the largest seedling DW 

were seen in the 70% (17.2 g) and 100% GI (15.2 g). Smallest DW were seen in the 5% 

GI (1.21 g). Root to shoot ratio (RIS) declined as GI declined (Table 31). 

7.3.1.5 Stem length and branching habit 

Mean stem lengths differed between GI, such that mean lengths were largest in the 

100% (48.0 cm) and 70% GI (54.5 cm), and smallest in the 5% GI (6.9 cm) (Table 32). 

Mean stem diameters were largest in the 100% (7.4 mm) and 70% (7.2 mm) GI, and were 

smallest in the 5% GI (0.8 mm). 

Branching habit differed between GI, such that at the larger GI more branching was 

apparent than at the smaller GI (Table 32). 

7.3.1.6 Phyllode chlorophyll and nitrogen content 

Phyllode nitrogen (N) concentration (%) differed between GI such that N 

concentration was greatest in the 70% GI (3.52%) and decreased at lower and higher GI, 

and was the least in the 5% GI (2.79%) (Table 33). In contrast, phyllode N content (g n12) 

declined as GI declined. 

Phyllode total chlorophyll contents (mg (g DW)') were largest in the 5% GI (11.67 

mg (g DW) 1), and smallest in the 100% GI (3.44 mg (g DW)'). Phyllode chlorophyll 

content (g m 2) also differed between GI with largest content in the 5% GI (0.48 g m 2) and 

smallest content in the 100% and 70% GI (0.31-0.36 g m 2). Chlorophyll a/b ratios were 

largest in the 100% GI (3.55) and smallest in the 5% GI (2.66). Phyllode specific area 

(SLA) was smallest in the 100% GI (9.4 m2  g 1) and largest in the 5% GI (24.2 m2  g 1) 

7.3.1.7 Net photosynthesis, stomatal conductance and internal [GO7] 

A. differed between GI at all sample times (Table 29). Largest A was found in 



Table 32. Seedling stem dimensions and branching form for the NT provenance 

region of A. auriculzformis grown under different growth irradiances. 

Data are means ± standard error. Within a row, numbers followed by 

different letters are significantly different. 

Refer to Table 1 or to methods section of Chapter 2 for statistical 

methodology. 



Growth irradiance 
Parameter 100% 70% 30% 5% 

Stem length 48.(Y 54•5a 34• 1b 6.9e 
(cm) ±4.2 ±3.4 ±1.4 ±.5 

Stem diameter 7.4" 72" 37  
(mm) ±.8 ±.6 ±.4 ±.2 

Number of 14.6h 162h 7.2k 13 
Branches ±1.6 ±1.4 ±.6 ±.5 



Table 33. Seedling nitrogen, chlorophyll and phyllode values for the NT 

provenance region of A. auriculzj'ormis grown under different growth 

irradiances. Data are means ± standard error. Within a row, numbers 

followed by different letters are significantly different. 

Refer to Table 1 or to methods section of Chapter 2 for statistical 

methodology. 



Growth irradiance 

100% 70% 30% 5% 

Nitrogen [% dw] 3.318  3.52" 3.28a 2.7911  
± s.e. ±.25 ±.27 ±.29 ±.14 

Nitrogen [g dw (m)1 3•49c 2.88' 2.31e 1.16f 

± s.e. ±.22 ±.27 ±.27 ±.11 

Total chlorophyll 3•44a 364a 11.6711 
[mg (g dw)] ± s.e. ±.16 ±.37 ±.48 ±.83 

Total chlorophyll 0.36' 0.131' 0.47i 0.48 
[mg m 2] ± s.e. ±.03 ±.04 ±.03 ±.04 

Chlorophyll a/b ratio 355k 3•341  309fll 2.66 
± s.e. ±.04 ±.04 ±.06 ±.04 

Specific phyllode area 9.470  12.2P 14• 2q 24.2' 
[m2  kg-'] ± s.e. ±.21 ±.30 ±.38 ±1.9 
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the 100% Glseedlings (28.9-31.0 mol m 2  s 1), and decreased as Gldecreased. Similarly 

g was largest in the 100% and 70% GI (550-627 minol m 2  s 1) and declined as GI declined. 

In contrast, C1  of the 1% GI seedlings were significantly greater (309-313 Amol mo!-1) than 

for all other GI. C, of phyllodes grown at larger than 1 % GI were similar (263-290 Amol 

m01') 

7.3.2 Comparison of growth and photosynthesis offour provenance regions grown at 70% 

offull sunlight. 

7.3.2.1 Seedling height, girth and dry weight increase 

Seedlings of all provenances increased significantly in height and girth during the 

study period (Figs 29a and 29b). Slowest increases in height were seen in the Qld 

provenances after 6.5 months growth (75.1 cm). Largest increases in height were seen in 

the PNG provenances (93.6, 94.2 cm), with the NT provenances intermediate (84.8 cm). 

A similar pattern was observed for stem girth, with the smallest increment after 6.5 months 

growth in the Qld provenances (9.5 mm), and largest in the PNG provenances (12.2, 12.4 

mm). The NT provenances were intermediate in stem growth rate (11.2 mm), after 6 

months. 

Total dry weight of phyllodes per seedling increased significantly during the 

experiment in all provenance regions (Table 34). Significantly larger phyllode dry weight 

was produced by the PNG provenances (30.3 - 30.4 g) at 6 months, compared to the NT 

(22.3 g) and Qld (18.0 g) provenances. Stem dry weight increased significantly in all 

provenance regions over time (Table 34). Additionally, stem dry weight increase was largest 

for the PNG provenances (34.6 - 37.0 g), when compared to the NT (24.6 g) and Qld (19.3 

g) provenances. Root system dry weight increased significantly in all provenance regions 

over time (Table 34). Largest increase in root dry weight was found in the PNG (36.5 - 



Figure 29a. Seedling height growth for different provenance regions of A. 

auricultj'ormis grown at 70% of full sunlight. Error bars represent 

means ± standard error. 

Figure 29b. Seedling stem girth for different provenance regions of A. 

auriculiformis grown at 70% of full sunlight. Error bars represent 

means ± standard error. 
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Provenance Region 

Harvest NT Qid Bensbach Morehead 
Number R. (PNG) R. (PNG) 

Phyllodes 1 6.12  4.2b 6.48 6.7a 
±.3 ±.5 ±.5 ±.4 

dry weight 2 10. IC 501d 9.30c 11.03c 

(g) 
+1.2 
- 

+.83 
- 

+1.5 
- 

+1.8 
- 

22.3e 18.0c 30.41 30.3' 

±3.0 ±2.7 ±3.4 ±2.7 

Stems 1 4.2k' 1.99  39b 45b 

±.6 ±.2 ±.3 ±.4 
dry weight 2 79d 4.26b 93C. d 12.6' 

(g) ±1.0 ±.89 ±1.6 ±2.3 

3 24.6el 19.3e 34.6" 37Øh 

±4.0 ±3.6 ±4.2 ±3.4 

Roots 1 5.8d 33b 55(1 6.3' 
±.4 ±.5 

dry weight 2 13.3c 5.92d 13.2c 17.5c 

(g) 
+2.2 
- 

+1.1 
- 

+2.3 
- 

+3.3 
- 

3 32.1" 23.0e.1  36.6h 36.5" 
±4.8 ±6.4 ±5.3 ±4.0 

Plant total 1 16.1c 94(1 15.8c 17.5c 
±1.1 ±1.0 ±1.0 ±1.2 

dry weight 2 31.2" 15.2c 31.4" 41.1" 

(g) 

+4.3 
- 

+2.7 
- 

+5.3 
- 

+7.2 
- 

3 79.3' 60.3' 101.5k 103.9" 

±11.2 ±11.8 ±12.2 ±9.1 

1 0.561  0.54' 0.53' 0.56' 
Root to shoot ± .03 ± .02 ± .05 ± .04 

ratio 2 0.75m 070rn 0.68' 0.72m 
±.05 ±.05 ±.06 ±.04 

3 073tm 0•59n 0.55n 0.56 

____ 

±.05 ±.07 ±.04 ±.05 
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36.6 g) and NT provenances (32.1 g) compared to the Qld provenances (23.0 g) 

provenances. 

Total seedling dry weight increased over time for all provenance regions (Table 34). 

Dry weight increases were largest for the PNG provenances (101.5 - 103.9 g), and smallest 

for the Qld provenances (60.3 g). Total dry weight increases were intermediate for the NT 

provenances (79.3 g). Root to shoot dry weight ratio (RIS) (Table 35) was in all 

provenances less than 1.0, indicating that root DW was smaller than the stem plus phyllode 

DW. At the end of the experiment, RIS was largest for the NT (0.73) provenances, and 

smallest for the PNG (0.55 - 0.56) and Qld (0.59) provenances. 

7.3.2.2 Canopy and phyllode data 

The number of phyllodes per seedling increased significantly over the experimental 

period (Table 35), and there were generally larger numbers of phyllodes per seedling for the 

PNG provenances throughout the experiment. Differences in numbers of phyllodes per 

seedling between provenances became larger as the size of the seedlings increased, such that 

by the end of the six month growth period, the PNG provenances averaged 90% more 

phyllodes than the Australian provenances. 

The mean phyllode area of the provenances in early growth were similar (Table 34), 

but as the plants grew a trend of larger phyllodes in the NT provenances compared to the 

PNG provenances became apparent. After 6 months growth, phyllodes in the NT and Qld 

provenances were on average 23% larger than for the PNG provenances. Mean canopy size 

of the seedlings (Table 35) were similar at the start of the growth experiment, but as the 

plants grew the PNG provenances developed significantly larger canopies than the Australian 

provenances. At the end of the growth experiment, the PNG provenances canopies were on 

average 2.9 times larger than the NT provenances, and 3.4 times larger than the Qld 

provenances. 



Table 35. Canopy data for seedlings of four provenance regions of A. 

auriculiformis grown grown under shadehouse conditions. Destructive 

harvests were performed after 1, 3 and 5 months of growth. Data are 

means ± standard error. Numbers followed by different letters are 

significantly different. 

Refer to Table 1 or to methods section of Chapter 2 for statistical 

methodology. 



Provenance Region 

Harvest NT Qid Bensbach Morehead 
R. (PNG) R. (PNG) 

1 8.8* 79* 16.2b 16.7" 
Number of ±2.2 ±1.2 ±2.8 ±3.1 
phyllodes 
per plant 2 72.7c 404d 127.2c 79.8' 

±9.0 ±4.3 ±22.0 ±13.2 

3 169" 164  3019  3339 
±19 ±25 ±31 ±31 

1 74.8c 703C 124.7e 123.6e 
Total plant ±8.5 ± 10.7 ±21.6 ±21.7 
phyllode 
area (cm2) 2 1C)10" 441' 1050k 1110" 

±120 ±72 ±150 ±170 

3 3140 2720 4256' 4960' 
±430 ±400 ±470 ±440 

1 8.5* 8.9* 77* 74* 

Mean ±1.6 ±1.1 ±1.0 ±1.4 
phyllode 
area (cm) 2 14.9" 10.11,  10.0* 149" 

±1.0 ±1.1 ±1.4 ±1.2 

3 18.0k 17.710 13.8' 15.1' 
±0.9 ±2.5 ±0.9 ±0.8 
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Phyllode nitrogen (N) concentration differed significantly between provenances 

(Table 36). Phyllodes from seedlings of the NT provenances had the largest N 

concentrations (4.61 %), and the PNG provenances the smallest N concentrations (3.70 - 

3.76%). Phyllode N contents on an area basis were significantly smaller for the Qld 

provenances (4.44 g rn 2) than in NT (4.75 g m 2) or the PNG provenances (4.65 - 4.80 g 

rn-2). Differences between provenances were reduced by expressing nitrogen content on a 

per gram dry weight compared to percent concentration. Phyllode total chlorophyll contents 

(mg (g DW)1) (Table 36) were significantly lower in the Qld provenances (3.89 mg (g DW) 

1),  than the NT (5.04 mg (g DW)') and PNG provenances (5.17 -5.29 mg (g DW) 1). 

Phyllode chlorophyll contents expressed on a phyllode area basis were significantly different 

between provenance regions, and the Qld provenances had the smallest chlorophyll content 

(0.48 g rn-2), the NT provenances were intermediate (0.54 g rn-2), and the PNG provenances 

the largest chlorophyll content (0.67 - 0.69 g m 2). Phyllode chlorophyll a to k ratios  (RIb) 

(Table 36) were significantly smaller in the Bensbach R. provenances than the Qld 

provenances, but the Morehead R. and NT provenances were not significantly different. 

Specific phyllode area (SLA) differed significantly between the PNG provenances 

(7.81 - 8.06 m2  kg1) and the Australian provenances (9.23 - 9.79 in2  kg'). 

7.3.2.3 Stem length and branching habit 

Stem length of trees of the four provenance regions increased significantly during 

the course of the study (Table 37). Stem growth was smallest in the Qld (89.2 cm at 6 

months) provenances throughout the study, and largest in the PNG (114 - 122 cm) and NT 

(102 cm) provenances. Stem growth was highly variable between individuals of the same 

provenance. 

Trees of the NT and Qld provenance regions produced significantly fewer branches 

than trees of the PNG provenances (Table 37). At the end of the 6 month growth period, 



Table 36. Seedling nitrogen, chlorophyll and phyllode values for four 

provenance regions of A. auriculiformis grown under shadehouse 

conditions. Destructive harvests were performed after 1, 3 and 5 months 

of growth. Data are means ± standard error. Numbers followed by 

different letters are significantly different. 

Refer to Table 1 or to methods section of Chapter 2 for statistical 

methodology. 



Provenance Region 

Bensbach Morehead Qid NT 
R. (PNG) R. (PNG) 

Nitrogen 3.703  3.76a 4.11b 4.61c 

[% dry weight] ± s.e. ±.06 ±.07 ±.04 ±.06 

Nitrogen 4.80c 4.65', d 444d 
4.75e 

[gm 2]±s.e. ±.15 ±.19 ±.20 ±.15 

Total chlorophyll 5.170  5 .29e  3.898  5.040  

[mg (g dw)'] ± s.e. ±.45 ±.61 ±.19 ±.41 

Total chlorophyll 0.69f 0•67f 0•489  0.549  

[mg m 2] ± s.e. ±.06 ±.5 ±.06 ±.06 

Chlorophyll Jb ratio 3• 70h 379h I 400i 388h, i 

± s.e. ±.25 ±.29 ±.05 ±.18 

Specific phyllode area 7.811 8.05 9.23k 9•79k 

[m2  kg'] ± s.e. ±.28 ±.39 ±.43 ±.64 



Table 37. Stem length and branching habit in seedlings of four provenance 

regions of A. auricu1formis grown under shadehouse conditions. 

Destructive harvests were performed after 1, 3 and 5 months of growth. 

Data are means ± standard error. Numbers followed by different letters 

are significantly different. 

Refer to Table 1 or to methods section of Chapter 2 for statistical 

methodology. 



Harvest Provenance Region 
Parameter number NT Qid Bensbach Morehead 

R. (PNG) R. (PNG) 

1 28.08  20.5b 27.la 29.9a 
Stem length ±3.2 ±2.4 ±2.4 ±2.5 

(cm) 2 70•0d 49.2c 682d 

±4.8 ±6.4 ±4.2 ±8.1 

3 102" 89.2c 1149  1229  

±8 ±6.2 ±5.6 ±4 

1 61b 4..2' 9.2i 8.3 
Number of ±1.0 ±.8 ±.9 ±.5 
branches 2 12.2i 9. li 24.(Y 182b 

±1.7 ±1.0 ±2.9 ±2.9 

3 26.6a 32.811 58.9k 57.8k 

±2.6 ±5 ±5.4 ±5.6 
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the NT provenances seedlings averaged 26.6 branches, the Qid seedlings 32.8, and the PNG 

seedlings 57.8 - 58.9. The majority of the branches counted contained 2-6 phyllodes, so 

correlations with growth of saplings in the field are difficult as these branches are frequently 

shed when phyllodes are exchanged. The enhanced branching in the PNG provenances is 

due to the large number of these branchlets, which facilitate the development of the 

significantly larger canopy seen in these provenances (Section 7.3.2.2). 

7.3.2.4 Net photosynthesis, stomatal conductance and internal CO2  

PPFD levels were similar for all observations of A.,  for seedlings of the different 

provenance regions (Table 38). T1  were significantly larger in the PNG provenances (32.7 - 

33.1 °C) compared to T of the NT and Qld provenances (31.5 - 31.6 °C). 

of trees of the different provenance regions differed significantly (Table 38). 

The NT and Qid provenances showed the largest A.. (31.9, 30.2 JLmol m 2  s'), and the PNG 

provenances the smallest Anet  (27.9 - 28.2 imol m2 1).  g of phyllodes of the NT 

provenances were larger (585 mmol m 2  s') than for the Bensbach R. provenances (484 

mmol m 2  s 1). Phyllode interstitial [CO2] (C) were not significantly different between 

provenance regions (Table 38), although the provenances with the largest A. tended to have 

the lowest C1. 

7.4 Discussion 

7.4.1 Df/'erences between seedlings grown at different irradiance levels 

The largest differences between seedlings grown at different GI were the marked 

reductions in dry weight gain as GI decreased from full to 1 % sunlight (Table 30). Reduced 

dry weight gain under low GI can be attributed to lower A,, when PPFD is below the light 

saturation point of the species (Björkman 1981, Givnish 1988, Oberbauer et al. 1989, Rice 



Table 38. Data summary of photosynthesis values for phyllodes of four 

provenance regions of A. auricuhformis grown under shadehouse 

conditions. Destructive harvests were performed after 1, 3 and 5 months 

of growth. Data are means ± standard error. Numbers followed by 

different letters are significantly different. 

Refer to Table 1 or to methods section of Chapter 2 for statistical 

methodology. 



Harvest Provenance region 

number NT Qid Morehead Bensbach 
R. R. 

A 1 31.9' 30.2a 28.2b 27.9b 

(mo1 m 2  s') ±.9 ±1.0 ±.7 ±.6 

g. 1 582 4969  484.21  

(mmol m 2  s') ±34 ±33 ±29 ±21 

C1  1 268" 278k 275" 279k 
(jmo1mo1') ±12 ±11 ±11 ±15 

PPFD 1 1346 1385m 131 lm 1358 
(/hmol m 2  s') ±111 ±109 ±131 ±102 

T1  (°C) 1 31.6q 31.5q 32.7 33.1s 
±.5 ±.4 ±.3 ±.2 
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and Bazzaz 1989). The light saturation point of the species under different GI have been 

determined (Chapter 5), and at the 30% and 5% GI, PPFD was below saturating levels, and 

A was limiting for growth. Conversely, A, of the 100% and 70% were similar, as PPFD 

were saturating at both GI, so no differences in dry weight gain would be expected if CO2  

fixation was limiting for growth. Differences in dry weight gain between the 100% and 

70% GI were found (Table 31). Where differences in dry weight gain occurred, differences 

in seedling height and stem girth were also observed, indicating internal consistency in 

experimental results (Figs 29a and 29b). 

Large differences between the GI were found in SLA (Table 33), with the thickest 

phyllodes associated with the largest GI. Previous studies have shown that plants grown in 

high GI have thicker leaves (low SLA) (Givnish 1988, Atipanumpai 1989). Thinner leaves 

under low GI conditions reduce shading within the leaf, and as chlorophyll content increased 

as GI decreased, light interception efficiency increased. The expression of A, on a phyllode 

dry weight basis (data not shown) reduced the size of the differences in A. between GI, but 

they were still significant. Thus differences in assimilation between provenance regions 

could not be explained by differences in phyllode thickness. It is concluded that most of the 

differences in A. between GI was due to light limitations to photosynthesis, and not to other 

factors influencing photosynthetic potential. 

Differences in Anet  between GI have been attributed to differences in nitrogen content 

of the phyllodes, such that the provenances with the largest also showed the largest 

phyllode N content in field comparisons (Chapter 2). Similar results were apparent from 

laboratory data (Chapter 5). Previous studies have also shown a correlation between foliar 

N content and the rate of light saturated assimilation (Mooney er al. 1984, Evans 1986). 

The differences in phyllode N content between seedlings grown at different GI probably 

reflect differences in nitrogen allocation to the photosynthetic machinery. Species or leaves 

adapted to shade conditions generally maximise light absorption at the expense of electron 
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transport, thus limiting RuBP regeneration (Mooney et al. 1984, Evans 1987, 1989), because 

large electron transport capacities and RuBP regeneration capacities are rarely needed in 

shaded habitats. 

Granal stacking has also been indicated as an adaptation under low GI conditions to 

improve the efficiency of light utilisation (Aro et al. 1986). The chl _g/12 ratio, an indicator 

of granal stacking, were smaller in the 5 and 30% GI, suggesting an increase in granal 

stacking. 

Differences in total Chl content between GI have been previously found in this 

species, in the laboratory (Chapter 5). Similar results have been found for other species 

(Mooney et al. 1984, Evans 1986). The larger Chl content of shade adapted compared to 

sun adapted phyllodes allows enhanced light harvesting under light limiting conditions, at the 

expense of a large rate of electron transport (Lichtenthaler et al. 1981, Terashima and Inoue 

1985, Aro et al. 1986, Evans 1986). This correlates with differences in N content between 

GI, with smallest N in the smaller GI, and largest N in the larger GI, because of the well 

known relationship between large assimilation rate and large N content (Evans 1989, 

Woodward 1990). Expression of of seedlings of the different GI on a Chl basis 

increased the differences in assimilation between GI, no doubt due to the significant light 

limitations imposed on assimilation rates by the 5% and 1 % GI. 

Although the photosynthetic machinery of A. auriculforinis was able to adapt to 

different GI (apparent by differences in phyllode thickness, chlorophyll content and nitrogen 

content), large differences in growth rates between GI remained, because of the light 

limitations to growth. The optimum GI for this species is 70% sunlight, where light is not 

limiting. In addition, phyllode temperatures were lower compared to the temperature of 

phyllodes growing in the 100% GI because the heating load of excess solar radiation was 

reduced. Lower T of phyllodes grown in low GI led to lower LAVPD, and as the rate of 

evaporative demand is governed by the phyllode-air temperature difference, evaporative 
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demand on the phyllodes in the 70% GI compared to the 100% GI would be reduced. It 

could be predicted then that the water use of the seedlings grown in the 70% GI may have 

substantially reduced water use compared to the 100% GI seedlings. 

Previous observations of A. auriculformis  in the field (Chapters 2 to 4) and the 

laboratory (Chapter 5) found no correlation between the magnitude of A, and growth rate, 

as measured by height and girth increase, or by dry weight increase. Similar results have 

been found for other species (Gifford and Evans 1981, Poorter 1989, Atipanumpai 1989). 

The growth rate of the plants in Chapter 2, as measured by changes in height, girth and dry 

weight increase, were correlated with the size of the canopy for light interception, and thus 

total canopy CO2  assimilation rate. This observation agrees with the findings of Postuka and 

Nelson (1986). Similarly, in the present study, canopy size differed between seedlings from 

different GI (Table 30), but in the shadehouse grown seedlings, the decline in canopy size 

as GI was reduced followed the same trend as the decline in A., as GI decreased. Thus the 

effects of reduced A,,e  and the reduced canopy size at low GI should restrict total CO2  

assimilation per seedling and thus the growth rate of seedlings when compared to larger GI. 

7.4.2 Differences between seedlings from different provenance regions grown under the 

same conditions 

The '4net  of seedlings of the different provenance regions growing under the same 

conditions were significantly different, with NT provenance region trees exhibiting the 

largest Anet. This result supports observations in the field trials at Melville Island (Chapter 

2), in which seedlings of the NT provenances showed a significantly greater A than those 

of the PNG provenances. Similar results of larger A in the NT provenances compared to 

the PNG provenances have been reported for A. mangium (Atipanumpai 1989). 

The of seedlings of the different provenances could differ because of differences 

in microclimate at the time of measurement, for example differences in PPFD levels, 7, and 
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LAVPD between provenance regions. Alternatively, shading can lead to adaptation to 

reduced GI, producing a corresponding reduction in saturating A, (Chapter 6), and 

differential adaptation may result in different A..1 , under identical conditions. The present 

observations were carried out under conditions of light saturation, so PPFD limitation was 

not the cause of differences in between provenances. T1  and LAVPD can differ between 

provenances when g1  is different, because of the stomatal limitation imposed on E (Chapter 

3). Reductions in E lower the rate of evaporative cooling, consequently 7 and LAVPD may 

increase (Chapter 5). Differences in g, between provenances of A. auriculformis  (Chapter 

3), and A. mangium (Atipanumpai 1989) have been observed. In the present study, T of the 

different provenances were significantly different when exposed to the same PPFD (Table 

38), and so T may have contributed to differences in between provenances. In seedlings 

of all provenance regions, T normally exceeded the optimum for the provenances (Chapter 

6). However, the PNG provenances had larger T than the NT, and with the rapid decline 

in A in this species as T1  increases (Chapter 6), a larger decline in A fl(  would be expected 

in the PNG provenances. The relatively small (Ca. 2 °C) differences in 7 between the NT 

and PNG provenances may explain the differences in Aiiet  between provenances of the 

magnitude observed. Smaller A. per Se. in the PNG provenances have been suggested 

previously (Chapter 6), although the present data for shadehouse grown plants may not be 

consistent with this result. Larger SLA could lead to reduced An,, if the reduction in phyllode 

thickness is due to a reduction in photosynthetically active tissues (Givnish 1988). However, 

in A. auriculfor,nis (Chapter 3), and A. man gium (Atipanumpai 1989), the provenances 

showing the largest A,, frequently have the largest SLA, indicating that SLA is unlikely to 

contribute to the observed differences in A. between provenances. The smaller 

determined in PNG provenances may be attributed directly to lower N in these provenances 

(Tables 26 and 36). The provenance region trees with the largest N (NT and Qld), also 

showed the largest A., and the provenance region with the smallest N content (PNG) also 
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had the lowest rates. The role of N in the pools of enzymes and proteins of the CO2  

assimilatory process, and the strong relationship between large N and large A. (Mooney et 

al. 1984, Givnish 1988) support this observation. 

The smaller An  of the PNG provenances when compared to the NT provenances, 

is in direct contrast to the higher growth rate of the PNG seedlings compared to the NT 

seedlings when grown under similar conditions. This is a similar result to the field 

investigations at Melville Island (Chapter 2) and to other field investigations both within 

Australia (Pinyopusarerk 1990, Harwood et al. 1991), and overseas (Pinyopusarerk et al. 

1991, Yang and Zeng 1991). Largest differences in growth rate between seedlings of the 

different provenance regions were canopy area (Table 35), and stem and phyllode dry weight 

(Table 34). Previous results indicated larger total canopy photosynthesis rates of the PNG 

compared to the NT provenances were responsible for the larger growth rates observed in 

the PNG provenances (Chapter 3). The importance of canopy area or leaf area index in 

determining growth rate in this species is supported by the results in this Chapter. 

It was postulated in Chapter 3 that seedlings of the PNG provenances may have a 

significantly smaller RIS ratio compared to the NT provenances, reflecting a larger allocation 

of resources to the canopy and light harvesting, and conversely, the NT provenances may 

allocate more resources to the root system to maximise uptake of water and nutrients. The 

present data show this, as the PNG provenances, which had larger growth rates, have 

smaller RIS ratios than the NT provenances, which show smaller growth rates (Table 34). 

These differences in RIS ratios were found under conditions of adequate water and nutrient 

supply during early seedling growth, suggesting that this difference was not merely the result 

of unavailability of water and/or nutrients. Under conditions of lower water availability, 

differences in RIS ratios between provenances may be expected to be larger, and have a 

significant impact on tree performance in the field. This is because of the more deciduous 

nature of the NT trees under dry conditions, compared to the PNG trees (Chapter 3). A 
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feature of the proposed drought adaptation of seedlings of the NT provenances compared to 

the PNG provenances, would be their greater deciduousness and proportionally larger root 

system, to enhance survival on drier sites. Personal observations on Melville Island show 

that the survival of seedlings of the PNG provenances is low compared to the NT 

provenances at drier locations. In contrast, the PNG provenances thrive and out-perform 

the NT provenances significantly on wetter sites. However, the usefulness of any superior 

drought adaptation by the NT provenances could be compromised by their slow growth, 

compared to other fast growing Australian native trees such as Eucalyptus pellita (Chapter 

4). 



150 

CHAPTER EIGHT. GENERAL DISCUSSION 

This study aimed to compare and contrast aspects of the whole plant physiology of several 

provenance regions of A. auriculiformis grown in field and shadehouse conditions. It also 

aimed to investigate the response of these provenance regions to diurnal and seasonal changes 

in some of the major environmental factors influencing plant growth, stomatal conductance 

and photosynthesis. 

8.1 Field measurements 

Differences in growth rate between provenance regions of A. auriculiformis were 

found, with growth rates of the PNG provenances significantly greater than for the NT 

provenances both in the field (Chapter 3), and in shadehouse seedling trials (Chapter 7). 

Also, the differences in growth rate between provenance regions were the same in a 

comparative species trial at a different site on Melville Island (Chapter 4). The method of 

measurement of growth rate (height increase, stem girth increase or canopy size) did not 

influence the species ranking in the field. Similarly, the ranking of provenance regions of 

A. auriculiformis were maintained, albeit reduced in magnitude, under shadehouse conditions 

in Darwin (Chapter 6). Similar differences in growth rates between the PNG and NT 

provenance regions of A. auriculiformis have been reported (Ganeson 1989, Pinyopusarerk 

1990, Harwood et al. 1991, Pinyopusarerk et al. 1991, Yang and Zeng 1991), and between 

PNG and Qld provenances of A. mangium (Atipanumpai 1989). Differences in growth rates 

between genetically distinct populations have been found previously in Eucalyptus globulus 

(Sheriff and Nambiar 1991). 

These differences in growth rates may be due to differences in response to the 

physical environment (McMurtrie et al. 1992), and its effect upon g and assimilation, 

including photosynthetic photon flux density light quantity and quality (Friend 1984, 
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Oberbauer and Strain 1985, Teskey and Shrestha 1985), temperature (Labate and Leegood 

1988, Labate et al. 1990), LAVPD (Turner et al. 1984, Aphalo and Jarvis 1991, Chaves 1991, 

Mott and Parkhurst 1991) and soil moisture status (Bates and Hall 1981, Passioura 1988, 

Munns and King 1988). The response to the physical environment is particularly relevant 

if the growth rate of the species is correlated with assimilation rate, as has been found in 

other species (Bickman 1973, Sun 1986). PPFD was saturating for the Melville Island site, 

as it is an open forest situation, and light quality should be similar for all individuals. 

Temperature can cause differences in assimilation, if either the response of assimilation to 

T1  differs between the provenance regions, or the T1  is different between provenance regions. 

Although differences in these parameters were found between provenance regions, the 

combined effects reduced the assimilation rate of the PNG more than the NT provenances. 

Thus the effects of assimilation/T1  and T effects would have reduced rather than enhanced 

the differences in growth rates between provenance regions. Similarly, LAVPD could be 

significant in causing differences in assimilation rate between provenance regions if the T1  of 

the provenance regions were different, but the effects would again reduce the differences in 

growth rates between provenance regions. 

In A. auriculiformis, ranking of the Amax  of the different provenance regions was 

opposite to the ranking of growth rates, as the fastest growing provenances showed the lowest 

Amax  (Chapter 2). Similar results were seen for A. mangium (Atipanumpai 1989). For A. 

man gium, it was suggested that the Amax  of the provenance regions might change relative to 

one another during the year, so that over the annual period Ama  of the PNG provenances may 

be larger than for the NT provenances. Consequently, differences in Amax  between 

provenance regions could explain the differences in growth rate (Atipanumpai 1989). This 

implies that trees of different provenance regions of A. man gium differ significantly in their 

response to some environmental parameters during the year. In contrast, evidence presented 

in this study of A. auriculiformis suggests that different provenance regions do not differ 
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sufficiently in response to the major environmental factors of LAVPD, T1  or PPFD at the 

phyllode level to explain the observed differences in growth rates (Chapter 6). 

Differences in growth rates between trees of the different provenance regions may 

be greatly influenced by differences in canopy size or LAI (Woodward 1990), and to 

differences in allocation of photosynthate between roots and shoots (Givnish 1988). In the 

present study, compared to the NT provenances, trees of the PNG provenances had 

significantly larger canopies and less deciduousness under water limiting conditions (Chapter 

3), and larger root to shoot ratios (Chapter 7). The magnitude of the differences in canopy 

size between provenance regions were sufficiently large to explain the differences in growth 

rates between provenance regions. Significant differences in the canopy size between isolated 

genotypes of species exist (Gifford and Evans 1981, Postuka and Nelson 1986), and growth 

rate is better correlated with canopy size than assimilation rate directly (Leopold and 

Kriedemann 1975, Givnish 1984, Givnish 1988, Poorter 1989, Atipanumpai 1989). 

Growth rate is directly dependent on total tree assimilation, which is a product of 

assimilation and total phyllode (canopy) area in A. auriculiformis. Expression of assimilation 

rate on a whole canopy basis gives an A. value of 2 - 3 times larger for the PNG 

provenances than the NT provenances, which can account for the apparent differences in 

growth rate between the provenance regions. Observed differences in apparent phyllode 

longevity (related to the relatively larger degree of deciduousness of the NT provenances 

compared to the more facultative deciduousness of the PNG provenances) should also be an 

important contributor to differences in growth rate. Clearly, canopy size is of more 

importance in this species in determining growth rates than the assimilation rate per Se. 

Interestingly, the same results were observed in the study of assimilation rates of four 

different species (Chapter 4). The fastest growing species, measured as height and girth, were 

those with the smallest Amax  but the largest canopy structure. In fact the size of the canopies 

of the species were closely correlated with height increase of the trees during the early years 
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of growth. As most selections of superior species and provenances are based on the early 

relative growth rates, the importance of a large canopy throughout the year, and, thus, a large 

net assimilation rate per tree are apparent. Current forestry practises involve observing 

growth over a number of years before selections are made, based on parameters such as tree 

form, accumulated biomass, and yield based on the type of forest product envisaged 

(Harwood and Williams 1991). However, the relationship between canopy size and ultimate 

biomass accumulation should allow part of the selection process to be carried out over a 

shorter period, particularly where differences between species and provenances are large. If 

the trees are observed in the most stressful time of year (for the wet dry tropics of Northern 

Australia this is the end of the dry season in September and October), many of the less 

successful provenances may have lost a significant proportion of the canopy, thus making 

easier identification of provenances with larger canopies and less tendency to be deciduous. 

Selection for superior form could then be carried out on the provenances that have the largest 

canopies and thus most likely to have the fastest growth rates. The cost savings of this 

selection process may be significant, as future management of land resources and 

maintenance are required to be more cost-effective. Of course it must be remembered that 

total biomass accumulation represents only one parameter in the selection process, and will 

be most prominent as a selection criteria for fuelwood, and perhaps pulpwood uses. For 

timber production, selection for straight bole, yield and quality of timber may be more 

important than fast growth rate as such, and the need for flexibility in selection processes to 

cater for diverse demands of the forestry industry remains a challenge to be met (Woo, 

personal communication). 

The larger growth rate of the PNG provenances compared to the NT provenances was 

most striking on sites with increased water availability. The greater degree of deciduousness 

in trees of the NT provenance region, and the corresponding limitations on annual carbon 

gain, leads to the suggestion that if the PNG provenance trees survive the first year on sites 
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with increased water availability, their growth should be superior to the NT provenance 

region trees. However, on drier sites, survival of the PNG provenances can be poor. On the 

drier sites the PNG provenances appear to retain their phyllodes and keep using water until 

W.  is so low, irreversible stress occurs. Greater potential for the NT trees lies in selection 

for drier sites, compared to the PNG provenances. Features of the NT provenances such as 

larger root to shoot ratios, and greater deciduousness compared to the PNG provenances, may 

lead to larger growth rates on these drier sites. Recently Woo et al. (1994) have suggested 

that changes in LAI and growth rate over longer timescales (15 - 20 years) may lead to more 

equal growth rates in the NT and PNG provenances. This would appear most likely on drier 

sites, where the adaptations of the NT provenances to low moisture availability would 

become more significant. 

8.2 Light 

The wet-dry tropics environment in the NT provides PPFD levels that are saturating 

diurnally and seasonally almost throughout the year. Low PPFD thus does not generally 

represent a constraint on assimilation rate, unlike for closed tropical forest situations 

(Turnbull 1991). The levels of PPFD recorded were similar to other observations in this 

environment (Wiebel et al. 1993, Berryman et al. 1994, Eamus et al. 1994) and in fact are 

large enough to cause significant leaf over-temperatures, as has been seen previously (Gamon 

and Pearcy 1990). 

Descriptions of the light climates of tropical deciduous forests are few (Lee 1989, 

Choinski and Johnson 1993). PPFD levels for most of the daylight hours throughout the 

year at the Melville Island site were saturating for photosynthesis, except in some specific 

cases, such as during the mid wet season, when cloud cover was extensive. Saturating levels 

of PPFD occurred between 0800 and 1700 hours in all seasons. Day length varied with 

season by less than one hour between the shortest day and longest day. This day length 
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variation with season is a result of the low latitude location, and it is suggested that seasonal 

differences in daylength are unlikely to be critical in determining productivity, unlike sub-

tropical and temperate regions where day length varies significantly with season (Lloyd et al. 

1991). 

Laboratory measurements of the response of assimilation of seedlings of the NT 

provenance region of A. auriculiformis to PPFD showed no differences in the quantum yield 

(4a) between the different growth irradiances (Gf), a result similar to that reported for some 

species (Björkman et al. 1972, Björkman 1981, Riddoch et al. 1991, Turnbull 1991), but not 

in others (Boardman 1977, Friend 1984, Oberbauer and Strain 1985, Teskey and Shrestha 

1985). The values of 4 determined in this study were significantly lower than in some 

previous studies (Ehleringer and Björkman 1977, Ehleringer and Pearcy 1983, Friend 1984, 

Osborne 1989, McMurtrie et al. 1992), but were consistent to those for tropical species 

(Langenheim et al. 1984, Wiebel et al. 1993, Eamus et al. 1994). 

The reasons of the low in vivo 4, in tropical tree species are unknown (Langenheim 

et al. 1984, Wiebel et al. 1993, Eamus et al. 1994). Temperature affects 4, (Ehleringer and 

Björkman 1977, Ehleringer and Pearcy 1983) and possibly differences in the temperature 

optima of 4. and Amax  occur, leading to low estimates of as these observations are 

generally carried out at the predetermined T0  of  Amax.  These differences in temperature 

optima may be possible, albeit unlikely, because of different temperature effects on the rate 

of electron transport, or the enzymes associated with subsidiary pathways compared to the 

temperature effects on the rate of electron capture. The decline in 4a  with increased 

temperature has been attributed to increased oxygenase activity of Rubisco, and the possibility 

exists that oxygenase activity is larger in tropical species, than temperate species. 

Furthermore the large PPFD loads to which these species are exposed may lead to a reliance 

on energy dissipating pathways. Osmond and Chow (1988) describe the effects of dissipation 

of excess excitation energy under large PPFD loads on the photosynthetic apparatus in 
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reducing a'  thereby preventing photosynthetic reaction centre damage. The role of the 

xanthophyll cycle in this process has been suggested (Demmig et al. 1987). It is possible 

that species from tropical and other high irradiance environments may show reduced 4. in 

vivo because of larger activities of these energy dissipating pathways. The activities of these 

pathways are yet to be determined. 

The Amax  was comparable to that of some tropical legumes (Kao and Forseth 1992), 

but lower than for C4  species (Kalt-Torres et al. 1987). The large Amax  was possible despite 

a low a  because of a large light saturation point (LSP) compared to many other species 

(Osborne 1989, Riddoch et al. 1991, Eamus et al. 1994) including tropical species (Wiebel 

et al. 1993, Eamus et al. 1994). This large LSP was possible because of a large investment 

in the photosynthetic apparatus, allowing large rates of carbon fixation. The LSP was 

comparable with that recorded for the tropical legume, Soybean (Kao and Forseth 1992). 

The a  of seedlings of the provenance regions of A. auriculiformis were similar under 

the same GI but the measured Amax  were larger for the NT provenances compared to the PNG 

provenances. Differences in Amax  between ecotypes have been reported in another acacia 

(Atipanumpai 1989), but, in the present study, were not due to differences in chlorophyll 

content or phyllode thickness (Table 28, cf. Rice and Bazzaz 1989). The differences in Amax  

appear to be linked to differences in N content of the phyllodes, since phyllodes with the 

largest Amax  also had the largest N content. This correlation has been observed previously and 

relates to the need for large amounts of nitrogen to be associated with photosynthesis for a 

large Am  (Evans 1989, Woodward 1990). Nitrogen content of the leaf has been correlated 

with light acclimation in nitrogen-fixing Lucerne (Evans 1993" b)  although the rate of 

assimilation per unit nitrogen was independent of growth irradiance, because at lower growth 

irradiances a larger proportion of nitrogen was located in the thylakoids. Results for A. 

auriculiformis also show that the assimilation rate expressed in terms of phyllode N content 

was independent of growth irradiance. Interestingly, the comparison of Gunnea tinctoria with 
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and without the phycobiont Nostoc punctiforme showed a large reduction in Amax  without the 

phycobiont, which presumably was a direct consequence of a 60% reduction in nitrogen 

content, even though 4. was unaffected (Osborne 1989). However, the differences in Amax  

between provenance regions do not account for the differences in growth rate between 

provenance regions because the provenances with the largest Amax  have the smallest growth 

rates (NT). 

83 Temperature and LAVPD 

Ta  in the wet-dry tropical environment shows larger diurnal variation than seasonal 

variation, compared to sub-tropical environments (Lloyd et al. 1991). Consequently, 

especially in the dry season, Ta  is above or below the optimum for photosynthesis in A. 

auriculiformis and for other species native to the wet-dry tropics for most of the day 

(Schaper et al. 1991, Wiebel et al. 1992, Eamus et al. 1994). Additionally, large solar 

radiation levels create conditions for supra-optimal T1  leading to large differences between 

the optimum temperature for photosynthesis and T1. Changes in Ta  will lead to changes in 

T1  and atmospheric vapour pressure deficit (VPD) Chiarello 1984). The combination of these 

factors is usually described as LAVPD, as T1  is a component part of the determination of 

LAVPD. Changes in T1  and LAVPD were the major differences in the wet-dry tropical 

environment between morning and afternoon. Large LAVPD is a feature of the dry season, 

but the data show that even in the wet season, LAVPD in the mid-afternoon can increase 

significantly. Studies on the separate effects of T1  and LAVPD upon give no information 

as to synergistic interactions. Further investigations of the effects of LAVPD at different T1  

are required in order to assess the relative impact of T1  and LAVPD upon assimilation rate, 

particularly at the environmental extremes of up to 35 - 38 °C. 

Temperature may affect assimilation rate by two distinct mechanisms (Kumar and 

Tieszen 1980, Ludlow 1981, El-Sharkawy et al. 1984, Eamus et al. 1994). Firstly 
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temperature directly affects the enzymes of photosynthesis and respiration. Species generally 

show an optimum temperature for photosynthesis with a decline in assimilation rate as 

temperature is raised above or reduced below the optimum. Many species show a broad 

optimum and slow rate of decline in assimilation rate as temperature is raised above or 

reduced below the optimum (Mahon et al. 1977, Watson et al. 1978, Imai et al. 1982, El-

Sharkawy et al. 1984, Lloyd et al. 1991). The decline in assimilation rate as T1  is raised 

above the optimum is due to an increase in the proportion of oxygenations by Rubisco, thus 

causing a decline in 4, (Ehleringer and Björkman 1977, Ludlow 1981, Tenhunen et al. 1984). 

Secondly, temperature has an indirect effect on assimilation rate (Cowan 1977, Farquhar and 

Sharkey 1982, Sharkey 1984, Berryman et al. 1994, Eamus et al. 1994). As temperature 

rises above the optimum, LAVPD increases, and the increase in the gradient of water content 

between the leaf and the air leads to an increase in E. Reduction of stomatal aperture to 

control water loss may then occur, which may lead to reductions in C1  as gas exchange is 

reduced (Sharkey 1984, El-Sharkawy and Cock 1986, Ball 1987, Mott and Parkhurst 1991). 

If the reduction in C1  is sufficiently large, photosynthesis may become substrate limited, so 

declines. 

Significantly larger T1  and LAVPD in the field were apparent in the PNG provenances 

than in the NT provenances (Chapters 2 and 3). For much of the day and throughout the 

year, T1  of all provenances were above the optimum T1  for Amax,  even though some changes 

in the optimum T1  occurred with season. Generally the T1  of the PNG provenances were 0.5 

- 2.0 °C larger than the NT provenances in the field. Apparently, reduced E lowered the 

evaporative cooling effect on the phyllode, and so T1  increased. E was reduced due to 

reductions in g as water became limiting in the afternoon of most seasons. It is pertinent to 

note that the provenances with the largest diurnal decline in assimilation were also the 

provenances with the narrowest optimum T1  and the largest decline in assimilation as 

changed (Qid provenances). The reduced root to shoot ratio in the PNG provenances 
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compared to the Qld and NT provenances (Chapter 7) results in a larger canopy area being 

supported by a proportionally smaller root system, under conditions of reduced water 

availability. Less water would be available for transpiration per phyllode under these 

conditions and so a lower g  may be expected in the PNG provenances, compared to the QId 

and NT provenances. This was indeed the case. 

Elevated T1  also affects the LAVPD such that LAVPD increases as T1  increases 

(Chiariello 1984, Schuize 1986). A. auriculiformis responds to elevated LAVPD by reducing 

assimilation, an effect that can be independent of T1 , C1 , and soil moisture levels (Chapter 6). 

Non-stomatal effects of LAVPD upon Anet  (Turner et al. 1984, Aphalo and Jarvis 1991, 

Chaves 1991, Mott and Parkhurst 1991), have been attributed to patchy stomatal closure 

(Terashima et al. 1988, Mott and Parkhurst 1991), increased abscisic acid levels (Downton 

et al. 1988, Grantz 1990, Chaves 1991), shortage of water supply from subsidiary and 

epidermal cells to the guard cells (Nonami et al. 1990), and/or to other undefined non-

stomatal limitations (Bunce 1988, Chaves 1991). The larger LAVPD and T1  to which the 

PNG provenances were exposed in the field, compared to the NT provenances, could 

contribute to the differences in assimilation that were seen between these provenances. 

Interestingly, these provenances show remarkably similar temperature curves for assimilation, 

and responses of assimilation to LAVPD. The significant difference between these 

provenances lies in the severity of T1  and LAVPD to which they are exposed in the field. The 

laboratory investigations of effects of LAVPD upon assimilation were limited by the system 

design to Ca. 4.5 kPa. In the afternoon during the dry season LAVPD can exceed this value 

(rising to 6 kPa at times). These large LAVPD are primarily the result of T1  being elevated 

substantially above Tair,  combined with the low RH typical of air flowing across the continent 

at this time of year. 

No differences were found in temperature or LAVPD response of A1  between 

seedlings of the NT provenance grown at different GI (Fig. 17), but genotypic differences in 
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g response to water deficits have been detected in other species (Ceulemans et al. 1983, 

Jones 1987). However, in field conditions it is likely that unshaded phyllodes will be 

significantly warmer than shaded phyllodes, and so the effects of reduction in g and 

assimilation due to T1  and LAVPD should be more pronounced for unshaded phyllodes than 

for shaded phyllodes. It is also likely that phyllodes at the top of the canopy may show 

higher temperature optima for assimilation when compared to phyllodes positioned to the 

sides of the canopy. Assimilation rate of phyllodes at the top of the canopy may therefore 

be expected to be reduced more than phyllodes further down the canopy sides as the extremes 

of T,, LAVPD and wind reducing boundary layer may be larger for upper canopy phyllodes. 

It must be remembered that the laboratory studies of responses of Anet  to T1  and 

LAVPD were conducted on well watered seedlings. These types of studies would necessarily 

show reduced differences in response of Anet  to elevated T1  and LAVPD compared to plants 

in the field that may be subjected to reduced water availability (Bates and Hall 1981, Gamon 

and Pearcy 1990, Choinski and Johnson 1993). However, although the effects of T1  and 

LAVPD upon appear to explain the differences in diurnal fluctuations in A1  found in the 

field, they do not explain the differences in growth rates of seedlings of different provenance 

regions, because the provenances most severely constrained by the effects of T1  and LAVPD 

on assimilation were the provenances that show the largest growth rates (PNG). 

Significant genotypic variation within A. auriculiformis has been reported, as 

previously discussed (Chapters 2 and 3). The range of the species has been broadly separated 

into three regions, the NT, Qid and PNG provenance regions, and population from he three 

regions exhibit readily apparent differences in tree form and appearance (Harwood and 

Williams 1991). Additionally isozyme analysis has detected genotypic variation in the 

species to make selection viable (Wickneswari and Norwati 1993). Observations of growth 

of the provenance regions on many sites has shown that the superior growth of the PNG 

provenances compared to the NT and Qld provenances is maintained across wide differences 
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in climate (Boland et al. 1990, Pinyopusarerk 1990, 1991). This would tend to indicate the 

importance of genotype on the growth rate of the species. Adaptability to the environmental 

factors described in this study represent a partial understanding of the influence of genotype 

on relative growth rate, and further information is required on the wider issues of genotypic 

variation and expression within the populations of A. auriculiformis. 

8.4 C1  and C. 

Significant diurnal changes were found in the field site in Ca , but the increases in C. 

were confined to the night and generally levels had stabilised at 330-345 4umol mo1' within 

half an hour of dawn, and remained within this range all day. The increases in Ca  overnight 

would appear to be the result of development of a cool and motionless layer of air close to 

the ground, coupled to respiratory loss of CO2 from vegetation and soil, and that this air layer 

was rapidly dispersed at dawn by morning breezes and the onset of assimilation. The effects 

of large C. on assimilation may therefore be minimal because it was observed generally at 

night. 

C1  of seedlings of the provenance regions of A. auriculiformis remained stable for 

most of the day in all seasons, despite large changes in g5  and An,, (Table 1), suggesting that 

A 1  was not declining from the morning to the afternoon in response to declining g. Rather, 

both parameters were declining in response to other factors (see section 8.3). Diurnal 

declines in C1  in response to reduced g caused declines in Anet  (Tenhunen et al. 1980, 1981, 

1984, Downton et al. 1987). The declines in g in the present study may have been because 

of excess water loss due to high temperature, large LAVPD and depletion of soil moisture 

levels, perhaps due to root dehydration (Zhang and Davies 1989, 1990). The stomatal closure 

controls E and thus aids water conservation (Sharkey 1984). However, according to the 

optimisation hypothesis (Cowan 1977, Sharkey 1985) the ratio of C1  to C. should remain 

relatively constant over a wide range of environmental conditions, allowing C to remain on 
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the shoulder of the CO, response curve between rubisco limitation and saturation (Farquhar 

et al. 1980, Farquhar and Sharkey 1982). In the present study, Ci/Ca  remained constant 

despite large fluctuations in ambient humidities both in laboratory data and field data as 

found in previous studies (Farquhar et al. 1980, Field et al. 1981). 

Lack of rainfall during the dry season leads to reduced soil moisture levels, reduced 

phyllode W,,, and increased atmospheric vapour pressure deficit, all of which result in a 

lowering of g. Lower W.  and g, together with lower C,/Ca  ratios were indeed found in 

phyllodes of all provenances in the dry season compared to the wet season. Declines in g., 

due to low W. may lead to reduced Ci /Ca  (Bates and Hall 1981, Passioura 1988, Munns and 

King 1988), if assimilation is relatively unaffected by lower 'I', and declines in C/Ca  may 

therefore have contributed to the declines in assimilation rate seen during the dry season. 

Additionally, g can decline without change in the water status of the leaf, as water content 

of the soil declines (Blackman and Davies 1985, Munns and King 1988, Zhang and Davies 

1990). The existence of a substance in the sap of water stressed wheat capable of causing 

rapid stomatal closure (Munns and King 1988) in addition to the role ascribed to abscisic acid 

in this regard (Hoad 1975, Loveys et al. 1987) has strengthened the argument that root water 

potential, or more specifically root tip W. or I'.,, can regulate stomatal aperture independently 

of phyllode or leaf W, (Zhang and Davies 1990). Considerable recent evidence suggests that 

the stomatal control is by chemical messages originating in dehydrating roots (Zhang and 

Davies 1989, Schurr et al. 1992, Tardieu and Davies 1993). Nevertheless, unless non-

uniform stomatal closure occurred in the field and laboratory experiments leading to 

overestimation of C, (Downton et al. 1988), the decline in g in phyllodes of A. auriculiformis 

during the day was not sufficient to cause CO1 limitations to assimilation. Thus non-

stomatal factors appear to be contributing significantly to the diurnal declines in assimilation 

observed, an observation previously recorded (Downton et al. 1987). 
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Carboxylation efficiency (CE) of seedlings of the NT provenance region grown at 3 

different GI were not significantly different, as in a tropical species (Wiebel et al. 1993), 

although not in Eucalyptus tetrodonta when exposed to elevated [CO2] compared to ambient 

[CO,] (Eamus et al. 1994). Generally CE has been found to change under different GI within 

a species (Teskey and Shrestha 1985, Evans 1987, Riddoch et al. 1991), and CE is frequently 

different between shade adapted species compared to sun adapted species (Teskey and 

Shrestha 1985). CE values measured for A. auriculiformis were larger than for several other 

tropical species (Tenhunen et al. 1984, Wiebel et al. 1993, Eamus et al. 1994). As CE is a 

measure of Rubisco activity in vivo (Evans 1987), it is suggested that activity of this enzyme 

is greater in A. auriculiformis compared to these other species, as indicated by the 

significantly larger of A. auriculiformis compared to these other tropical species and 

determined under ambient levels of CO,. Atmospheric levels of CO2  are undeniably 

increasing (Eamus et al. 1994), and therefore size of assimilation in these species may 

increase over time. Differences in growth rate between species and provenance regions are 

likely then to be different under elevated [CO2] conditions. It is interesting that in all GI, 

assimilation was saturated at Ca  approximately equal to atmospheric [CO,], but above the 

ambient interstitial [CO,], and studies of the behaviour of this species under elevated [C01] 

conditions should be conducted. 

8.5 Concluding remarks 

The PNG provenances of A. auriculiformis outperform the NT and Old provenances 

in terms of growth rate, in field and shadehouse trials (Chapters 2 and 7). This is in spite 

of inferior phyllode photosynthesis rates, in all seasons, and at all times of the day. The 

faster growth of the PNG provenances compared to the NT provenances was due to larger 

canopy size, the reduced level of deciduousness during periods of low water availability, and 

smaller root to shoot ratio. Thus canopy size appears to be far more important for net dry 
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weight gain than diurnal or annual carbon gain per unit phyllode area in A. auriculiformis. 

Significant improvements in productivity may be possible by combining some of the 

attributes of the PNG provenances (large canopy size and longer phyllode life) with others 

of the NT provenances (large Anei  and superior drought tolerance). However, the narrow 

temperature optimum for photosynthesis places constraints on phyllode photosynthesis 

because in the wet-dry tropics, phyllode temperature in most seasons and at most times of 

day is at least 5 °C above the optimum. 

The value of carbon isotope discrimination (A) as a determinant of water use 

efficiency has been elucidated (Farquhar et al. 1989, Ehleringer et al. 1991), particularly as 

differences in phyllode A between genotypes have been found in other species (Hubick et al. 

1986, Ehleringer 1990, Ehleringer et al. 1990, Wright 1994, Wright and Nageswara Rao 

1994). The differences in A between genotypes appear to be stable across habitats, and 

between seasons (Ehleringer et al. 1990), and during different phases of development 

(Ehleringer 1990). The superior drought tolerance of the NT provenances of A. 

auriculiformis suggests that differences in phyllode A may exist between the NT and PNG 

provenance regions. Differences in phyllode A between provenance regions of A. 

auriculiformis indicate that the largest water-use efficiencies were found in the Australian 

provenances (Woo et al. 1994). The value of using A in determining which genotypes of A. 

auriculiformis are better adapted to conditions of low water availability is largely unexplored, 

but preliminary evidence suggests that there are genotypes within the PNG provenances that 

show A values comparable to those determined for the Australian provenances. The value 

of the A technique for selection of superior genotypes for semi-arid and seasonally and 

climates has been discussed (Woo et al. 1994), and the particular value of the technique lies 

in the identification of genotypes that combine the fast growth of the PNG provenances with 

the drought tolerance of the NT provenances, for use in breeding programs. 
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Appendix 1. Calibration curves for the BPX-65 photodiode sensors, for use in the 

determination of photosynthetic photon flux density PPFD levels from raw output 

voltage. One sensor was used for each of the leaf cuvettes in the laboratory 

IRGA system. 
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Appendix 2. Calibration curves for the three Tylan mass flowmeters, for use in the 

determination of true air flow (litres (min)1), measured volumetrically, from 

indicated flow (litres (min)'). One mass flowmeter was used to measure air flow 

through each of the leaf cuvettes in the laboratory IRGA system. 
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Appendix 3. Calibration curves for the ADC and Fuji IRGAs, for use in the 

determination of absolute [CO2] from indicated [CO.]. Absolute [CO2]  was 

mixed in a 10 litre glass mixing chamber, being derived from a cylinder of 5% 

CO2  in nitrogen and a gas regulator (CIG Australia), and a Tylan Mass Flow 

Controller (Tylan, USA) The Fuji IRGA was used for absolute measurement of 

[CO21 and the ADC IRGA was used in differential measurement mode to 

determine differences between the input and the output air within each cuvette. 

The absolute [CO2] was mixed using a CO2  standard gas (balance N) and two 

Tylan (Tylan Corp, USA) mass flow controllers. 
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Appendix 4. Computer program written in BASIC for the conversion of the laboratory 

photosynthesis system raw data from A/Q, AIVPD, and AlT1  experiments. The 

program used calibration curves for the Tylan mass flowmeters, IRGAs and the 

light sensors to correct for errors associated with each measurement. 



1 PRINT "PROGRAMME TO CALCULATE A/Q DATA FROM RAW IRGA DATA" 2 PRINT" HEAT RESISTA4T GLASS IN USE." 3 PRINT" 
4 INPUT " NAME OF OUTPUT FILE";FI$ 7 OPEN "O",#]. FI$ 
8 OPEN "O",#2,"PRN" 
11 PRINT 
12 PRINT "LEAF AREA (cn2)  13 INPUT LA 
14 PRINT 
15 PRINT "CUVETTE No.  16 INPUT M 
18 GOSUB 1015 
28 PRINT 
30 PRINT "FLOW RATE (volts)  31 INPUT FVT 
46 REM CALCULATION OF VOLUMETRIC FLOW From standard curves for flowmeters. 50 IF M = 1 THEN LET FV=((FVT+.26)*2.219) 55 IF M = 2 THEN LET FV=((FVT-.06)*4.6364) 60 IF M = 3 THEN LET FV=((FVT-9.000001E-02)*2.3374) 65 PRINT 
70 PRINT " LEAF TEMPERATURE "7 75 INPUT TL 
76 REM : CONVERSION OF LEAF TEMP. TO DEGREES KELVIN 8O LET TLK=TL+273.15 
82 PRINT 
85 PRINT " DEW POINT - REFERENCE AIR  90 INPUT DPIN 
91 REM CONVERSION OF DP TEMPERATURE TO DEGREES KELVIN 95 LET DPKIN = DPIN + 273.15 99 PRINT 
100 PRINT " DEW POINT - CHAMBER OUTPUT AIR  105 INPUT DPOUT 
110 LET DPKOUT = DPOUT + 273.15 113 PRINT 
115 PRINT " CO2 DIFFERENTIAL IN PPM  120 INPUT DIFF 
125 LET DIFF14 = DIFF*.000001 
199 REM CONVERSION TO MOLAR FLOW USING EQUATION 6.9 PAGE 73 200 LET FM = FV * .0446 * (273.15/(TLK)) * .0167 249 REM CALC OF MOLE FRACTION OF WATER IN INPUT, OUTPUT,AND AIR AT LEAF TEMP 250 LET WIN=(52.57633-(6790.5/DPKIN)-(5.02808*(LOG(DPKIN)))) 300 LET WOUT=(52.57633-(6790.5/DPKOUT)-(5.02808*(LOG(DPKOUT)))) 350 LET WLEAF=(52.57633-(6790.5/TLx-(5.02808*(LoG(TLK)))) 400 LET ),IN=EXP (WINT/ ( . 00046*DPKIN) 450 LET XROUT=EXP(WOUT) / (.00046*DPKOUT) 500 LET XRLEAF=EXP(WLEAF)/(.00046*TLK) 550 LET XSIN=(IN/18)*(22.4/1000) 600 LET XSOUT=(XROUT/18)*(22.4/1000) 650 LET XSLEAF=(XRLEAF/18)*(22.4/1000) 660 REM : CALC. OF VPD FROM SVP AND DPIN 661 LET XRMBAR = (17.2694*(TLK)_4717.3061#)/((TLK)_35.86) 663 LET XSMBAR = EXP(1.8096+(XRMBAR)) 665 LET DPINNBAR = (17.2694*(DPKIN)_4717.3061#)/((DPKIN)_35.86) 667 LET MBARIN = EXP(1.8096+(DPINMBAR)) 669 LET VPD = (XSMBAR-MBARIN) 
671 LET VPDKPA=(VPD)/10 
673 LET XSKPA=(XSMBAR)/10 
700 LET E=(FM/LA*10000) *( (XSOUT-XSIN) / (1-XSOUT)) 749 REM :CALC OF ASSIMILATION RATE USING EQUATION 6.7 PAGE 66 750 LET A=(FM/LA*10000)*DIFFM*(1_XSIN)/(1_XSOtJT) 755 LET AM=A*1000000! 
770 LET GG=E/(XSLEAF-XSOUT) 
775 LET GS=GG*1000 



799 REM : CALC OF INTERNAL LEAF CO2 USING EQUATION 6.2 PAGE 87 
800 LET CI=((((GG-E/2)*345)-AM)/(GG+E/2)) 
849 REM CALC OF TRANSPIRATION RATE USING EQUATION PAGE 92 
900 PRINT #2,PAR;AN;CI;E;GS;TL;VPDKPA;XSKPA 
901 PRINT 01,PAR;AM;CI;E;GS;TL;VPDKPA;XSKPA 
940 PRINT 
950 PRINT" ------------CONTINUE THIS LEAF + CHAMBER", 
951 INPUT TS 
970 IF TS1 GOTO 18 
980 PRINT 
990 PRINT" -------------NEW LEAF + CHAMBER"; 
991 INPUT  TT 
992 IF TT1 GOTO 12 
995 CLOSE #1 
996 CLOSE #2 
1000 END 
1015 PRINT 
1017 PRINT "INPUT Qv (volts)  
1018 INPUT QV 
1020 IF M=1 GOTO 1100 
1021 IF M=2 GOTO 1200 
1022 IF M=3 GOTO 1300 
1095 REM : cuvette 1 standard curve calcs. 
1100 IF QV<2.1 GOTO 1150 
1105 IF QV>4.6 GOTO 1160 
1110 IF QV>=2.1 GOTO 1170 
1150 LET PAR=(-10.4+(339.3*(QV))) 
1155 GOTO 1900 
1160 LET PAR=(-486.14+(423.38*(QV))) 
1165 GOTO 1900 
1170 LET PAR=(10.6+(313.55*(QV))) 
1180 GOTO 1900 
1195 REM : cuvette 2 standard curve caics. 
1200 IF QV<1.7 GOTO 1250 
1205 IF QV>=4.1 GOTO 1260 
1210 IF QV>=1.7 GOTO_1270 
1250 LET PAR=(-10.09+(320.02*(QV))) 
1255 GOTO 1900 
1260 LET PAR=(-1644.5+(612.77*(QV))) 
1265 GOTO 1900 
1270 LET PAR=(165.52+(225.83*(QV))) 
1280 GOTO 1900 
1295 REM cuvette 3 standard curve caics. 
1300 IF QV<1.9 GOTO 1350 
1305 IF QV>4.8 GOTO 1360 
1310 IF QV>=1.9 GOTO 1370 
1350 LET PAR=(-10.139+(334.99*(QV))) 
1355 GOTO 1900 
1360 LET PAR=(-775.32+(451.4*(QV))) 
1365 GOTO 1900 
1370 LET PAR=(127.62+(257.29*(QV))) 
1900 PRINT 
1905 PRINT"P.A.R. (UEI/M2/S) =";PAR 
1910 RETURN 



Appendix 5. Computer program written in BASIC for the conversion of the laboratory 

photosynthesis system raw data from A/Ci experiments. The program used 

calibration curves for the Tylan mass flowmeters, IRGAs and the light sensors 

to correct for errors associated with each measurement. 



1 PRINT "PROGRAE TO CALCULATE A/Cl DATA FROM RAW IRGA DATA" 2 PRINT" HEAT RESISTANT GLASS IN USE." 
3 PRINT" 
4 INPUT " NAME OF OUTPUT FILE";FI$ 
7 OPEN "0" #1 FIS 
8 OPEN "O",#2,"PRN" 
12 PRINT "WHAT IS THE CUVETTE NUMBER?"; 
13 INPUT M 
20 GOSt.TB 1015 
24 PRINT"WHAT IS THE LEAF AREA IN CM211; 
25 INPUT LA 
40 PRINT "INPUT FLOW IN VOLTS"; 
45 INPUT FVT 
46 REM CALCULATION OF VOLUMETRIC FLOW FOR TWO DIFFERENT SIZED FLOW METERS 50 IF M1 THEN LET FV=((FVT+.26)*2.219) 
55 IF M=2 THEN LET FV=((FVT-.06)*4.6364) 
60 IF M3 THEN LET FV=((FVT-9.000001E-02)*2.3374) 
70 PRINT "WHAT IS THE LEAF TEMPERATURE?"; 
75 INPUT TL 
76 REM : CONVERSION OF LEAF TEMP. TO DEGREES KELVIN 
80 LET TLK = TL + 273.15 
85 PRINT "WHAT IS THE DEW POINT OF THE REFERENCE AIR?"; 90 INPUT DPIN 
91 REM : CONVERSION OF DP TEMPERATURE TO DEGREES KELVIN 95 LET DPKIN = DPIN + 273.15 
100 PRINT "WHAT IS THE DEW POINT OF THE CHAMBER OUTPUT AIR?"; 105 INPUT DPOUT 
110 LET DPKOUT = DPOUT + 273.15 
115 PRINT "WHAT IS THE CO2 DIFFERENTIAL IN PPM?"; 
120 INPUT DIFF 
125 LET DIFFM = DIFF*.000001 
160 PRINT "WHAT IS THE CO2 CONCENTRATION"; 
165 INPUT CA 
199 REM : CONVERSION TO MOLAR FLOW USING EQUATION 6.9 PAGE 73 200 LET FM = FV * .0446 * (273.15/(TLK)) * .0167 
249 REM : CALC OF MOLE FRACTION OF WATER IN INPUT, OUTPUT, AND AIR AT LEAF TEMP 250 LET WIN=(52.57633-(6790.5/DPKIN)-(5.02808*(LOG(DpKIN)))) 300 LET WOUT=(52.57633-(6790.5/DPKOUT)-(5.02808*(LOG(DPKOUT)))) 350 LET WLEAF=(52.57633_(6790.5/TLK)_(5.02808*(LOG(TLK)))) 
400 LET XRIN=EXP(WIN)/(.00046*DPKIN) 
450 LET XROUT=EXP(WOUT)/(.00046*DPKOUT) 
500 LET XRLEAF=EXP(WLEAF)/(.00046*TLK) 
550 LET XSIN=(XRIN/18)*(22.4/1000) 
600 LET XSOUT=(XROUTf18)*(22.4/1000) 
650 LET XSLEAF=(XRLEAF/18)*(22.4/1000) 
660 REM CALC. OF VPD FROM SVP AND DPIN 
661 LET XRNBAR = (17.2694*(TLK)_4717.3061#)/((TLK)_35.86) 663 LET XSMBAR = EXP(1.8096+(ERMBAR)) 
665 LET DPINNBAR = (17.2694*(DPKIN)_4717.3061#)/((DPKIN)_35.86) 667 LET MBARIN = EXP(1.8096+(DPINMBAR)) 
669 LET VPD = (XSNBAR-MBARIN) 
671 LET VPDKPA (VPD)/10 
673 LET XSKPA = (XSMBAR)/10 
700 LET E=(FM/LA*10000) *( (XSOUT-XSIN) / (1-XSOtJT)) 749 REM :CALC OF ASSIMILATION RATE USING EQUATION 6.7 PAGE 66 750 LET A=(FM/LA*10000)*DIFFM*(1_XSIN)/(1_XSOUT) 
755 LET AN=A*1000000! 
770 LET GG=E/(XSLEAF-XSOUT) 
775 LET GS=GG*1000 
799 REM CALC OF INTERNAL LEAF CO2 USING EQUATION 6.2 PAGE 87 800 LET C1((((GG-E/2)*CA)-AM)/(GG+E/2)) 
849 REM CALC OF TRANSPIRATION RATE USING EQUATION 3 PAGE 92 
900 PRINT 02,Q;CA;AM;CI;E;GS;TL;FM 
901 PRINT #1,Q;CA;AN;CI;E;GS;TL;FM 



950 PRINT" - CONTINUE THIS LEAF"; 
960 INPUT TS 
970 IF TS=1 GOTO 40 
980 PRINT" --------------NEW LEAF"; 
981 INPUT B 
985 IF B=1 GOTO 12 
995 CLOSE 01 
996 CLOSE 02 
999 END 
1015 PRINT 
1017 PRINT "INPUT Qv (VOLTS) =J'. 

1018 INPUT QV 
1020 IF M=1 GOTO 1100 
1021 IF M=2 GOTO 1200 
1022 IF M=J GOTO 1300 
1095 REM CUVETTE 1 STANDARD CURVE CALCS. 
1100 IF QV<2.1 GOTO 1150 
1105 IF QV>=4.6 GOTO 1160 
1110 IF QV>=2.1 GOTO 1170 
1150 LET PAR=(-10.4+(339.3*(QV))) 
1155 GOTO 1900 
1160 LET PAR=(-486.14+(423.38*(QV))) 
1165 GOTO 1900 
1170 LET PAR=(10.6+(313.55*(QV))) 
1180 GOTO 1900 
1195 REM : CUVETTE 2 STANDARD CURVE CALCS. 
1200 IF QV<1.7 GOTO 1250 
1205 IF QV>4.1 GOTO 1260 
1210 IF QV>=1.7 GOTO 1270 
1250 LET PAR(-10.09+(320.02*(QV))) 
1255 GOTO 1900 
1260 LET PAR=(-1644.5+(612.77*(QV))) 
1265 GOTO 1900 
1270 LET PAR=(165.52+(225.83*(QV))). 
1280 GOTO 1900 
1295 REM : CUVETTE 3 STANDARD CURVE CALCS. 
1300 IF QV<1.9 GOTO 1350 
1305 IF QV>4.8 GOTO 1360 
1310 IF QV>=1.9 GOTO 1370 
1350 LET PAR=(-10.139+(334.99*(QV))) 
1355 GOTO 1900 
1360 LET PAR=(-775.32+(451.4*(QV))) 
1365 GOTO 1900 
1370 LET PAR=(127.62+(257.29*(QV))) 
1900 PRINT 
1905 PRINT"P.A.R. (UEi/2/S) =";PAR 
1910 RETURN 



Appendix 6. Boundary layer resistance determinations for the laboratory photosynthesis 

system, for different leaf temperatures and air flow rates. Measurements were 

made using a moistened filter paper of known area and calculations according to 

the method described by Coombs et at. 1985. 
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